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Preface

Dark clouds hung over physics toward the end of the nineteenth century, when
physicists began to appreciate that their comprehension of the nature of light
was critically incomplete. The classical description of light as an electromagnetic
wave satisfying the beautiful equations of Maxwell obviously failed to explain
significant optical effects: How is radiation absorbed by matter? How can light with
such strange, narrow spectra be emitted by gases or solid materials? How can the
nature of blackbody radiation be explained? In a radical step, Albert Einstein and
Max Planck provided the key to this impasse by introducing the revolutionary notion
that the energy states of the electromagnetic field are not continuous but rather
quantized — they successfully imagined the photon. So, finally the clouds parted,
opening vistas into the strange world of quantum physics.

A natural consequence of the concept of a photon is the existence of an ultimate
detection limit of electromagnetic radiation. Once you can sense each individual
photon (possibly gaining also information about its energy and polarization state),
you know all about incident radiation that can be known. For this reason, the
holy grail of photosensing is the spatially resolved detection of light with this
ultimate precision, single photon imaging. The aim of this book is to provide a
comprehensive and systematic overview of all relevant approaches currently in use
to realize practical single photon imagers. In all of these devices, three major tasks
have to be accomplished: (1) incoming photons must enter the detector, where
they are converted into electronic charge; (2) this photogenerated charge must be
collected and possibly amplified at the same time; and (3) the collected charge must
be detected with suitable electronic circuitry.

In all these steps, one has to fight thermally generated noise: The photogeneration
process competes with dark noise charge generation in the conversion layer; in the
photocharge collection and amplification process, signal charges must be handled
while avoiding the detrimental effects of thermally generated charge carriers; finally,
the first stages of any electronic charge detection circuitry suffers from thermally
generated Johnson noise in the channel of transistors or in resistors. Depending
on the boundary conditions of a photodetection problem — for example, the
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photosensitive area, the response time, the mean detection rate, the exposure time,
the frame rate, the spectral distribution of the radiation, the operating temperature,
and the power consumption — a different technological approach will come out as
an optimum. For this reason, the present book provides a theoretical and practical
framework, where researchers and practitioners will find in condensed form all
relevant information to resolve their particular single photon imaging solution.

In Chap. 1, relevant fundamental concepts for treating noise phenomena in
optoelectronics are summarized, and a rigorous definition of the precise meaning
of “single photon imaging” is given. State-of-the-art semiconductor technology
especially suited for ultra-low-noise image sensing is presented in Chap. 2. The use
of photocathodes in vacuum for single photon imaging is treated in several chapters:
in Chap. 3, the charge multiplication processes is implemented with avalanche
photodiode (APD) arrays; in Chap. 4, the photoelectrons are accelerated to a high
voltage, and their bombardment of semiconductor imagers causes a large number
of secondary electrons being created in the image sensor; in Chap.5, a suitable
geometry of several electrodes, each multiplying the incident electron packets by a
factor, provides for photocharge multiplication of up to factor of one million. It is
also possible to exploit the avalanche effect in semiconductors, without having to
use vacuum devices. In Chap. 6, the avalanche effect is used in so-called electron-
multiplying charge-coupled devices (EMCCDs), while Chap.7 describes CMOS
compatible semiconductor image sensors for single-photon avalanche detection
(SPADs). In synchronous applications, where one samples the images at regular
times while accumulating photogenerated charges between samples, it is possible
to realize single photon CMOS imagers through systematic bandpass filtering,
exploiting the parallelisms possible in CMOS imagers; this approach to single
photon imaging is described in detail in Chap. 8, and the complementary Chap. 9
treats suitable architectures for the implementation of such single photon CMOS
imagers. If one is not constrained to use standard CMOS processes, an interesting
class of structures, called double-gate transistors and charge modulating devices
(CMDs), make it possible to sense individual electrons with very high conversion
gains of several 100 WV per electron, as described in Chap. 10. The case of high-
energy photons (UV and X-ray radiation) arriving at arbitrary times is treated
in Chap. 11, showing the way to efficient, energy-sensitive X-ray single photon
imagers implemented with standard CMOS processes. Each of the last three chap-
ters describes an important practical application in which single photon imaging is
a key capability: in Chap. 12, optical time-of-flight range imaging is covered, with
which complete 3D images of a scene can be acquired with millimeter resolution
in real time. Astronomical and aerospace applications in which single photon
imagers are essential are presented in Chap. 13. Finally, Chap. 14 describes a highly
relevant application of gated ultra-low-noise imagers in the life sciences, namely
very sensitive and highly specific pharmaceutical and medical diagnostics through
time-resolved fluorescence imaging.

No panacea exists yet for the practical and economical solution of the many
single photon imaging problems in the world, ranging from fundamental scientific
research to the availability of cell phone cameras with which brilliant pictures can
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be taken also under extreme low-light conditions. Finding a solution still requires
skillfully elaborating a good technological compromise. If the authors of this book
have achieved their goal of providing a useful and powerful tool to many engineers
and researchers in the wide field of image science, then our ambition has been
fulfilled and the efforts of all involved colleagues have been worthwhile.

We would like to express our sincere thanks to the authors of the various chapters
for their kindness and willingness to contribute to this book, for their hard work
required in actually carrying through with the promise, and for their determination to
meet all the deadlines revising and updating their chapters, with the goal to provide
the most valuable and up-to-date contributions.

Landquart Peter Seitz
Delft Albert Theuwissen
March 2011
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Chapter 1
Fundamentals of Noise in Optoelectronics

Peter Seitz

Abstract Electromagnetic radiation can be described as a stream of individual
photons. In solid-state detectors (e.g., photocathodes or semiconductor photosen-
sors), each photon of sufficient energy creates one or several mobile charge carriers
which can be subsequently detected with sensitive electronic circuits, possibly after
charge packet multiplication employing the avalanche effect. Two types of noise
limit the resolution with which individual photons can be detected: (1) The number
of detectable photons or photoelectrons shows a statistical variation, which is often
well-described as a Poisson distribution. (2) Photogeneration of mobile charge
carriers competes with thermal generation, and thermal noise is compromising the
generation of photocharges (“dark current”) as well as the performance of electronic
charge detection circuits (“Johnson noise” and “random telegraph signal noise”). It
is shown that the laws of physics and the performance of today’s semiconductor
fabrication processes allow the detection of individual photons and photocharges in
image sensors at room temperature and at video rate.

1.1 Introduction

At the end of the nineteenth century, it was realized that the classical description
of light as an electromagnetic wave satisfying Maxwell’s equation fails to properly
explain important optical phenomena. In particular, the interaction with matter, such
as the emission or absorption of light, requires an improved theoretical framework.
The breakthrough came with Einstein’s hypothesis that light consists of quanta of
energy [1], the so-called photons. As a consequence, the measurement of properties
of electromagnetic radiation has an ultimate limit, imposed by the description of
light as a stream of individual photons. It is only natural, therefore, that scientists
and engineers alike want to perform their measurements of light to this ultimate
precision, the single photon.

P. Seitz and A.J.P. Theuwissen (eds.), Single-Photon Imaging, 1
Springer Series in Optical Sciences 160, DOI 10.1007/978-3-642-18443-7_1,
© Springer-Verlag Berlin Heidelberg 2011
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As we will work out in this contribution, the main obstruction to achieving this
goal is, ironically, the presence of electromagnetic radiation. This is, of course,
the ubiquitous blackbody radiation surrounding us whenever the temperature of
our environment is not identical to zero. The goal of the present work is to
understand how the coupling between this omnipresent “temperature bath” and
matter influences our measurements of light, elucidating under which circumstances
single-photon sensing of light is possible in practice.

In a first part, basic properties of quantized systems are recalled, in particular
essential properties of the Poisson distribution. In the second part, the noise
properties of most common light sources are investigated, revealing that under
most practical conditions, the photons of these light sources have essentially a
Poisson distribution. In the third part, the energy band model of solid state matter
is employed to explain the principles and fundamental limitations of photosensing
with semiconductors. In the fourth part, noise sources in relevant electronic compo-
nents and circuits are studied, to determine the ultimate, temperature-dependent lim-
its of the electronic detection of charge. Finally, all the material is brought together
for a concise summary of the physical and technological limits of the detection of
light, explaining under which circumstances single-photon imaging is possible.

1.2 Quantization of Electromagnetic Radiation,
Electrical Charge, and Energy States
in Bound Systems

The photoelectric effect — the emission of electrons from solid matter as a result of
the absorption of energy from electromagnetic radiation — seems to be compelling
evidence for the existence of photons. Actually, this is not the case: Although it
is true that the atoms in solid matter are absorbing energy from a light beam in
quantized packets, this can also be understood in a semiclassical picture in which
light is described as a classical electromagnetic wave and only the atoms are treated
as quantized objects [2]. Careful analysis along similar lines can also show that the
individual pulses detected with “single-photon counting devices” are not conclusive
evidence for the existence of photons.

It is an astonishing fact that there are only relatively few optical phenomena
that cannot be explained with a semiclassical theory [2]. Of course, only the
full quantum optical approach in the framework of quantum electrodynamics
(QED) is completely consistent, both with itself and with the complete body of
experimental evidence [3]. QED mathematically describes the interaction between
light and matter by specifying how electrically charged particles interact through
the exchange of photons.

Despite this surprising fact that the photon concept is not really required to
understand photodetectors, the simplicity, intuitiveness and basic correctness of
the corpuscular photon picture makes it so attractive that it is adopted by most
researchers in the field.



1 Fundamentals of Noise in Optoelectronics 3

As a consequence, we consider light to be a stream of photons, individual
particles of zero rest mass traveling at the speed of light ¢ = 2.9979 x 108 m/s
in vacuum and at retarded speeds in matter. The wavelike nature of the photon is
reflected in the fact that a frequency v and a corresponding wavelength A can be
associated with it, so that the energy E of a photon is given by:

_hc

E=h
YT

(1.1)
with Planck’s constant 4 = 6.6262 x 10734 Js.

Each atom of matter consists of a system of several electrons bound to the protons
in a nucleus by the attractive Coulomb force. The electron is a subatomic elementary
particle carrying a negative charge of —¢, with the unit charge ¢ = 1.6022x107" C.
In effect, the electrical charge of any particle is always found to be a multiple of this
unit charge, making electrical charge also a quantized physical property.

Finally, according to quantum mechanics, the bound system of an atom does not
have stable states with arbitrary energies. Rather, only a discrete set of stable states,
each with its proper energy level, is allowed [4]. It is concluded that also the energy
states of a bound system are quantized.

1.3 Basic Properties of the Poisson Distribution

In any kind of counting problem, the Poisson distribution arises as an almost
inevitable consequence of statistical independence [5]. For this reason, the Poisson
distribution is clearly the most important probability law in photon or electron
counting problems. The typical question asked in such a problem is the following:
What is the probability py (k) that a number k > 0 of events is observed during a
fixed observation period T if these events occur with a known average rate N/T" and,
independent of the time since the last event? The quantity N describes, therefore,
the average number of events observed during the time 7. The sought probability
distribution py (k) is the Poissonian:

Nke=N

pn (k) = i

(1.2)
In Fig. 1.1 the Poisson distributions for the three small expectation values N = 1,
N =4,and N = 9 are depicted.

The Poisson distribution has a few surprising properties, for example the fact that
if the average number of observed events is N = 1, the probability that no events
are observed (k = 0) is the same as the probability that exactly one event occurs
(k = 1). And because p;(1) = 0.368, we observe exactly one event only in about a
third of the cases.

Another important property of the Poisson distribution is its relation to Bernoulli
trials. A Bernoulli trial is an experiment whose outcome is random and can only
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Fig. 1.1 Poisson distribution py (k) for three different cases of small expectation value N. These
are discrete distributions, and the connecting lines serve only as visual aids

be of two possible outcomes, either “success” or “failure.” If consecutive Bernoulli
trials, a sequence which is called “binomial selection,” are statistically independent
of each other with a fixed success probability 7, the so-called binomial selection
theorem holds [5]:

Binomial selection of a Poisson process yields a Poisson process, and the mean M of the
output of the selection process is the mean N of the input times the success probability
n, M =n-N.

The complete physical process of the detection of photons can be described
mathematically as a cascade of binomial selection processes. If we can assure
that the input to this whole chain of events is a Poisson process then we are
certain that the output of the whole detection process is also a Poisson process.
In Sect. 1.4 the different types of interaction processes between electromagnetic
radiation and matter are investigated, leading to the insight that all these processes
are, indeed, cascades of binomial selection processes. In Sect. 1.5, the photon
emission properties of the most common light sources are examined, and under
many practical conditions, the emitted photon streams shows, indeed, a Poisson
distribution.

As a consequence, the probabilistic description of the photodetection process
becomes very simple in most practical cases: Wherever in an experiment one
samples and inspects photon streams or photogenerated charges, they are Poisson
distributed!
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1.4 Interaction of Radiation and Matter

The actual detection of electromagnetic radiation is a complicated process, involv-
ing many types of interactions between light and matter, such as reflection,
refraction, diffraction, scattering, absorption, and electronic conversion. Each of
these individual processes, however, is by itself a binomial selection process or a
sequence of binomial selection processes.

As illustrated in Fig. 1.2, the most common interactions between light and matter
include the following processes:

e Absorption, either by a neutral-density or a color filter, Fig. 1.2a, involves
binomial selection of incident photons into transmitted and absorbed photons.
If the incident photons are Poisson distributed then both the transmitted and the
absorbed photons are also Poisson distributed.

e Beam-splitting or reflection, Fig. 1.2b involves binomial selection of incident
photons into transmitted and reflected beams. If the incident photons are Poisson
distributed then both the transmitted and the reflected photons are also Poisson
distributed.

» Diffraction, Fig. 1.2c, consists of a cascade of binomial selection processes. If
the incident photons are Poisson distributed then the photons in each diffracted
beam are also Poisson distributed.

e Scattering, Fig. 1.2d, also consists of a cascade of binomial selection processes.
If the incident photons are Poisson distributed then the photons observed under
any scattering direction are also Poisson distributed.

e Generation of photo-charge pairs in a semiconductor, Fig. 1.2e, involves the
interaction of incident photons with the atoms of the solid. If the energy of
an incident photon is sufficiently high, the photon can create with a certain
probability an electron—hole pair. If the incident photons are Poisson distributed
then both the photo-generated charges and the transmitted photons are Poisson
distributed.

a ; b c d e
y Y
Wl% » B,

Fig. 1.2 Schematic illustration of the various types of interaction processes occurring between
incident electromagnetic radiation / and matter. (a) A neutral-density or color filter produces the
transmitted reduced intensity 7. (b) A beam-splitter sends incident photons arbitrarily into one of
two beams B; and B,. The intensities B; and B, can be different. (¢) A diffraction filter produces
several diffracted beams D ;, whose intensities are typically not the same. (d) A scattering object
produces scattered light S, which can usually be observed in all directions. (e) The detection of
incident photons with a semiconductor creates charge pairs (photogenerated electrons and holes)
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1.5 Noise Properties of Light Sources

In the quantum picture, an electromagnetic wave corresponds to a stream of
photons. Depending on the detailed nature of the photon generation process, the
statistical distribution of these photons will vary. These statistical properties are
summarized later for the four most common light sources employed in practice,
coherent light sources such as single-mode lasers, thermal (blackbody radiator) light
sources, partially coherent light sources such as discharge lamps and light emitting
diodes (LEDs).

1.5.1 Coherent Light (Single-Mode Lasers)

In classical physics, light is described as an electromagnetic wave satisfying
Maxwell’s equations. In this model, any type of wave in free space can be
represented by a linear superposition of plane waves, so-called modes, of the
form [6]:

U(x, y,z,t) — e—ia)t ei(ux+vy+wz) (1.3)

with the wave vector k = (u, v, w), the spatial coordinater = (x, y, z), time ¢, and
the angular frequency @ = |K|c. Such a monochromatic beam of light with constant
power is called coherent light. The light emitted by a single-mode laser operating
well above threshold is a good physical approximation to such a perfectly coherent
light source.

Assuming that the emission of photons produced in a coherent light source is
the effect of individual, independent emission processes, it can be shown that the
emitted number of photons n is a random variable which has a Poisson distri-
bution [2]. As a consequence, the variance sy of this Poisson distribution is equal to
the mean number N of the emitted photons, corresponding to the expectation value
N = <n>ofn

sy = N. (1.4)

1.5.2 Thermal (Incandescent) Light Sources

Light emitted from atoms, molecules, and solids, under condition of thermal
equilibrium and in the absence of other external energy sources, is known as thermal
light or blackbody radiation. The temperature-dependent spectral energy density of
a thermal light source is determined by Planck’s blackbody radiation law [6]. If
only a single mode of such a blackbody radiation field is considered, the resulting
probability distribution of the photon number is not a Poisson but a Bose—Einstein
distribution [6], with a variance sy given by:

sy =N + N2 (1.5)
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In practice, it is very rare that only one mode of a blackbody radiation source is of
importance, and in most experimental cases the statistical properties of multimode
thermal light must be considered. Assuming that a thermal light source contains
M independent thermal modes of similar frequencies, it can be shown [7] that the
photon number variance sy of this multimode thermal light source is given by:
N 2

sy =N + u (1.6)
The number M of thermal modes present in an actual blackbody radiation source is
usually very large. When light from a blackbody radiation cavity with volume V' is
filtered with a narrow-band filter of bandwidth AA around a central wavelength A,
the resulting narrow-band thermal radiation field contains a number M of thermal
modes of

81 AL
24

which follows directly from the mode density in a three-dimensional resonator [6].
As an example, consider an incandescent light source with a cavity volume (filament
part) of V =1 mm?, filtered through a narrow-bandwidth filter with AA =1nm
around the central wavelength A = 600 nm. According to (1.7), this thermal radi-
ation field contains the large number of M = 1.9 x 10% thermal modes.

Consequentially, in most practical cases thermal light sources contain such
a large number of modes that the statistics of the emitted photon numbers are
effectively described by a Poisson distribution. The multimode variance given in
(1.6) is then practically equal to the Poisson case (1.4).

As a concluding note, it should be mentioned that even photons from a single
thermal mode may approach a Poisson distribution if the detection times are long
enough: If the time interval chosen for the individual observations of photon
numbers is much larger than the coherence time of the thermal field (the “memory”
scale of the field), the photon number statistics are again approaching a Poisson
distribution, as has been calculated in detail in [8].

M=V (1.7)

1.5.3 Partially Coherent Light (Discharge Lamps)

The light from a single spectral line of a discharge lamp has classical intensity
fluctuations on a time scale determined by the radiation’s coherence time t [2]. This
type of light source is, therefore, partially coherent. The intensity fluctuations will
give rise to greater fluctuations in photon number than for a source with constant
power such as a perfectly coherent source. For this reason, partially coherent light
cannot be Poisson distributed. In [7] a semiclassical treatment of the counting
statistics of a fluctuating field is given, and it is shown that the variance sy of the
photon number may be expressed as:

sy = N+ < AW (1) >, (1.8)
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where W (t) denotes the averaged photon count rate during the detection time
interval 7. If the detection time ¢ is much longer than the coherence time t then the
intensity fluctuations on time-scales comparable to T will become inconsequential,
and the intensity maybe taken as effectively constant. In this case again, the variance
of the time-averaged partially coherent light is reduced to the Poisson case (1.4).
Typical coherence times of discharge lamps are of the order of 1-100ns.

1.5.4 Light Emitting Diodes

Semiconductor materials can emit light as a result of electron—hole recombination.
A convenient way of achieving this is to inject electrons and holes into the
space charge region of a pn-junction by applying a forward bias to it [6]. The
resulting recombination radiation is known as injection electroluminescence, and
the pn-junction light source is termed LED.

Because of the high conversion efficiency of modern LEDs, the photon statistics
of these solid state light sources are strongly influenced by the charge carrier
statistics of the injected current. If a stable electronic current source with low
internal resistance is employed, the charge carriers in the current / are Poisson
distributed, and the variance s; of the current’s so-called shot-noise is given by:

s; =2q1B, (1.9)

where B denotes the bandwidth of the measurement circuit. As a consequence, the
photons emitted by the LED are also Poisson distributed, and the variance is given
again by (1.4).

It is not difficult, though, to devise a source of current with a sub-Poisson charge
carrier distribution. Consider a stable voltage source in series with a resistor R.
Because of the thermal coupling of the resistor to its environment with temperature
T, the voltage across the resistor’s terminals fluctuates statistically with the so-
called Johnson noise. The variance sy of this Johnson noise is given by:

sy =4kT R B (1.10)

with Boltzmann’s constant k = 1.3807 x 10723 J/K. This voltage noise across a
resistor corresponds to a current noise through it, with a variance s; expressed in
terms of the current / and the voltage V' across the resistor

4kT I B (L11)
S = ——. .
! Vv

Comparison of (1.9) and (1.11) reveals that as soon as the voltage across the resistor
exceeds a value of 2kT'/q, corresponding to about 52 mV at room temperature, the
statistics of the charge carriers in the resistor become sub-Poissonian. Therefore,
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instead of driving a high-efficiency LED with a stable current source for the
generation of Poisson distributed electroluminescence light, it can be operated with
a stable voltage source through a series resistor, resulting in sub-Poissonian statistics
of the emitted light [9].

1.6 The Meaning of ‘‘Single-Photon Imaging”

In the previous sections we have seen how the statistics of an incident stream of
photons are influenced by the various optical and optoelectronic components in the
beam path. At the end of this chain, the photons are interacting in an image sensor,
where they create electronic charges or charge-pairs; as detailed earlier, these are
often Poisson distributed. The final task is electronically to detect and convert these
charges into voltage signals, which can then be further processed. Unfortunately,
this electronic charge detection is also a statistical process, often with zero mean,
as will be discussed in more detail in Sect. 1.9. If the variance of the photons
interacting with the image sensor is denoted by sy and the variance of the electronic
photocharge detection process is sp, the total variance s of the image sensor signal
is given by:

S =Sy +Sp. (1.12)

The consequences of this noisy electronic photocharge detection and process
are graphically illustrated in Fig. 1.3 for an image sensor under low-intensity
illumination (mean number of interacting photons < 10).

Round symbols in Fig. 1.3 indicate the positions where light sources are imaged
onto the image sensor. During the observation time, the light sources may emit
a (small) number of photons which then interact with the image sensor (full
circles), or no photons interact with the image sensor (open circles), either because

o ® [x] [o] [x]e
e o _. o light source
@ x [ ] reported
2 s e % o light source
x x not reported
b o i i o e || « source erroneously
L %@ reported (“dark counts”)
° x| |o [ =

Fig. 1.3 Graphical illustration of the consequences of the noisy electronic charge conversion
process taking place in the image sensor and its associated electronics. Round symbols: position
of light sources. Full circles: interaction of photons with the sensor. Open circles: no photons
detectable. Crosses: photons are erroneously reported due to the noise of the electronic charge
detection process. Left: ideal detection (no electronic noise). Right: Real detection (broadened
distribution and dark counts)
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none are emitted or none are detected by the image sensor. The left-hand picture
shows the distribution of photons interacting with the image sensor. The right-hand
picture illustrates the effects of the subsequent electronic photocharge detection and
conversion process.

The first effect is the broadening of the probability distribution, as seen already in
(1.12). As a consequence, the reported number of photons becomes more imprecise,
such as interacting photons that may now not be detected any more (previously full
circles on the left become open circles on the right); or a number of interacting
photons which are reported too high (larger full circles on the right).

The second effect, however, is much more disconcerting in practice: As the
electronic noise is acting on all pixels, photons maybe reported even in locations
where no light sources are imaged onto the image sensor, so-called “dark counts.”
This is indicated with crosses on the right-hand picture. If the low-intensity
light sources are only sparsely distributed over the image sensor, it can become
impossible to identify them if the electronic noise of the charge detection process is
too large. Based on this assertion, the following practical definition of the general
topic of this book, “single-photon imaging” is proposed:

Single-photon imaging is the detection of two-dimensional patterns of low-intensity light,
i.e. mean photon numbers in the pixels of less than 10, where the electronic photocharge
detection process contributes such little noise that the probability of erroneously reporting
a photon where there is none is appreciably smaller than the probability of having at least
one photon in a pixel.

To determine for each particular case how much variance can be tolerated in the
electronic photocharge detection process, it is assumed that the electronic charge
detection noise is normally distributed with zero mean and standard deviation o p

1 -
pp(x) = Wik 205 (1.13)
D

It can be argued that the electronic charge detection process consists of several
independent stochastic contributions, and because of the central limit theorem the
compound distribution is approaching the Gaussian (1.13) [5]. Note that the output
of the image sensor is usually a voltage, but the coordinate x in (1.13) is scaled such
that x = 1 corresponds to the detection of exactly one photocharge. The probability
p of (erroneously) reporting one or more photocharges in a pixel is then given by:

p= /pD(X)dx = %erfc(\/glaD), (1.14)

0.5

where erfc is the complementary error function, erfc(x) = 1 — erf(x) [10]. For a
handy estimation of which op is required to reach a given probability p, Winitzki’s
approximation of the error function erf (x) is employed, which can easily be inverted
algebraically [11]. The following estimate for op results
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! 2 (1.15)
op = — s .
V8 ab— % + \J(ab— 4 1 dab
where a = 0.147 and b is the following function of the probability p
b=—In(1—-(1-2p)?). (1.16)

As an example, if it should be assured that in less than every tenth pixel, p < 0.1,
a photon is erroneously reported then op < 0.39 must be achieved. And for p <
0.01, op < 0.215 is necessary.

1.7 Energy Band Model of Solid State Matter

Quantum theory explains the discrete energy levels of the stable states of bound
electron-core systems. As a consequence, isolated atoms, ions, and molecules show
only discrete energy levels and the interaction with light can only occur if the energy
of interacting photons corresponds to a transition between these discrete energy
states [4]. In solids, however, the distances between the cores are so small that their
bound electrons interact with each other, and the problem must be treated as a many-
body system instead of a single electron-core system.

As a consequence, the energy levels of solids are not single lines any more but
they are broadened. Since the electrons close to the core are well shielded from the
fields of the neighboring cores, the lower energy levels of a solid are not broadened,
and they rather correspond to those of the isolated atoms. In contrast, the energies of
the higher-lying discrete atomic levels split into closely spaced discrete levels and
effectively form bands [6]. This is illustrated in Fig. 1.4a.

The highest partially occupied energy band of a solid is called conduction band,
and the energy band just below it is called the valence band. The difference E,
between the highest energy of the valence band Ey and the lowest energy of the
conduction band Ec is called the bandgap energy:

E, = Ec — Ey. (1.17)

If the conduction band of a solid is partially filled at zero temperature, 7' =0,
the solid is a metal; it conducts current well at any temperature. If, however,
the conduction band is completely empty at zero temperature then the solid is a
semiconductor; it cannot conduct current at zero temperature because there are no
energy states available in the valence band which would correspond to electrons
moving freely in the solid. Insulators are just special cases of semiconductors
whose bandgap energy E, is larger than about 5eV. Actually, solids appearing
as “insulators” at moderate temperature are effectively semiconductors at elevated
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Fig. 1.4 Schematic illustration of the energy distribution of bound electron-core states in solids.
(a) Broadening of the discrete energy levels of an isolated electron-core system into bands for
solid-state material. (b) Occupancy of valence and conduction bands in a semiconductor at 7 = 0.
(¢) Occupancy of valence and conduction bands at 7 > 0. Open circle: vacant state at this energy
level; filled circle: occupied state

temperatures. A good example is diamond, with E,=5.45eV [13], which is
considered to be an insulator at room temperature but diamond is increasingly made
use of for the fabrication of semiconductor circuits operating at a high temperatures
of 400 °C and above [14].

1.8 Detection of Electromagnetic Radiation
with Semiconductors

The schematic illustration in Fig. 1.4 indicates that the excitation of an electron
from the valence band into the conduction band, i.e., the generation of an electron—
hole pair, requires an interaction with an energy of at least the bandgap energy
E,. If this interaction energy is provided by an incident photon, which is absorbed
in the event, then the created electron—hole pair contributes to the measurement
signal. However, if the interaction energy is provided by thermal energy from the
environment (a phonon) then the created electron—hole pair contributes to the noise
impairing the measurement signal.

1.8.1 Quantum Efficiency and Band Structure

The efficient generation of a photon out of an electron—hole pair requires a
semiconductor with a direct bandgap, i.e., the emission process does not require
the concurrent presence of an additional phonon, to satisfy the simultaneous
conservation of energy and momentum. Fortunately, it is not necessary to fulfill
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this requirement for the detection process, because the basic events can occur
sequentially: First, an incident photon of sufficient energy excites an electron from
the valence band into the conduction band by a so-called vertical transition, i.e., no
momentum transfer occurs [8]. It is only afterward that the excited electron moves
to the bottom of the conductance band through the fast release of one or several
phonons (thermalization), and the created hole moves to the top of the valence band
through similar thermalization.

As a consequence, direct- and indirect-bandgap semiconductors are equally
efficient in the conversion of incident photons of sufficient energy into electron—
hole pairs: Quantum efficiencies of close to 100% can be realized in practice in an
intermediate energy range, i.e., almost all incident photons in this energy range will
create electron—hole pairs. If the energy of the incident electron is lower than the
bandgap energy then the semiconductor is essentially transparent to the incident
electromagnetic radiation; if the energy of the incident electron is much larger
than the bandgap energy then the incident light is already absorbed in the covering
layers of a device, and no or few photons can reach the bulk of the semiconductor
and interact there. As a consequence, the photodetection quantum efficiency of a
semiconductor drops off toward the infrared and the ultraviolet part of the spectrum.

1.8.2 Thermal Equilibrium and Nonequilibrium
Carrier Concentrations

As mentioned earlier, the energy required to create an electron—hole pair can also
be provided thermally by the absorption of phonons of sufficient energy from the
environment. The higher the temperature, the more phonons are available for the
thermal creation of electron-hole pairs. In thermal equilibrium, a pure (undoped)
semiconductor has an equal concentration n; of mobile electrons and holes, the so-
called intrinsic carrier concentration, given by:

_Eg 3 _Eg
ni=Nye %7 x T2e %7, (1.18)

where the factor N, depends only on 732 and on the effective masses of the
electrons in the conduction band and of the holes in the valence band. These values
are a function of the exact details of the form of conduction and valence band,
and therefore, they are highly specific for each semiconductor. As an example, the
intrinsic carrier concentration for silicon, with a bandgap energy of E, = 1.12¢V,
isn; =145x10"cm™? at T = 300K [12].

It is very important to note that the foregoing is only true for thermal equilibrium.
As the presence of mobile charge carriers in a doped or intrinsic semiconductor in
thermal equilibrium makes it impossible to distinguish between this “background”
charge and the photogenerated charge, high-sensitivity photosensor devices make
all use of fully depleted volumes of semiconductors. In these so-called space charge
regions all mobile charge carriers have been removed by an electric field. This is
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usually accomplished either with a diode structure (a pn-junction) or an MOS (metal
oxide semiconductor) capacitance [12]. In both cases, the background charge is
reduced to zero in the depletion region, and the energy distribution of the states looks
like Fig. 1.4b, corresponding to the case of zero temperature. As a consequence, the
energy distribution of states in the depletion region is not in thermal equilibrium,
and care must be taken when applying models and equations that only hold true for
thermal equilibrium.

1.8.3 Dark Current

As the space charge region of a photodetector is swept clean of all mobile charge
carriers, any charge present there must either be a part of the photogenerated
signal or it must be thermally produced and belongs to the noise. The thermally
produced charge carriers move under the influence of the electric field in the space
charge region, resulting in the so-called dark current. This dark current has two
components, as illustrated in Fig. 1.5 in the case of an MOS structure.

If the charge carriers are generated within the space charge region, this part of the
dark current is called generation current. If charge carriers are thermally generated
in the bulk of the semiconductor, it is possible that they move by diffusion to the
edge of the space charge region, where they are swept across by the electric field and
contribute to the dark current. This part of the dark current is called diffusion current.
As indicated in Fig. 1.5, only charge carriers thermally produced at a distance of
less than L, the diffusion length, from the space charge region can contribute to the
diffusion current.

The generation dark current density je, in a space charge region of width
w, which depends on the voltage Vx with which the photodetector is biased, is
calculated according to

generation diffusion
/

‘\Q\ \o\

metal

/ +—>
oxide w L

Fig. 1.5 Schematic illustration of the effects contributing to the dark current in an MOS (metal-
oxide-semiconductor) structure: Generation current (space charge region width w) and diffusion
current (diffusion length L) in the semiconductor
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. n;
Joen = ‘Iz—r’w(VR) (1.19)

with the generation lifetime t of electron—hole pairs [12]. In direct bandgap semi-
conductors, the lifetime t is of the order of tens of nanoseconds, and in good-quality
indirect bandgap semiconductors, it can be as high as tens of milliseconds [6].

The diffusion dark current density jg in the bulk of a semiconductor with
doping concentration N is given by:

» D

1.20
"NL (1.20)

Jaite =g n
with the diffusivity D, which is related to the diffusion length L by:
L =+Dr. (1.21)

In silicon, it is often the generation current that dominates at room temperature, and
the diffusion current becomes important only at elevated temperatures [12]. If only
the generation current must be considered, the temperature dependence of the dark
current density can be calculated by combining (1.18) and (1.19):

E,
jaak o T2 T w(Vg). (1.22)

Modern semiconductor technology makes it possible to reach amazingly low dark
current densities, even at room temperature. The lowest value reported to date is
Jdark = 0.15pA cm2at T = 300K in a CCD image sensor [15]. This corresponds
to less than one thermally generated electron per second in a pixel of size 10 x
10 pm?.

1.8.4 Avalanche Effect and Excess Noise Factor

Until now we have always assumed that the number of charge carriers rests constant
once created. There is a physical effect, however, which allows to multiply charge
packets by arbitrary factors m. This so-called avalanche effect is illustrated in
Fig. 1.6. An electron (1) is accelerated in an electric field until it has acquired
sufficient energy Ej larger than the bandgap E,, so that this energy is released
in the creation of a secondary electron (2) and a hole (2*). Both electrons are
accelerated now until they have acquired sufficient energy for the creation of two
pairs of electrons (3) and holes (3*). Of course, the same holds true for the holes,
which themselves can create additional electron—hole pairs. This is repeated and
leads to a cascade of charge pair creation, effectively multiplying the number N
of input charges by a factor m, resulting in a larger charge packet M = m x N.
The avalanche multiplication factor m depends strongly on the actual value of the
electric field [12].
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Fig. 1.6 Schematic 4
illustration of the avalanche el field
effect: An electron (1) is
accelerated in an electric field
until it gains sufficient energy
E; > E, to create an
electron—hole pair (2) and
(2*). This is repeated and
leads to a cascade of charge
pair creation, effectively
multiplying the input charge
by a field-dependent factor

Energy

> X

As the avalanche effect is by itself a statistical process, it is not surprising that
avalanche multiplication changes the statistics of the charge packets. If the variance
of the original charge packet is denoted by sy then the variance sy of the multiplied
charge packet is given by:

sm=m?>sy F, (1.23)
where F denotes the excess noise factor of the avalanche multiplication [5]. Note
that even for completely noise-free multiplication (F = 1), the multiplication of a
Poisson input cannot produce a Poisson output: The mean increases linearly with
the multiplication factor, while, according to (1.23), the variance increases with the
square of this factor.

1.9 Electronic Detection of Charge

The last step in the photosensing chain consists of the precise electronic detection of
photogenerated charge packets. Obviously, the electronic charge detection circuits
should add only insignificant amounts of noise, so that also very small charge
packets, down to a single unit charge, can be reliably detected. Although this sounds
like a straightforward, simple task, in reality this is the biggest obstacle today
for solid-state single-photon imaging, apart from the technology-dependent dark
current discussed in Sect. 1.8.3.

The fundamental reason for the fact that electronic circuits and components are
noisy is the interaction of the free electrons with their thermal environment. In the
conducting materials, which are used for the construction of electronic elements, the
motion of the electrons has a random component, because of their nonzero kinetic
energy. According to the law of equipartition [16] the average kinetic energy Ey of
each free electron is given by:

3
Ey= kT (1.24)
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The random microscopic motion of the free electrons, also called diffusion, has
macroscopic electrical effects in the electronic components usually employed for
the realization of electronic circuits.

1.9.1 Basic Components of Electronics
and their Noise Properties

The three basic components of which most electronic circuits are composed are the
resistance, the capacitance, and the transistor, as illustrated in Fig. 1.7. As most
photosensors are fabricated today with technology related to Complementary Metal
Oxide Semiconductor (CMOS) processes, we will assume for the following that
the transistors are of the metal-oxide field-effect (MOS-FET) type [12]. Also, the
effects of inductance will be ignored, because they are usually negligible in circuits
employed for low-noise electronic charge detection.

In a resistor, illustrated in Fig. 1.7a, diffusion of free electrons results in a random
current contribution with zero mean through the device, which in turn causes a
fluctuating voltage with zero mean across the resistor’s terminals. The variance sy
of the noise voltage and the variance s; of the noise current, the so-called Johnson
noise, as already introduced in (1.10), are given by:

4kT B
sv = 4kT BR: 51 = ———. (1.25)

where B denotes the bandwidth of the measuring circuit [17]. Note that, the Johnson
noise described by (1.25) is only an approximation. The resistor noise is only
white (frequency-independent) if the measurement frequencies are below k77/h,
corresponding to about 6 THz at room temperature. The quantum mechanically
correct spectral noise density distribution shows a drop-off at high frequencies,
which is required for a finite total energy contained in the noise [17].

In an ideal capacitance, schematically illustrated in Fig. 1.7b, every “stored”
electron on one electrode is compensated by a positive mirror charge on the other
electrode, so that charge neutrality is observed. Although, it is not possible to
localize such a charge pair on a capacitance, the total number of charge pairs is
constant, and, as a consequence, no current noise is created in an ideal capacitance.

= —'='%‘='—

Fig. 1.7 Schematic illustration of the three basic components of electronic circuits, realized with
CMOS processes. (a) Resistance, (b) Ideal capacitance, (¢) Capacitance with resistive leads, (d)
Tranistor of the MOS-FET type
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However, the leads of a capacitance are not perfect conductors but they are
rather resistors, as schematically illustrated in Fig. 1.7c. As described earlier, these
resistors are a source of Johnson noise, and this noise spectrum is filtered by the low-
pass filter represented by the RC circuit. As the effective bandwidth B of an RC filter
is of the order of 1 /(R x C), it is immediately concluded from (1.25) that the voltage
noise variance Sycap across a capacitance is proportional to k7/C, and therefore
independent of the actual resistance value R. Detailed calculation (integration of
the spectral noise density with the appropriate filter function of the RC low-pass
filter) yields the following voltage noise variance, also called k7C noise:

kT
SVeap = 5+~

ol (1.26)
The third key component in an electronic circuit is the transistor. As the predominant
semiconductor technology today for the implementation of image sensors is of the
CMOS type, the employed transistors are field-effect transistors (FETs). Such a FET
is schematically illustrated in Fig. 1.7d, and it consists of a gate electrode G whose
voltage V is modulating the current /pg flowing from drain D to source S. If the
drain—source voltage Vps is not too large then the FET is operating in its linear
region as a programmable resistance, for which

Ins = 2K (Vg — Vi) Vis. (1.27)

With the geometry- and material-dependent device constant K and the threshold
voltage Vr, see for example [18]. The value of the drain—source resistance Rpg is
therefore given by:

1
2KV~ V)’

As a consequence of the existence of this resistance, the drain—source region of a
FET in its linear region exhibits Johnson noise with a variance s;pg given by (1.25):

Rps (1.28)

4kTB
Rps

SIDS = (1.29)

This implies that the current across the FET’s drain—source terminals is fluctuating
statistically, even when the gate voltage is kept absolutely stable.

If the drain—source voltage is large, the FET is operating in its saturation region,
and it effectively behaves as a programmable current source [18], where the drain—
source current /ps depends quadratically on the gate voltage Vg

Ins = K(Vg — Vi) (1.30)
A simple model of the noise properties of a FET in saturation can be derived

by assuming that the source—drain region of a transistor consists of two parts:
A conducting channel with tapered shape extends from the source toward the
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drain region, and it disappears (it “pinches off”) close to the FET’s drain. The
short section between the pinch-off point and the drain consists of a completely
depleted semiconductor region. The drain—source current is due to charge carriers
that flow down the conducting channel and are injected at the pinch-off point into
the depletion region near the drain.

As there are no free charge carriers in a depletion region, the noise properties of
a FET in saturation are described by the Johnson noise generated in the conducting
channel. Its resistance is approximated by the resistance Rpg of the FET in its linear
region, as given by (1.28), and the current noise of a FET in its saturation region is
consequentially that of a resistance with this value.

Although the physical origin of the current noise of a FET in saturation is the
Johnson noise created in the conducting channel, an alternate useful model for the
FET’s noise performance assumes that the drain—source region is noise-free and
that a hypothetical voltage noise source exists at the gate of the FET; this is the
so-called “input-referred” voltage noise with variance syg. It can be estimated using
the transconductance g, i.e., the differential change of the drain—source current
with gate voltage at constant drain—source voltage

_ dlps

1
= = 2K(Vg— Vi) = —. 131
g Ve (Ve — V1) (1.31)

Rps

Vps =const

where use has been made of (1.28) and (1.30). The variance syg can now be
calculated with (1.29) and (1.31):

aIDs -2 SIDS 4kTB
= == = . 1.32
wo=(Gi) == -

As mentioned, this is a simplified model for the input-referred channel noise in a
FET. A more detailed calculation results in the well-known Klaassen-Prins equation
for the input-referred channel noise variance in MOS transistors [19]:

4kT Ba
gm

sy = (1.33)

With a parameter « that depends on the operation regime of the FET. In saturation
a=2/3[19].

As a numerical example, consider a MOS-FET in saturation with a transconduc-
tance g, of 1/g, = 1k, operating at T = 300 K and measurement bandwidth
B = 20MHz. The input-referred root-mean-square voltage noise ovyg, calculated
as the square root of the variance syg in (1.33), is oyg = 14.86 L V.

The statistical variation of the drain—source current in a MOS-FET’s channel is
only well described by Johnson noise for high frequencies, as illustrated in Fig. 1.8,
where the current noise spectral density S;(f) is shown schematically as a function of
temporal frequency f. At lower frequencies, S;(f) is proportional to 1/f#, where
B is a parameter close to 1 in a wide frequency range [20]. For this reason, the
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Fig. 1.8 Schematic S,(f)
illustration of the current
noise spectral density S;(f)
in a MOS-FET. At lower K/ B
frequencies, 1/f noise
dominates, while the noise
spectrum is white at higher
frequencies, due to its origin
as Johnson noise in the FET’s s
channel

v
-

low-frequency part of S;(f) is called “1/f noise.” Typical transition frequencies from
1/f to Johnson noise are between 10 and a few 100 kHz in CMOS transistors.

It is recognized today that the physical origin of 1/f noise in MOS-FETs is the
capture and emission of charge carriers from the transistor’s channel by traps in the
Si0O, gate oxide [20]. This trapping—detrapping effect causes discrete modulations
of the transistor’s source—drain conductance called random telegraph signals (RTS)
[21]. The superposition of even few RTS already leads to 1/f noise in ordinary MOS-
FETs. It should be noted, though, that in deep submicron MOS-FETs, RTS becomes
apparent because of the involvement of only a very small number of oxide traps.

1.9.2 Basic Circuits for Electronic Charge Detection

The most common approach to the sensitive electronic detection of charge is to
place this charge on the gate of a transistor and to exploit the corresponding change
in the transistor channel’s electrical properties. In practice, widespread use is made
of the source-follower configuration illustrated in Fig. 1.9a, because it combines
high dynamic range, excellent sensitivity, and good linearity, while requiring only a
small silicon floor space.

Most often, the measurement transistor is loaded with a current source, realized
with a MOS-FET in saturation biased with an appropriate voltage V; [21]. The
output voltage Vgr then tracks the input voltage Vj, with good fidelity according to

Vsrp = Vin — V1, (1.34)

where V1 denotes the threshold voltage of the measurement MOS-FET.

An alternate circuit for the measurement of small amounts of charge is shown in
Fig. 1.9b. This current-sink inverter, also called common-source amplifier, consists
of an n-MOS load and a p-MOS measurement transistor, both operating in saturation
[21]. It has the advantage over the much more popular source follower in Fig. 1.9a
that the small-signal behavior shows voltage amplification, AVi,, = A x AVj,, with
an amplification factor A of the order of 10 [21]. This reduces the noise contribution
of the downstream circuits, albeit at the cost of reduced dynamic range [22]. As in
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Fig. 1.9 Basic circuits for the electronic detection of charge. (a) Source follower with load
transistor, (b) Current-sink inverter, (¢) Source follower with reset transistor RST and effective
input capacitance C

both cases, the measurement transistor is operating in saturation, the noise properties
are comparable, and the white-noise part is adequately described by the Klaassen-
Prins equation (1.33).

A more complete pixel circuit, based on a source follower for the detection of
photogenerated charge QO on the gate of the measurement transistor, is illustrated
in Fig. 1.9¢c, including a reset transistor (with reset signal RST) and the effective
capacitance C at the gate of the measurement MOS-FET. The load transistor can
be designed such that its noise contribution is negligible compared to the noise of
the measurement transistor. The overall charge measurement noise in Fig. 1.9¢ is
then dominated by the noise of the reset transistor, the so-called reset noise. Using
correlated multiple sampling techniques, as described for example in [23], this reset
noise is effectively eliminated, and due to the high-pass nature of this filtering,
the 1/f part of the noise spectral density is also removed. The remaining noise is
white and well described by the Klaassen-Prins equation (1.33). Therefore and as
Vin = C/Q, the root-mean-square noise o of the charge measurement process is
given by:

4kT Ba
8m .

op = (1.35)
As a numerical example for the noise limitations of electronic charge measurement
using this source-follower based detection approach, we assume an effective input
capacitance C of 50fF and the same figures as above (1/g, =1k, T =300K,
B =20MHz). This results in a Johnson-noise limited charge measurement resolu-
tion of 0y = 4.6 electrons.

1.9.3 Conclusions for Single-Electron Charge Detection

As explained in Sect. 1.6, the notion of “single-photon electronic imaging” implies
that a photocharge detection noise o of 0.2-0.4 is required, depending on the
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actual application. However, as estimated earlier based on (1.35), good solid-state
image sensors operating at video frame rates and room temperature achieve typical
photocharge detection noise levels g of 5-10 electrons. It is concluded that an
improvement of more than a factor of 10 in the charge detection noise is required.
Over the past 20 years, many approaches have been proposed to attain this, and the
most important ones are described in this book.

As the dominant noise source in the electronic detection of photocharge is the
reset noise in (1.26), it is of foremost importance to reduce or remove it. Fortunately,
the correlated multiple sampling (CMS) techniques described in [23] are capable
of eliminating reset noise practically completely. Viable circuits for implementing
these CMS techniques are presented in Chap. 9 of this book.

As the CMS techniques represent efficient low-pass filters, another important
source of noise is eliminated at the same time, the 1/f noise illustrated in Fig. 1.8. Itis
essential, though, that the measurement band is well above the transition frequency
from 1/f noise to Johnson noise, implying that the measurement frequency should
not be lower than the typical MOS-FET transition frequencies of 10 to a few
100kHz.

The remaining source of noise is, therefore, Johnson noise in the channel of the
MOS-FET employed for the electronic detection of photocharge, which is at the
heart of the charge noise formula (1.35).

The most effectual way to reduce the photodetection charge noise is to lower the
effective detection capacitance C. An obvious possibility is to employ minimum-
size transistors in deep-submicron semiconductor processes, and this has led to
capacitances C of only a few fF. Even smaller values of C can be achieved
with special transistor types such as double-gate MOS-FETsS or charge-modulating
devices (CMDs), as described in Chap. 10 of this book. Capacitances of < 1 fF and
single-electron detection noise have been obtained in this way.

Another possibility is to reduce the operation temperature. This is not very
effective, however, because the absolute temperature appears under the square root
of (1.35). The real benefit of lowering the temperature is reduction of the dark
current (1.22) and associated noise, as described in Chap. 2 of this book.

Although it is feasible, in principle, to increase the transconductance g, in
(1.35) by moditying the geometry of the detection MOS-FET, increasing g, implies
increasing the gate capacitance of the transistor, and this more than offsets all
improvements achievable in this way.

Finally, reduction of the measurement bandwidth B is a practical and highly
successful approach to single-electron photocharge detection, as detailed in Chap. 8
of this book. Although, it is true that reducing the output bandwidth of a conven-
tional image sensor such as a CCD will necessarily decrease also the imager’s
frame-rate; it is possible to adapt the architecture of the image sensor to resolve
this problem. One possibility is to provide the image sensor with a multitude of
output channels, and each is operated at reduced bandwidth. A more effective way,
which is particularly practical with CMOS image sensors, is to reduce the effective
bandwidth of each column without compromising the overall frame rate. It is in this
fashion that the subelectron readout results described in [22] or in Chap. 8 have been
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obtained. Then again, one might think of intrapixel bandwidth reduction techniques
but it appears today that this would not bring much improvement over the column-
wise band-pass filtering approaches.

Because of the practical difficulties of achieving subelectron electronic detection
noise, a successful alternative is to employ physical amplification mechanisms for
the production of more than one charge per interacting photon. A good example of
this approach is the employment of the avalanche effect described in Sect. 1.8.4. The
advantage of this approach is that it can be integrated monolithically on the same
chip and even in each pixel, in particular for the realization of monolithic SPAD
imagers, single-photon avalanche photodetectors detailed in Chap. 7 of this book.

There exist also a significant number of alternate approaches making use
of physical multiplication effects of photocharge. The most important of these
techniques are described in Chaps. 3—6 and 12 of this book.

1.10 Summary: Physical Limits of the Detection of Light

The deliberations of this introductory chapter leave no doubt about the fact that
not only does there already exist a multitude of effective single-photon imaging
solutions but also more and more monolithic techniques are being developed with
a performance approaching that of existing hybrid solutions. As a consequence,
single-photon image sensors at lower cost and with enhanced performance are
becoming increasingly available, opening single-photon electronic imaging to many
more technical applications and even to the consumer market. For this reason, it is
interesting to consider what the physical limits are of the detection of light with
single-photon resolution.

1.10.1 Sensitive Wavelength Range

As long as the energy of an incident photon is in a range allowing the photon
to interact with the detector material, mobile charges are being generated which
can subsequently be detected with an electronic charge detection circuit. For high-
energy photons (ultraviolet or X-ray region), more than one unit charge is mobilized
per photon, and single-photon detection is easy to accomplish, as explained in
Chap. 11. If the energy is too high then the detector becomes effectively transparent
to the incident radiation. If, on the other hand, the energy of an incident photon is too
small — lower than the bandgap in a semiconductor — then the detector also becomes
transparent. As an example, silicon is an efficient detector material for single-photon
imaging for the wavelength range between 0.1 nm (E = 12.4keV) and 1,000 nm
(E = 1.24eV).

If a detector material is employed requiring less energy E, for the creation of
mobile charges — for example a semiconductor with smaller bandgap — then infrared
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radiation with longer wavelength can be detected. However, as the dark current
increases exponentially with the energy £, = hc/A as described by (1.22), single-
photon detection is severely hampered for lower E,. As an example, the exponential
factor in the dark current formula (1.22) is 7,300 times larger for germanium
(Ag = 1,560 nm) than for silicon (A, = 1,120 nm).

It is concluded that uncooled, room-temperature single-photon electronic imag-
ing is restricted to detector materials with A, below about 1,300 nm.

1.10.2 Dark Current and Quantum Efficiency

If a detector needs to exhibit high quantum efficiency then the active thickness of
the detector should be comparable to the interaction depth of the photons. If the
energy of the incident photons is approaching E, then the interaction depth becomes
quite large, and the active detector thickness should increase correspondingly.
However, (1.22) shows that the dark current density increases with the active
detector thickness w.

It is concluded that an increase in quantum efficiency is only possible at the
expense of increased dark current, and this trade-off is particularly difficult to make
if the energy of the incident photons is close to E,.

1.10.3 Electronic Charge Detection

A key finding of this chapter is the fact that room-temperature electronic detection
of charge packets with a resolution of better than one electron r.m.s. is clearly
practicable. If this readout noise is less than about 0.2-0.4 electrons r.m.s. one can
truly speak of single-electron charge detection.

A combination of such a single-electron charge detection circuit with a suitable
photodetector material offering a quantum efficiency of close to 100%, a sufficiently
low dark current density and a geometrical fill factor close to unity represents
a photosensor with single-photon resolution. Several types of such single-photon
electronic image sensors realized using hybrid techniques are described in the
chapters of this book.

As the ubiquitous silicon technology allows the realization of on-chip and
intrapixel charge detection circuits with less than one electron r.m.s. noise and as
silicon offers a quantum efficiency close to 100% over the visible and near infrared
spectral range, pixel architectures providing for a geometrical fill factor close to
100% would make it possible to fabricate monolithic and, therefore, cost-effective
single-photon electronic imagers. The current development of backside-illuminated
CMOS-based image sensor technology, as described in Chap. 2, is exactly this
missing link for affordable single-photon imagers, opening single-photon electronic
image sensing for wide-spread use in many technical applications and even for the
consumer market.
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Chapter 2
Image Sensor Technology

R. Daniel McGrath

Abstract Single photon imaging is an extension of solid state imaging, making
use of devices that benefit from the outstanding electro-optical properties of silicon
and which have the potential, like CCD and CIS devices before, to benefit from the
integration made possible with silicon process technology. This chapter provides an
introduction to the functionality of integrated image sensors. It presents the typical
process flow and a discussion of where the technology used to build CMOS logic
and mixed signal parts is useful to provide the special performance and unique
features expected in imaging. As a conclusion, process enhancements including
special process modules and design rules for high-performance image sensors are
discussed.

This chapter also addresses the question to which degree single photon imaging
devices can be an extension of the CIS model to achieve mass commercialization.
The goal is to build valuable imaging products with an existing fabrication tool set,
derived from a conventional CMOS process with some process enhancements using
existing tools. This implies that the commercially interesting pixel array design
can be achieved using special design rules, and that the process enhancements will
support the operating voltages and clock rates required for single photon detection.

2.1 Program and a Brief History of Solid-State Image Sensors

Single-photon imaging is an extension of solid-state imaging where the sensitivity of
the photodetection process is systematically increased until the arrival of individual
photons can be detected.

There were attempts in the 1960s thru 1980s to realize solid-state image sensors
with developing transistor technology and designs. Some foreshadowed the later
metal-oxide-semiconductor (MOS) image sensors [1] and led to specialized sensors
used for noncommercial imaging applications. Despite attempts at commercializa-
tion, the performance was not satisfactory due to process mismatch and defects.
Attempts to overcome this with special transistors, for example, charge modulation
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devices (CMDs) and static induction transistors (SITs), did not overcome these
limitations.

Charge-coupled devices (CCDs) emerged as the first widely commercialized
imaging technology [2]. The CCD is a massively parallel device. As such it could
be free to deviate from the design practices used for transistors. Instead of device
geometries being defined by the active mask, that is openings in the field oxide, and
a single gate pattern, the devices are defined by implant geometries and one or more
gate patterns. It was necessary to develop processes providing specialized function-
ality, for example, buried channel potential profiles and vertical overflow drains. The
process tools are the same used with mainstream silicon manufacture, but can have
the goal change from achieving minimum geometry to achieving precise alignment.
Operating voltages at multiple levels spanning a wider range from —10V (used to
provide low dark current while holding charge) to +20 V (used to provide a global
clear of the array) are required. In addition, special care was needed for certain pro-
cesses to control defects. The result was a specialized process using a combination
of process modules used for logic and mixed-signal processes and of process mod-
ules optimized for imaging, for example, low defects. As in other process enhance-
ments, the tool set lagged by generations behind the cutting edge logic process.

With the steady improvements in complementary metal-oxide-semiconductor
(CMOS) technology since the 1970s, it was proposed in the 1990s [3] that CMOS
image sensor (CIS) designs using the existing processes could meet image sensor
performance requirements [4], not only achieving CCD performance within CMOS
fabrication facilities, but also surpassing this in some aspects including data rate,
integration with circuitry and cost. In reality, CIS was able to provide required
performance only with process enhancements including the mixing of process
tool sets between process technologies, that is adding more advanced interconnect
technology. The result is that CIS products for mass markets can be built in
CMOS process fabrication facilities where an investment has been made to develop
and support process enhancements, though this requires implementation of special
design rules to optimize the pixel array.

The expectation for single-photon imaging devices is that they will extend the
CIS model. That is, that they can be built based on an existing fabrication tool set,
derived from a conventional CMOS process with some process enhancements using
existing tools. The pixel design will use special design rules. The enhanced process
will support operating voltages that are obtainable from the process tools.

2.2 Anatomy of an Image Sensor

The function of an image sensor is to collect photons, convert them into electrical
signal, and process this electrical signal (Fig. 2.1). The optical collection and the
conversion are functions of the pixel. The processing is done using analog and
digital CMOS circuitry downstream. The more sophisticated nuances of image
sensors, those that provide the quality required for a photograph or a video,
are not an issue in single-photon image sensors. Rather what is required is an
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understanding of the application-specific functionality for single-photon imaging,
so there is only a need to understand the straightforward architecture. For instance,
the single-photon imaging application does not require the number of pixels or the
minimum-sized pixels of typical image sensors. But the basic functionality of light
capture, conversion and readout is that of other image sensors.

The typical architecture of a commercial image sensor is a two-dimensional pixel
array with a one-dimensional array of analog column readout circuitry, which is
multiplexed onto one or more output channels (Fig. 2.2). The pixel array has local
wiring plus drive, bus and signal lines, which form the optical aperture of the pixel.

For a CCD, the busing is done by extending the polysilicon gates, and the readout
is done by shift registers so that interconnects can be fabricated with one layer
of metal. While the number of metal layers is small, the gates must control the
charge transfer regions leading to an issue of the gates absorbing visible light. The
conversion from photons to charge is done either in the shift register, that is, a frame
transfer pixel, where photons are absorbed in the silicon of the CCD register itself
or in a photodiode from which charge can be transferred into the CCD register, that
is, an interline pixel. Readout of the pixel array is through charge domain transfers
with transport of charge packets realized under the influence of potential profiles.
The photocharge is shifted from where it is generated into a local maximum where
it is held and then through the manipulation of gate potentials through successive
potential wells that are sequentially created (Fig. 2.3). The column circuit provides
charge domain multiplexing into a horizontal shift register. At the end of each
channel horizontal register, there is a diode capacitor, which converts charge to
voltage. The only transistors, typically three to five, on the image sensor are involved
in the buffering of this voltage, using a floating diffusion capacitor to convert charge
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into voltage and providing low impedance drive for the signal output from the die
(Fig. 2.4).

While a CCD is a MOS structure, it is more a device than a circuit. A series
of process enhancements have been required to get excellent performance for
imaging. To minimize light lost to the control gates, process enhancement (Figs. 2.5
and 2.6) include the following: (a) thinning the device to a silicon thickness of
10 wm to <3 pwm so that photocharge can be generated and collected from photons
illuminating the back surface; (b) creating photodiodes separate from the shift
registers with control gates to transfer readout; and (c) opening subpixel-sized holes
in the gate structures next to the shift registers with pinning layers to maintain the
potential within the charge gathering and charge transfer depletion regions in the
silicon. To increase charge readout efficiency and lower noise, doping has been
developed to create buried channels in the shift registers and the readout transistors,
so that the signal charge does not interact with the silicon—SiO; interface traps. To
control regions created with no gate to increase optical response, shallow JFET-like
pinning layers have been added, enabling the creation of interline transfer pixels
(Fig. 2.7). The pixel-specific process enhancements lead to a process, which has
little overlap with the process needed for building CMOS mixed-signal circuitry.
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For a CIS, illumination is typically from the front side of the die, so that the
optical aperture is formed by horizontal busing on one metal layer and vertical
bussing on a second metal layer [5]. Depending on whether the local interconnect
can be integrated with one of these bus layers, the pixel may require two or three
metal layers. (The other circuitry integrated on the chip may require the use of
more metal layers.) Photons are converted to charge in a photodiode and charge
is converted on a diode capacitor, which may be the photodiode, “3T pixel,” or a
floating node onto which the charge is transferred by a gate, “4T pixel” (Fig. 2.8).
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The one-dimensional column circuit array samples the readout from a row of pixels
and places the signal onto channel buses, which feed into a gain stage followed by an
analog-to-digital (A/D) conversion circuit for each channel (Fig. 2.9). An alternative
architecture is to distribute the gain and A/D function into the column circuitry so
that the channels are digital buses (Fig. 2.10) [6].

There are other possible architectures, for instance the CMD [7] or SIT [8]
devices, where the photons are converted into charge, which is held on either a
lateral or a vertical diffusion that modulates the current in a channel in the silicon.
The motivation for this architecture is that it results in higher conversion gain due to
the junction gate field-effect transistor JFET-like structure. These pixels have design
challenges, linked with the implementation of reset function (e.g., memory effects
due to incomplete reset), to the optical aperture (e.g., structures that limit a front-side
aperture) and readout (e.g., lack of process control in readout threshold voltage).
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2.3 Operation

The basic operation of an image sensor relies on a one-dimensional or two-
dimensional array of pixels. The pixels in this array, typically laid out in a regular
array of rows and columns, must provide a means to collect the light and convert it
into electrons or holes. Then through some of elements in the pixels, in the array,
in the column, and in a pipeline after the array, the signal is conveyed to the chip
output.

In silicon image sensor arrays, the typical sensing element is a volume of the
silicon itself. Photons are absorbed by creating electron—hole pairs across an indirect
bandgap of 1.12eV. This creation of photocarriers requires interaction with the
lattice phonons to conserve momentum and energy. The bandgap is the right energy
for photon absorption from the ultraviolet through the visible into the very near-
infrared with one photon creating one pair of photocarriers. However, the absorption
coefficient of silicon varies significantly between blue light absorbed very close to
the silicon surface and red light where complete absorption requires several micron
thickness.

There is also photoresponse due to more energetic photons, such as X-rays
and gamma rays, which create multiple photocarriers per absorption in a single
location and from charged particles such as beta rays, energetic electrons, high-
energy particles, and cosmic rays, which create a trail of electron-hole pairs and
often an end event consisting of a rather localized cloud of electron—hole pairs.

In a block of silicon that is not electrically biased, the photocarrier creation
would be balanced by an increase in recombination, providing net current neutrality.
For an image sensor pixel, it is necessary to take advantage of the semiconductor
behavior of silicon to create a region out of equilibrium (e.g., a depletion region
completely drained of mobile charge carriers), so that the photocarriers can be
collected before they recombine. It is also necessary to have the low defect density
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present in semiconductor grade silicon with its associated long carrier lifetime, so
that the probability of recombining is negligible during this transport phase.

Despite the high quality of single crystal silicon, there is background charge
generation (i.e., dark current) independent of the illumination level. This is due
to defects in the middle of the energy band from metal contamination, crystal
defects and from the interface states between the surface of the silicon and insulators
such as the gate oxide, the field oxide, or oxide-filled trenches. A key enabler for
MOS devices is that the oxide—silicon interface is of very high quality, but natural
mismatch between the amorphous oxide ring structure and the silicon lattice still
contains a layer of defects. A dark-generated carrier and a photocarrier cannot
be distinguished during image sensor operation, so dark current limits low light
performance.

Dark current generation is a critical performance limitation for single-photon
imaging because each defect-generated charge will trigger a false event in the
imager. Covering the topic sufficiently is beyond the scope of this article, but it
is worth providing a short overview. Image sensor pixels are built around regions
in the silicon biased out of equilibrium in deep depletion so as to hold charge
isolated in their band structure, for example, the photodiode or the floating diffusion
used for charge conversion. These are subject to nonphotonic charge generation.
Defects, such as metallic contaminates, located within a deep-depletion region can
provide mid-bandgap energy states that act as isolated stepping stones, stepping
stones isolated in both location and energy, for charge transfer from the valence
band to the conduction band, forming dark current defects that are often isolated
to a single pixel and very bright. Interface states at silicon—insulator interfaces
within the depletion region provide a “U-shaped” continuum of such stepping
stones with the minimum at mid-energy gap, but with the ones with energies
near the center of the band gap being efficient producers with a distribution dark
current sites with lower level generation rates. These generally are distributed
with statistics across the pixels providing a noisy background in an image that
can go from a near uniform distribution to a Milky-Way-like starry night. Defects
located outside the deep-depletion region can also cause the neighboring silicon
to be perturbed from equilibrium resulting in diffusion current thermalized to the
bandgap energy. The current from these “bulk” defects provides a background
distribution that contributes to all pixels. (Defects within the deep-depletion region
and defects outside it can be distinguished by the activation energy of their
generation rate: depletion traps are characterized as having energy near one half
of the bandgap energy, while diffusion defects are characterized by having energy
near the bandgap).

Dark current generation can be enhanced by compressive-stress-induced bandgap
narrowing, by perturbations of the defect potential profile due to high fields, and by
increased defect sites due to a combination of increase in crystalline defects, for
example, dislocation planes and implant end-of-range damage. Dark current can be
decreased by inducing defect sites, such as crystal defects or oxygen-precipitates
away from the critical nonequilibrium depletion region, where metallic defects can
diffuse and become trapped without generating defect charge. Dark current can
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also be decreased by minimizing damage within the depletion region or within
the photocharge region within the diffusion paths of the depletion region. Thermal
processes can anneal damage. Final thermal anneals with hydrogen or deuterium
provided by the ambient or from hydrogen-rich dielectric layers can decrease
electrically active interface states, decreasing dark current from these. Device design
can minimize the contact in space and over operation for the depletion region with
interfaces and enhancements due to electric fields and stress.

This current of photocarriers can be sensed and read out in various ways as
follows:

(a) The photocurrent can be integrated in a potential well. The charge can then be
transferred by using gate voltages to modify the potential of the well and of
adjacent wells to transfer the signal charge through the array to an output node.

(b) The photocurrent can create a voltage drop across a resistor or a subthreshold
MOSFET with the signal being sampled during readout rather than being
integrated.

(c) The photocurrent can be integrated onto an isolated capacitive node created by
space charge depletion regions, which are in a nonequilibrium state due to the
biasing sequence of the operation.

CCD’s use Option (a). CIS and other MOS sensors use Options (b) or (c) [9]. The
result in all cases is to transform the photogenerated charge into a voltage, which
is a function of the illumination level. Options (a) and (c) can provide a near-linear
transfer function, while Option (b) can be used when a nonlinear performance (e.g.,
a logarithmic response) is desired.

The arrangement of the pixels as an array makes it natural to read out the pixels in
arow-by-row order. A repeated pattern of horizontal bus lines connect single pixels
or shared pixels (i.e., multiple photodiodes sharing a single readout) and provide
clock signals to provide charge transfer, reset, and pixel select functions.

At the top and/or bottom of the columns of the array are output multiplexers built
using charge domain or using MOS circuitry. Biasing and signal readout providing
connections to the pixels within a column are provided by vertical bus lines.

The simplest readout is a nested pattern of row timing with the period of the row
read and of column timing with the period of the output signal readout. In a typical
sequence, a row of pixels is reset to clear the pixels in it of any initial charge by
reading them out, by using a gate to force the charge to substrate or by using a gate
to connect them to set voltage. The signal current or the integrated signal charge is
read out, either buffered to give it sufficient drive impedance or directly digitized.

2.4 Image Sensor Devices

Silicon image sensors are made up of a combination of MOSFETSs and diodes, but
making an effective pixel requires extending it to new devices and to novel operation
for existing devices.
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The basic semiconductor device is a diode made by doping two adjoining areas in
the semiconductor n-type and p-type [10]. Diodes can be reversed biased to provide
isolation between the two regions of different doping to allow the separation of
circuit elements and to create capacitors. Typically, the diode is formed with one
of the regions having higher doping than the other to create an asymmetric region
depleted of free charge to provide manufacturing control.

A second semiconductor device is the MOS capacitor, created between a heavily
doped region in the silicon and a polysilicon gate separated by a thin silicon oxide.
For example, a gate oxide capacitor designed to work at 3.3 V might have dielectric
thickness of 7nm, or a sandwich of silicon nitride between two layers of silicon
oxide, for example, 100 nm for a 10 V process down to 7 nm for a 3.3 V process.

The MOSFET used in digital logic consists of a MOS capacitor placed between
two diodes. The gate is patterned on top of a thin silicon oxide or oxide nitride layer
so as to modulate a channel along the insulator silicon interface so as to act as a
switch [11]. Heavily doped, very shallow diffusions are implanted at each end to
provide the contacts for the carriers. Special processes such as implanting silicon
or other species may be used to amorphize the silicon to keep the implant from
becoming deeper through channeling, but these may cause a problem in an imaging
device if it results in residual defects. An opposite type of doping in the form of a
deep well and of a shallow threshold voltage adjust are formed under the channel
to control the operating voltages. Engineering is done to lower the resistance and
to set the work function of the gate through doping and the formation of a silicide
layer. The potential profiles at the ends of the channel controlled by the gates are
adjusted through the sidewall spacers formed with deposition and etching of silicon
oxides and nitride layers. The potential under the spacer is engineered for speed
and for reliability through lightly doped drain diffusions, LDD, as extensions of the
diffusions and “halo” diffusions of the opposite polarity.

The MOSFETS in analog or mixed signal circuits has the same structure, but
perform as transfer functions, either acting as switches to connect and isolate nodes
or acting as analog components providing precise outputs depending on the voltage
applied.

The CCD in its simplest form, a full-frame transfer array, is a single large
integrated device built around registers of abutting MOS capacitors requiring at
least one adjacent diode to provide a bias and a sink for its photocarriers and its dark
current charge [2]. A single reverse-biased diode next to a MOS capacitor can create
a nonequilibrium condition under the capacitor where the mobile charge near the
surface is drained away to create a depleted region. The surface potential of silicon
under the capacitor gate has a potential that depends on the diode and upon the gate
voltage. In the same way, a series of capacitors can be held in nonequilibrium by a
single diode with each capacitor being able to control the potential under its gate.
By applying different voltages to the various gates, local potential maximums can
be created where isolated packets of charge generated by light or by dark current can
be collected. By a sequence of biases on the capacitor gates, the maximum of the
potentials can be shifted from capacitor to capacitor until it reaches the diode. The
capacitor gates can be arranged in more complicated arrays with the charge packets
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being moved synchronously in parallel arrays of shift registers and with parallel
arrays being multiplexed into single serial arrays.

The CCD is commonly read out using a floating diffusion connected to the gate of
a MOSFET. The floating diffusion is a diode inserted between two capacitor stages.
On one side, there is a stage which acts as a switch to set a bias of the isolated
diode, either by providing a barrier with its channel so that excess charge above this
potential is drained off to a biased final diode or by acting as a switch to create a
channel for charge to the biased final diode to force the floating node to this voltage.
The gate of the MOSFET follows the bias on the floating node and modulates its
channel potential to dynamically set the voltage of its source diffusion to create a
classic source-follower circuit.

To address problems related to signal charge being corrupted by traps at the
surface of the capacitors either capturing signal charge or creating dark current,
a buried channel capacitor is formed where the surface is counter doped so that the
potential maximum where charge is held is shifted from the interface with the gate
to a potential channel deeper in the silicon. This keeps the signal charge away from
interface traps to prevent signal charge from being trapped; it allows the potential
well to be clocked so that for part of its duty cycle the surface is accumulated with
free carriers to turn off the generation of dark current by defects there.

While logic and analog MOSFETs can be operated between a low voltage,
typically ground, and a high voltage, Vdd, to get the benefit of a buried channel
requires operating outside this range. This is because the buried channel has a
threshold voltage that is shifted as in a depletion device with the channel being
on at ground.

The need for control gates over all of the registers limits the responsivity of
CCDs when used with front-side illumination. Photons need to enter through the
gates or through the gaps between the gates. A solution to this used in interline
transfer CCDs is the pinned photodiode, which consists of a diode doping located
between a shallow, highly doped layer and a deep well doping with these two doping
regions electrically connected. The result is a back-to-back diode controlled by
the surface doping, so that it does not need to be covered by an obstructing gate.
The pinned photodiode is read out by an adjoining gate providing a barrier to a
shift register, which with a high gate bias provides a potential path. The pinned
photodiode potential is a buried channel.

Barrier devices are created to provide means to control blooming in CCDs
(i.e., the photocharge from one photodiode that has become full spilling into other
photodiodes, creating image artifacts due to signal in the wrong location in an
image) and to provide a means to flush unwanted charge. These are areas of lower
potential along the shift register, where charge filling up a potential well will
preferentially flow rather than spill into other pixels in a shift register. These can be
static barriers to a laterally adjoining biased diffusion, gate-controlled stages with
a lower potential to laterally adjoining biased diffusions or vertical barriers over
the well to an oppositely doped substrate. The overflow will occur either because
the stage is filling with charge or because the channel-to-barrier is collapsed by
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lowering the channel potential through gate control or, in the case of the vertical
barrier, a combination of gate and substrate control.

The CIS pixel typically consists of photodiodes, diffusions used as floating
nodes to hold charge and MOSFETs providing the three functions of switch, charge
transfers device and analog buffer. While there are overlaps in the functions of the
devices, the technology differences between CCDs and CISs make for differences
in the device design.

The MOS vertical, parasitic, capacitor can be used for a photodiode and as a
component of a floating diffusion capacitance. The top plate is a shallow heavy
doping, the bottom is the well doping and the dielectric is the depleted silicon in
between. Unlike in the peripheral circuitry, this diode’s upper surface would not
be silicided to let photons in for a photodiode and to avoid the extra dark current
associated with silicide—silicon interfaces. This photodiode can be directly contacted
by a contact so it can be wired to the gate of a buffer FET or a diffusion of a
reset FET.

A pinned photodiode like the ones in an interline CCD is commonly used for
CIS photodiodes due to its ability to be totally emptied of signal charge during
reset and its low dark current [12]. It can be built adjacent to an FET to provide
readout and reset and antiblooming. Unlike the CCD version, it cannot be reset to
substrate and antiblooming is only possible laterally through FET structures. Its long
wavelength response can be enhanced by chaining doping to create a deep diffusion
volume.

The pixel has MOSFET: that are each customized for their function. In the same
manner as FETs in the input—output circuits on the die, they are built with thicker
gate oxide (e.g., ~ 7 nm required for 3.3 V signals) because the voltages required for
pixel operation does not scale as fast as logic. Beyond that, there are three functions
required with their own requirements as follows [13]:

e Buffer FET such as that used in source-followers need to have a threshold shift
doping to set the gate-to-source voltage drop to be a medium value, a value as
low as possible without requiring increased gate length. They need to provide
good transconductance with small current.

* Barrier devices as in CCDs are used to reset and maintain the voltage in floating
diffusions. They are switches where having a zero or depletion threshold voltage
allows operation within the normal voltage range.

e The transfer FET used to read out the pinned photodiode is unique in that it is
a charge transfer device, which transfers charge from a buried channel device to
a surface device. It provides a low potential channel from photodiode to floating
diffusion to prevent lag, a high off-barrier for well capacity and a potential
profile that minimizes dark current and directs what is generated away from the
photodiode into the floating diffusion. The result of this is that it needs to be
viewed as two FETs in series sharing a single gate, that is (1) a vertical FET at
the photodiode end controlling a potential barrier away from the surface, which
sets the photodiode charge handling capacity when “off” and allows complete
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transfer when it is “on” and (2) a conventional surface channel FET controlling
a horizontal channel connecting to the floating diffusion.

A typical CIS pixel only uses either n-MOSFET or p-MOSFET devices due to the
need for tight packing of devices to enable small pixels [14, 15]. The full CMOS
process is needed to enable low power, fast addressing and readout by allowing
on-chip circuits.

The need for the development of new devices within the process enhancement
can also extend beyond the pixel array to peripheral circuits required to provide
the best performance for a pixel array. Examples include having both n-MOS and
p-MOS devices with floating bases (achieved through the use of deep dopants
to isolate the local well), having capacitors purposely made to achieve linear
transfer functions to provide double sampling to shift time differences into voltage
differential signals, and having dense memory to allow on-chip line stores for
correlated signal correction.

2.5 Image Sensor Process Technology

The goal of mass market and high-performance image sensors is to build them
in silicon integrated technology, so that they can benefit from the manufacturing
infrastructure, expertise, and cost efficiencies existing because of the large global
production for silicon integrated circuits. At the top level, this means building a
planar technology on silicon wafers in a clean room environment [16, 17]. At the
tool set level, it means wherever possible using the standard equipment set for
manufacture and test. And at the process level, it means wherever possible using
standard process modules and materials.

The top level flow is that wafers are sawed from single-crystal silicon ingots
(boules) of semiconductor-grade purity pulled from a silicon seed crystal. While it
is possible to use this wafer directly for building the integrated circuit, typically
for image sensors, an additional thin epitaxial layer is grown in a reactor. The
substrates and the epitaxial layers are doped as part of the growth process either
n- or p-type. The doping type and the concentration of the epitaxial layer and the
substrate can independently be varied. The wafers are introduced into a cleanroom
environment and follow procedures to maintain cleanliness as handled by machines
and people. Because the planar process is going to be used to create fine geometries
precisely aligned, it is important that the wafers be flat and that the particle density
is extremely small.

The basic tool sets silicon processing includes the following:

» Photolithography to create patterns to define structures in and on the silicon.

e Developing to remove organics patterned by photolithography.

* Thermal oxidation to create a high-quality oxide—silicon interface.

» Plasma deposition of insulating films used in building capacitors and MOSFETs,
used to electrically isolate interconnect metal layers and used to provide device
passivation.
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* Spin-on coating to create insulating films used for creating optical elements such
as color filters and microlenses.

* Chemical vapor deposition of polysilicon to create gates for MOSFET devices.

e Silicidation to chemically create a shunt layer on silicon diffusions and
polysilicon.

e Plasma etching to create trenches or pattern overlayers.

e Metal deposition of aluminum, tungsten and copper and of boundary and
antireflective layers for metals.

e Chemical mechanical polishing to planarize a surface (e.g., to achieve the flatness
required by the depth of field of the photolithography optics) or to remove excess
metal from a damascene process (i.e., a process where metal is defined by etching
patterns in the underlying insulating layer and then polishing the metal back to
the dielectric surface).

e Thermal treatments, either furnace or rapid thermal annealing using a pulsed heat
source (e.g., for implant activation and reduction in crystalline defects).

A typical MOS process flow (Fig. 2.11) starts with a wafer with a lightly doped
device layer (e.g., a doping that is low enough to result in a large depletion zone for
charge collection but high enough to be controlled during the subsequent process),
either substrate or epitaxial. Shallow trench isolations (STIs) are patterned, etched,
and filled to provide isolation between devices and in the process of defining the
dimensions of the devices in the circuit, in particular the channel width. A pair
of photolithography steps divide the wafer into regions that are to get a chain
of implants to create n-wells and regions that are to get a chain of implants to
create p-wells. This establishes which devices are to be p-type and which are
to be n-type. Photolithography and implants can be done at this point to set the
threshold voltage of the MOSFETs. Gate oxides are thermally grown for each of the
voltage ranges to be fabricated. Polysilicon gates are deposited, doped, patterned,
and etched, providing the other critical dimension of a MOSFET, the channel length.
The engineering of the MOSFET is then done through a combination of sidewall
formation, halo and lightly doped drain implants and source—drain implants to
control the channel ends and through silicidation to lower gate and drain resistances.
Thermal processes are needed to activate the implanted doping that is to make sure
the dopants substitute for silicon on the crystal lattice sites. After this there are

(a) p-well (b) threshold (<) gate oxide & (d) n-source (e) contacts
implant & active adjust self-align poly gate self-align implant

Fig. 2.11 Image sensor array architecture
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a series of insulator depositions, contact and via patterning and filling and metal
filling. At various critical points in the process, chemical-mechanical polishing is
done to provide a flat surface to allow precision photolithography in following steps.
At the end of the process, there is a final silicon nitride layer deposited for circuit
reliability followed by a patterning and etching of this layer to create bond pads.

The basic device in a MOS process is the FET. It is formed in a well of the
appropriate doping. Its critical dimensions are determined a geometry created by
the STI pattern and by a geometry formed by the gate pattern. The issue that drives
a MOSFET process is small size, consistent performance, device speed, and drive
capability.

In going to “nanometer” processes (i.e., processes with feature sizes much less
than 1 pwm), there have been a couple of major refinements to the MOSFET process.
One is a need for shallow doping distributions requiring precise control of thermal
cycles, leading to the shift from furnace to rapid-thermal anneals. A second is a shift
from aluminum to copper for metallization with the shift to a damascene process,
where the metal pattern is established by etching trenches in the isolation and
etching off metal not in the trench and where blanket protection layers are formed
at each metal level.

CCD technology originated in the same time period when CMOS technology was
being developed, before the semiconductor industry became dominated by it. CCD
technology development was not constrained in either layout or the development
of process modules. In contrast to the MOSFET device, the basic CCD device
is made up of charge transfer channel created from gates from a series of layers
of polysilicon, each one defining the length of a stage, running across a channel
defined by channel-stop implants. There is only one well doping, which may be
patterned at the pixel level to provide an antiblooming barrier to the substrate and
which should be as high as feasible to improve the photodiode collection depth. And
there is a counter-doping to relocate the channel from the surface to the substrate.
There can be additional doping to direct charge flow within a single transfer stage
and facilitate the transfer between phases. Getting good transfer in this buried
channel means that electric fringing fields are important in setting the potentials for
charge handling wells and channels created deeper in the silicon away from the gate
insulator interface so there is benefit in continuing to use thicker oxide (e.g., there is
a need to smooth the lateral potential profiles to avoid creating local potential wells
that trap charge). Getting good optical response lead to the use of pinning implants
to control buried channel potential in regions without gates. It also can lead to the
development of a thinning process so that the final device can be illuminate from the
back surface (albeit with the resulting loss of longer wavelengths from green into
the near infrared). Silicides are not used on the gates. The massively parallel nature
of a CCD pixel array means only one or two layers of metal are necessary.

A CCD process flow (Fig. 2.12) starts with a wafer with a lightly doped
device layer, either substrate or epitaxial. It will have a specification for metal
contamination levels and will have gone through some form of processing, such as
oxygen precipitation to provide gettering of residual contaminants. Local oxidation
isolation (LOCOS) or trench isolation may be used, but with doping in the trench
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Fig. 2.12 CCD simplified process

walls providing passivation of the trench walls. Alternatively, there may be no
trenches at all with the isolation being formed by just the doping between devices.
Photolithography defines an in-pixel-patterned well that can be diffused into the
wafer and laterally to contribute to the channel potential and provide isolation.
Photolithography and implants can be done at this point to create the buried channel
and to adjust the channel potentials in the transfer stages. Thick gate oxide is
thermally grown for each of the voltage ranges to be fabricated. Multiple layers
of polysilicon gates are deposited, doped, patterned, and etched, providing the other
critical dimension of a transfer stage, the channel length. Thermal processes are
needed to activate the implanted doping, that is to make sure the dopants substitute
for silicon on the crystal lattice sites. After this, there is an insulator deposition,
contact and via patterning and filling and metal filling. At the end of the process,
there is a sequence of passivation deposition and post-metal anneal in a hydrogen
environment to move hydrogen to reduce defect concentration by reacting with dark-
current-generating dangling bonds at silicon—oxide interfaces. There is a patterning
and etching of this layer to create bond pads. Following this is a sequence to form
color filters and microlenses to provide color separation and increased responsivity.

To increase the responsivity, backside thinning to a few micrometers through
the use of silicon-on-insulator or physical and chemical etching to allow backside
illumination.
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The issues that drive CCDs are optical response, near perfect charge transfer,
and charge generation from defects. Defects can be due to defects at silicon—oxide
interfaces and to metal contamination in the silicon.

While early on the claim for CIS devices was that they could be built using
a standard CMOS process, the issues that drive the CIS technology today is to
maintain CMOS functionality for peripheral circuitry while building a pixel array
that meets the same challenges as CCDs, the optical response and the low defect
levels. The approach for the CIS process then is to start with a CMOS process
and add to it process enhancements that provide high-performance pixels, bearing
in mind that the enhancements must leave the devices built in the base process
unchanged in performance.

A CIS process flow (Figs. 2.13 and 2.14) starts with a wafer with a lightly doped
device layer, either substrate or epitaxial. The wafer needs to have extremely low
contamination and should go through gettering processes to reduce the contami-
nation level further. Shallow trenches are patterned, etched, and filled to provide
isolation between devices and in the process defining the dimensions of the devices
in the circuit, in particular the channel width. The shallow trench process includes
doping to passivate the upper corner, the sidewall and the bottom of the trench.
A photolithography step divides the wafer into regions that are to get a chain of
implants to create n-wells, regions that are to get a chain of implants to create
p-wells, and the region in the pixel array, where the well doping is patterned at a
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Fig. 2.13 CIS nonshared pinned-photodiode pixel
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pixel scale with areas such as the photodiode left native. This establishes which
devices are to be p-type, which are to be n-type, and which will be special devices
for the pixel. Photolithography and implants can be done at this point to set the
threshold voltage of the MOSFETs. Gate oxides are thermally grown for each of
the voltage ranges to be fabricated with the higher voltage devices being used in
the pixel array. While the base CMOS process for commercial image sensors has
scaled to the 130 and 90 nm technology node, the operation of many pixels is based
on devices and voltages from the 350 nm technology node. Polysilicon gates are
deposited, doped, patterned, and etched, providing the other critical dimension of
a MOSFET, the channel length. The engineering of the MOSFET is then done
through a combination of sidewall formation, halo and lightly doped drain implants,
and source—drain implants to control the channel ends. Additional depositions,
photolithography and etches are used to engineer the charge transfer from the
photodiode through the transfer gate and to the floating diffusion. Silicidation to
lower gate and drain resistances are done selectively, excluded from the diffusions
in the pixel array because they block light over the photodiode and because of
its association with increased defect generation. Additional photolithography and
implantation is used to create the pinned photodiode, forming a shallow doping for
the pinning layer and providing a chain of implants to engineer the photodiode to
extend the photodiode diffusion to extend deep into the silicon with a large aspect
ratio. Thermal processes are needed to activate the implanted doping, that is to
make sure the dopants substitute for silicon on the crystal lattice sites. After this,
there are a series of insulator depositions, contact and via patterning and filling
and metal filling. At various critical points in the process, chemical-mechanic
polishing is done to provide a flat surface to allow precision photolithography in
following steps. Additional process steps may be done to create a lightpipe (i.e., an
optical means of guiding photons between the front-side interconnect structure) to
enhance optical acceptance, particularly in processes with the copper metallization
with its additional dielectric layers that would otherwise create a dielectric stack
resulting in interference effects. At the end of the process, there is a sequence of
passivation deposition and postmetallization anneal in a hydrogen environment to
move hydrogen to reduce defect concentrations at interfaces. There is a patterning
and etching of this layer to create bond pads. Following this is a sequence to form
color filters and microlenses to provide color separation and increased responsivity.

To increase the responsivity, backside thinning through the use of silicon-on-
insulator or physical and chemical etching to allow backside illumination [18]. This
requires wafer bonding to a carrier wafer, a scheme to make electrical contact from
the backside or the die edge and a process to allow alignment of backside processes
such as metal light shield, color filters, and microlenses.

To work fully within the CMOS process technology flow, the process exten-
sion should not only include an enhanced process flow, but also the supporting
physical design kit files that describe the enhanced process. These include updated
design rules, device symbols, SPICE models, and layout-versus-schematic verifica-
tion files.
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2.6 Outlook for a Single Photon Process Technology

Image sensor process technology provides an approach to achieve commercial
single photon image detectors: demonstrate that a pixel exists, understand what
is critical and then look how these can be added as enhancements to a CMOS
process flow.

Possible pixel device directions to achieve single photon counting through
process enhancements include the following:

e Increased conversion gain by providing a floating diffusion with decreased
capacitance.

e Refinement of the single photon avalanche detector to produce controlled
multiplication with high yield.

These and other approaches will be discussed in the following chapters.

Process enhancements for a single photon detector will have similarities to those
for an image sensor, but there are enough differences that the process flow should
start from the basic logic process and not from the image sensor process. While there
are similarities, for instance, both need high optical acceptance, good conversion
gain, and low density of bright defects, there are critical performance parameters
not required for the single photon pixel, including, for example:

» Linearity is essential for image sensors integrating tone scale, but is not needed
when the pixel is detecting whether a single event happens. A single photon pixel
may not require that the floating diffusion have linear capacitance or that the
capacitance between pixels is well matched.

e Small size is essential for high-resolution photographic imaging, but not needed
for applications with larger pixels providing higher responsivity.

e Well capacity need only be large enough to capture the photocarriers of a single
photon event.

On the other hand, there are critical performance parameters required for a single
photon pixel not required in an image sensor process flow as follows:

e Multiplication uniformity to make sure that pixels all have similar detection
threshold.

e Almost 100% optical fill factor and quantum efficiency as every photon needs to
be counted.

* High speed readout to allow image synthesis from multiple frames in a reason-
able time.

In summary, the approach used for CIS process technology development can provide
a model for single photon image sensors. Start with a standard process flow. Look
to add as process enhancements the steps required to create the single photon pixel.
In doing this, it is important to use the base process modules where possible and
to add only process modules as are compatible with the base process flow so as to
preserve their functionality consistent with their device models. The twin goals are
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to create an optimized pixel and to preserve the CMOS performance that allows the
reuse of the CMOS design flow.
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Chapter 3
Hybrid Avalanche Photodiode Array Imaging

Hiroaki Aihara

Abstract A hybrid avalanche photodiode (APD) array is a vacuum tube containing
a photocathode and an array of avalanche photodiodes. It is a hybrid device
that combines a traditional phototube technology and an advanced semiconductor
technology. A photon produces a photoelectron with quantum efficiency at the
photocathode. Unlike a phototube with dynodes, multiplication of the photoelectron
is provided by a bombardment of the accelerated photoelectron into the avalanche
photodiode resulting in a number of electron—hole pairs and a subsequent avalanche
multiplication of the secondary electrons at the pn junction of the reverse-biased
diode. The resulting total gain ranging from 10* to 10° is large enough to retain
a single-photon sensitivity by using low-noise amplifiers. Segmentation of the pn
junction of the diode provides the position information of an incident photoelectron
and enables imaging of an incident photon. We report the recent progress on R&D
of a single-pixel large format hybrid APD and a multipixel hybrid APD array.

3.1 Introduction

Although the concept of a hybrid avalanche photodiode (APD) was introduced
quite a while ago [1,2], it is only in recent years that a device that has a single-
photon imaging capability becomes available. It is primarily because a hybrid
APD requires an advanced semiconductor technology. A hybrid APD array is a
vacuum tube consisting of a photocathode and an array of APDs.! It combines
a traditional phototube technology and a semiconductor technology and therefore
is called hybrid. A photon produces a photoelectron with quantum efficiency
(typically 20-30% for visible light) at the photocathode. Unlike a phototube (PMT)
with multiple dynodes, multiplication of the photoelectron is provided by two

A hybrid photon detector consisting of a photocathode and a silicon pixel array not operated in
avalanche mode has also been developed [3].

P. Seitz and A.J.P. Theuwissen (eds.), Single-Photon Imaging, 49
Springer Series in Optical Sciences 160, DOI 10.1007/978-3-642-18443-7_3,
© Springer-Verlag Berlin Heidelberg 2011
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and only two processes, a bombardment of the accelerated photoelectron into the
APD resulting in a number of electron-hole pairs and a subsequent avalanche
multiplication of the secondary electrons at the pn junction of the reverse-biased
APD. The total gain ranging from 10* to 10° is large enough to retain a single-
photon sensitivity by using a low-noise preamplifier. Segmenting the pn junction of
the diode into pixels provides the position information of an incident photoelectron
and, therefore, enables imaging of an incident photon.

The hybrid APD is simpler in mechanical construction and faster in signal
processing than a PMT, but it has a smaller gain and requires a low-noise
preamplifier. Because it utilizes a photocathode to convert photons to electrons, it
is best suited when a large photosensitive coverage (with limited cost) is required
despite the fact its quantum efficiency is lower than a photodiode on which a photon
is directly injected.

3.2 Principle of Hybrid APD Operation

Figure 3.1 illustrates the principle of operation of a hybrid APD. A photoelectron
originated from the photocathode is accelerated by the electric field created by
applying a negative high voltage on the photocathode. The photoelectron directly

Electron-bombardment gain

Photocathode Avalanche gain Multi-pixel AD
Avalanche region
Photoelectron
¥ o®
Photons ' B Output
Acceleration —
<Vacuum>
Input window
Photocathode AD voltage
voltage (-8 kv) 1 |—,;, — |—,;, (-200 to —400 V)

Fig. 3.1 Hybrid avalanche photodiode: a photon produces a photoelectron with quantum effi-
ciency at the photocathode. Multiplication of the photoelectron is provided by two processes, a
bombardment of the accelerated photoelectron into the avalanche photodiode resulting in a number
of electron—hole pairs and an avalanche multiplication of the secondary electrons at the pn junction
of the reverse-biased avalanche photodiode. Segmenting the pn junction of the diode into pixels
provides the position information of an incident photoelectron and enables imaging of an incident
photon
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injects into the APD, in which the electron loses its energy by ionizing the
silicon and creates electron-hole pairs. The number of electron-hole pairs is
approximately given by the voltage difference between the photocathode and the
APD divided by the specific ionization energy in silicon, which is ~3.6eV. If, for
example, —8 kV is applied on the photocathode and the APD is placed on (or near)
ground, the number of electron—hole pairs produced by the bombardment of an
accelerated photoelectron is 8,000/3.6 ~ 2,000. This electron bombardment (EB)
multiplication is the first gain in the electron multiplication process in the hybrid
APD and can be compared with the first gain (2-5) of the multidynode system of the
traditional PMT. A large first gain (without amplifying noise) is the key to achieve
good signal-to-noise ratio, similar to any multistage amplifier system.

Each secondary electron drifts toward the pn junction following the electric field
created within the APD by a reverse bias voltage. At and in close proximity of the
pn junction, where the electric field reaches ~10° V/em, each secondary electron
undergoes avalanche process and results in further multiplication of secondary
electrons. The avalanche gain obtained in the currently available APD ranges from
10 to 100, yielding the total gain of hybrid APD of 10*~10°. This gain is about a
factor of 10—100 smaller than that of a typical PMT. This smaller gain can, however,
be offset by a low-noise preamplifier by taking advantage of the intrinsically low
noise signal from the hybrid APD. Because the electron mobility? and the avalanche
process within the semiconductor are very fast, careful design of photoelectron flight
path from the photocathode to the surface of the APD yields very fast signal with
practically negligible transit-time spread. A fast, single-photon sensitive device with
large photocathode coverage can be realized.

3.3 Single-pixel Large Format Hybrid APD

3.3.1 Device Description

One of the applications of the hybrid APD is a single-pixel large format photode-
tector, shown in Fig.3.2. A 13-inch diameter hybrid APD has been developed by
Hamamatsu Photonics (HPK) [4]. Its photocathode has effective sensitive area of
300 mm in diameter. The voltage difference between the photocathode and the APD
is designed to be a maximum of 20kV to accelerate a photoelectron to produce
~4.500 electron—hole pairs upon bombardment into APD. The size of APD is 5 mm
in diameter and the electric field within the vacuum tube is designed to function as
an electrostatic lens to focus photoelectrons on the APD. A further multiplication
(10 — 100) of the secondary electrons is provided by the avalanche process in the

2The carrier mobilities in silicon are 1,350 and 480 cm?/(V s) for electrons and holes, respectively.
Because the electron mobility is about three times larger, the electron signal is predominantly used
in silicon devices.
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Fig. 3.2 Single-pixel large format hybrid APD and principle of operation. A 13-inch diameter
hybrid APD has been developed by HPK. A photoelectron is accelerated by a maximum of 20 kV
voltage difference and is bombarded into a 5 mm diameter APD. The bombardment gain is ~4,500
at 20kV and the additional gain of 10 — 100 is obtained by avalanche multiplication in the APD.
The total gain of the device rages from 10* to 10°

APD. Because of the long flight path of the photoelectron a single-pixel large format
APD must be shielded from the magnetic field.

Figure 3.3 shows the cross section of a typical APD [5]. The pn junction is
fabricated on the front surface and photoelectrons are irradiated from the back
(or bulk-side) surface. In order for the secondary electrons generated by the
bombardment of photoelectrons to reach the avalanche region before recombination,
the substrate must be fully depleted. For the depletion layer of ~100 jum thickness
and a substrate with a high resistivity of ~4 kQcm, the reverse-bias voltage of
~300V is required. The maximum electric field at the pn junction can reach
3.8 x 10° V//cm for the p type impurity of ~1.8 x 10'® cm? of the deeply diffused p
layer facing the n* layer.

This device has been realized by overcoming technical difficulties related to
the photocathode surface activation process with alkali vapor. The hybrid APD
in Fig. 3.2 works in a positive high voltage mode. The photocathode is connected
to the ground and the APD is on the positive high voltage with the insulator to
separate them. The output of APD is AC-coupled to a preamplifier via high-voltage
decoupling capacitors. The alkali vapor could stain the surface of the insulator and
cause the nonuniform surface electric field resulting in local discharge and flashing.
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Fig. 3.3 Cross section of a typical APD. Here, pT (n) stands for a high p (n) type impurity
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Fig. 3.4 Cross section of a back-illuminated APD, improved for the better isolation between p
and n areas of the APD surface

Applying a high-resistivity coating on the surface is found to mitigate the problem.
Another difficulty is the increase of the APD leakage current after activation process.
The alkali vapor could contaminate the surface of APD. A back-illuminated APD
shown in Fig. 3.4 has been developed to improve the isolation between p and n areas
of the APD surface. This back-illuminated structure is also found to improve a long-
term stability because the structure eliminates possible damage of p—n isolation due
to electron bombardment.

3.3.2 Performance

Figure 3.5 shows EB gain in units of the number of electrons calculated from
measurements of photocathode current and diode output current. A reverse-bias
voltage on the diode during the measurement is kept at 30 V, which is low enough
to disable avalanche multiplication. Above some threshold voltage, the EB gain
is proportional to the electron energy equivalent to the applied HV between the
photocathode and the diode. This threshold is due to energy lost by the photoelectron
in the thin contact (and dead) layer of the diode surface. At 20kV the EB gain
was ~4,500. The avalanche gain and the leakage current are shown in Fig. 3.6. The
abrupt increase of the leakage current at ~400V indicates the breakdown of the
diode. The maximum obtainable gain was ~50 for a reverse-bias voltage of ~390 V.
The total gain of this hybrid APD is a product of the two gains and is ~2.5 x 10°.
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Figure 3.7 shows a pulse-height spectrum obtained with a picosecond light pulse
with a wavelength of 441 nm [6]. A single photon peak is clearly seen. The signal-
to-noise ratio for one photoelectron signal is ~10. The signal is found to be linear
up to ~3,000 photoelectrons. Figure 3.8 shows a transit time spread (TTS) for
single photon signals. It is ~440 ps at FWHM (or o ~ 190 ps), significantly better
than PMT.

A hybrid APD is free from an afterpulse that is common to a high-gain PMT. The
afterpulse is caused by an electron escaping the dynodes of PMT and subsequently
ionizing the residual gas within the vacuum tube. If the ion hits the photocathode,
the photocathode will emit an electron that will start delayed multiplication process,
creating the afterpulse. Because an electron cannot escape from the APD, the hybrid
APD will not suffer from an afterpulse. A hybrid APD could, however, suffer from
increased frequency of dark noise, a signal current without incident photons. It is
caused by a local discharge on the surface of the insulator that must stand a large HV,
if the surface treatment is less than perfect. This HV insulation and the associated
dark noise remain to be an issue for hybrid APDs.
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Fig. 3.7 Pulse height spectrum obtained with a single-pixel 13-inch hybrid APD. Single photon
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Fig. 3.8 Transit time spread for single-photon signals obtained with a single-pixel 13-inch hybrid
APD. The spread is ~440 ps at FWHM (or 6~190 ps)

3.3.3 Application

A single-pixel large format hybrid APD finds its way to applications where a large
photocathode coverage and an improved signal response, such as a single photon
sensitivity and a fast signal response with minimal TTS, are required. Because a
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hybrid APD is simpler in mechanical construction than PMT, its fabrication cost
is expected to be significantly reduced when produced in mass. Therefore, hybrid
APDs can be deployed in a large scale detector in which the total cost is driven by the
cost of a photosensor. A large-format hybrid APD is considered as an alternative to
a large-format PMT [7]. Super Kamiokande, a large underground water Cherenkov
detector shown in Fig. 3.9, employs about 11,000 20-inch PMTs to detector feeble
Cherenkov lights produced by neutrino-induced reactions and possible nucleon
decays in water. The photocathode of PMTs covers 40% of the inner surface of the
detector volume. Even a larger detector with a total mass of about one megaton has
been envisioned for the next generation neutrino detector. There are currently at least
three proposals to construct such a detector, Hyper Kamiokande in Japan, Water
Cherenkov detectors at DUSEL in US, and MEMPHYS in Europe. The current
design of Hyper Kamiokande, shown in Fig.3.10, calls for two identical large
caverns, each containing a cylindrical detector of 43 m in diameter and 250 m in
length. Each detector holds more than 550k ton water and is to be instrumented with
50,000 20-inch Super-Kamiokande type PMTs. The total photocathode coverage is
20% of the water surface and the total cost of PMTs amounts to more than $350 M.
A large-format hybrid APD is a viable alternative that is superior in performance
and lower in cost. This large-scale deployment of hybrid APDs, if happened, would
certainly boost the use of hybrid APDs in a variety of other applications.

3.4 Multipixel Hybrid APD Array

A multipixel hybrid APD array is a device in which the pn junction of APD is
segmented into pixels and provides position information of the incident photon.

3.4.1 Device Description

In a multipixel APD [5] both the deeply diffused p layer and the n™ layer of the APD
are divided into pixels as shown in Fig.3.11. Each pixel works as an individual

Fig. 3.9 The inside of Super
Kamiokande. The tank is
partially filled with water.
There are about 11,000
20-inch PMTs covering 40%
of the inner surface of the
detector
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Fig. 3.10 Concepual design of Hyper Kamiokande. The total volume of ~1 Mton is about 20
times larger than that of Super Kamiokande. It consists of two identical cylindrical detectors of
43 m in diameter and 250 m long. To cover 20% of the inner surface of the detector about 100,000

20-inch PMTs are needed
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Fig. 3.11 Cross section of a mutipixel APD. Both the deeply diffused p layer and the nT layer of
APD are divided into pixels

small APD. The multipixel APD is bump-bonded to a multilayer interface board,
which is, in turn, mounted on the ceramic stem as shown in Fig. 3.12. A multipixel
APD developed by HPK, shown in Fig. 3.13, has the effective area of 16 x 16 mm?
segmented into 64 (8 x 8) pixels, each 2 x 2mm? large. The multipixel APD
inevitably has a low-gain region between neighboring pixels caused by an edge
effect of the electric field between the pixels. The width of the low-gain region of
this APD was found to be ~150um. The presence of the low-gain boundary region
ultimately limits the segmentation of the APD, because the packing fraction (defined
by the effective sensitive area divided by the total surface area) becomes too small.
A pixel size of 0.5 x 0.5 mm can be achieved, resulting in a 1,024 (32 x 32) pixel
APD with a total effective area of 16 x 16 mm?.
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Fig. 3.12 Cross section of a multipixel hybrid APD. The APD is bump-bonded to a multilayer
ceramic interface board, which is mounted on the ceramic stem. A multilayer ceramic board
connects each bonding pad in the vacuum to the corresponding output pin in the atmosphere
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Fig. 3.13 A 64-pixel APD with the effective sensitive area of 16 X 16 mm? developed by HPK

In a proximity-focused hybrid APD shown in Fig. 3.14 the electric field between
the photocathode and the APD is planar and uniform. In addition, the flight path
of photoelectrons can be made very short. It has, therefore, a good immunity to the
magnetic field as long as the magnetic field is parallel (or near parallel) to the electric
field.? This is why a proximity-focused hybrid APD is often considered as a single-
photon sensitive large photocathode sensor in strong magnetic field environment.

3Note that electrons drift in the direction parallel to E X B.
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Fig. 3.16 A 144-channel
hybrid APD array developed
by HPK

Figures 3.15 and 3.16 show the structure of a large hybrid APD array being
developed by HPK [8]. It contains four APDs, placed in a 2 x 2 array, each
segmented to thirty six 4.9 x 4.9mm? pixels. This 144-pixel hybrid APD array
has the outer dimensions of 73 x 73 mm?. Approximately 65% of the total surface
area corresponds to the effective sensitive area. It operates in a negative HV mode,
i.e., typically —8.5kV is applied to the photocathode. The reverse-bias voltage
applied to the APD is ~300V. The distance between the photocathode and the
APD is only ~30mm. Each pixel has the detector capacitance of ~80pF. Each
of 144-pixel channels is connected to a preamplifier, a shaper and a variable gain
amplifier followed by a comparator for digitization and a shift register for a pipeline
readout, all implemented on a single ASIC chip. The expected position resolution
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of a multipixel hybrid APD array is given by a formula of ¢ = pixel width/~/12.
For the 144-pixel hybrid APD array, the pixel width is 4.9 mm and, therefore, the
position resolution of ~1.4 mm or better is expected.

3.4.2 Performance

The pulse height distribution of one channel in a prototype of the 144-pixel hybrid
APD array for an LED light is shown in Fig.3.17. A high voltage of —8.5kV was
applied to the photocathode and the reverse bias voltage of ~330V was applied
to each of four APDs. A clear single-photoelectron peak is seen and the signal-to-
noise ratio is calculated to be ~13. A technical challenge of a hybrid APD array is to
ensure the uniformity in gain and noise over the entire sensitive area. The uniformity
of gain and signal-to-noise ratio of the 144-channel prototype was investigated.
Figure 3.18 shows the total gain and the signal-to-noise ratio for each of the 36
channels in one of the four APD chips of the hybrid APD array. The nine channels
located at the boundary adjacent to the neighboring chip and one broken channel are
excluded in Fig. 3.18. The boundary channels suffer crosstalks from the neighboring
APD. The remaining 26 channels have a similar gain (£15% or better) and signal-
to-noise ratio (>10).
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Fig. 3.17 Pulse height distribution of a single channel of the 144-channel hybrid APD array
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Figure 3.19 shows a signal response obtained by scanning a focused pulsed laser
light (with a spot size of ~0.2 mm) across a 4.9 mm wide pixel (or pad) of the APD.
The pixel shape is clearly reconstructed. A crosstalk to the 0.6 mm apart neighboring
pixel is measured to be less than 4%.

3.4.3 Application

A ring imaging Cherenkov detector (RICH) has been used as a particle identification
device in many high-energy experiments. Recently, Belle experiment at the KEKB
collider considers a RICH with aerogel radiator, shown in Fig. 3.20, in the forward
region where the space is limited and the strong magnetic field is present [9]. The
photosensor of this RICH must be position-sensitive with a granularity of ~5 X
5mm?. It must have large effective area to collect as many photons as possible.
It needs to be immune to 1.5 T magnetic field perpendicular to the photon detector
plane. In addition, it must cover the total of 4 m?, resulting in a total number of
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Fig. 3.20 Concept of a ring Aerogel RICH
imaging cherenkov detector photodetector
(RICH) with aerogel radiator

aerogel
radiator

particle

segmentations (or channels) of ~10°. The 144-channel hybrid APD array has been
developed by HPK for this application.

3.5 Conclusions and Remaining Issues

A hybrid APD array offers excellent solutions for applications where a single photon
sensitivity, a fast signal response with small to negligible transit time spread, and a
wide area photocathode coverage are required. Its mechanical construction is simple
and the prospect for low-cost mass-production is promising.

We note that a high-gain, low-noise electronics is key for successful deployment
of a hybrid APD array (either single-pixel or mutipixel). In particular, when a
total number of channels required is as large as 10° it is necessary to fabricate
an ASIC that meets the requirements for the APD array readout. The ASIC
typically includes a preamplifier, a shaper, and a digitization circuit often with
pipeline readout capability [8,10]. Taking advantage of advanced semiconductor and
integrated circuit technologies, a hybrid APD array is becoming a viable alternative
to traditional PMTs.
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Chapter 4
Electron Bombarded Semiconductor
Image Sensors

Verle Aebi and Kenneth Costello

Abstract The low noise electron bombarded semiconductor gain process is now
enabling new classes of single photon sensitive, photocathode based, image sensors.
These imagers form two broad classes of devices: low pixel count imagers for high
temporal bandwidth photon counting applications and high pixel count imagers
for single photon sensitive staring applications. The first class of devices has
demonstrated imaging photon counting imagers operating at bandwidths on the
order of 1 GHz and able to distinguish multiple photon events. In the case of the
second class of devices, single photon sensitivity in a megapixel format is obtained
by integrating modern CMOS image sensors with a photocathode in an electron
bombarded configuration. An overview of both classes of devices is presented
in this chapter and is shown to approach the characteristics desired in a perfect
detector having 100% quantum efficiency, infinite gain and bandwidth, and no
excess gain noise.

4.1 Introduction

Single-photon detection has been possible for many years using electron multipli-
cation in vacuum as described in detail in Chap. 5 of this volume and references
therein. In this approach to single-photon detection, a photocathode is used to
generate photoelectrons that, after emission into vacuum, are accelerated to high
energy by an applied voltage and impact an electron multiplier that provides
relatively low-noise amplification. This low-noise amplification increases the single-
photon output signal to a level sufficiently above the system electronics noise floor
to enable detection of single photons. Electron multipliers widely used in the past
are the dynode chains in photomultiplier tubes or a microchannel plate as used in an
image intensifier tube [1, 2].

More recently, photon detectors have been developed where the electron multi-
plication results from direct electron bombardment of a semiconductor anode by a
photoelectron emitted by the photocathode. The photoelectron is accelerated to high

P. Seitz and A.J.P. Theuwissen (eds.), Single-Photon Imaging, 63
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energy by the voltage applied between the photocathode and anode of the device and
gain is achieved by generation of electron—hole pairs as this energy is dissipated in
the semiconductor. The electron bombarded semiconductor (EBS) gain process has
the advantage of even lower excess noise factor than that obtained with a dynode
chain or with a microchannel plate [3,4]. The EBS gain process is also very linear
compared to previous electron multipliers enabling very high dynamic range.

Two broad classes of single or low photon number image sensors have been
realized based on use of the EBS gain process. Members of the first class are
termed hybrid photomultipliers or photodetectors (HPDs) or intensified photodiodes
(IPDs). These devices readout all pixels in parallel and maintain the photon time of
arrival information as well as the spatial location of the photon. The second class
of EBS image sensors consists of electron bombarded CCD (EBCCD) or electron
bombarded CMOS (EBCMOS) image sensors. This class of image sensor does not
preserve the photon time of arrival, but only outputs the integrated signal on a per
pixel per frame basis.

Any type of photocathode can be utilized with EBS image sensors. Classical
positive affinity photocathodes have been used for many years in a variety of
photomultiplier tubes (PMT) and image intensifier devices [5]. More recently,
modern negative electron affinity (NEA), III-V semiconductor, photocathodes have
been developed to enable high quantum efficiency in the visible and near infra-red
spectral bands [6]. Typical NEA photocathode quantum efficiency curves obtained
with GaAs and GaAsP III-V semiconductor materials are illustrated in Fig. 4.1
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Fig. 4.1 Quantum efficiency curves for GaAs and GaAsP NEA photocathodes and InGaAs and
InGaAsP TE photocathodes as used in EBS imagers



4 Electron Bombarded Semiconductor Image Sensors 65

[2, 7]. Figure 4.1 also illustrates quantum efficiency achieved with transferred
electron (TE) photocathodes based on various alloys of InGaAs and InGaAsP lattice
matched to InP in the 950-1,700 nm spectral range [8]. Much of the work on EBS
image sensors has focused on the use of NEA and TE photocathodes to obtain the
highest quantum efficiency and photon detection performance.

Both classes of EBS image sensors have important applications. The HPD class
of detectors have demonstrated low pixel counts (on the order of 10 x 10 pixel
arrays), but have very good timing resolution, low after pulsing, high dynamic range,
and the ability to discriminate multiple photons. The EBCCD and EBCMOS image
sensors have demonstrated pixel counts as high as 2 megapixel. This has enabled
very high-resolution, single, and low photon number imaging.

4.2 Electron Bombarded Semiconductor Gain Process

EBS gain occurs when a high energy electron impacts a semiconductor, where the
electron energy is dissipated by a series of scattering collisions. Electron—hole pairs
are generated in this process. The generated electrons follow random paths in the
semiconductor with some electrons backscattering out of the semiconductor. The
electrons can backscatter both elastically and inelastically from the semiconductor
target. The backscatter coefficient increases with average atomic number of the
target and decreases with increased landing energy [9]. Approximately 30% of
2keV electrons are backscattered from a silicon target with approximately 85% of
the total electron energy deposited in the target [10, 11].

The EBS gain process can be characterized by the average energy required to
generate an electron—hole pair upon electron bombardment of a semiconductor
target. Typical values are 3.64eV for silicon and 4.4eV for GaAs [6, 12]. The
generated electrons are then collected by a reverse biased diode for an IPD or
EBCMOS device or in a potential well for a CCD. Generated electrons are lost by
recombination with holes in the bulk or at the backside surface. Efficient passivation
of the backside surface is critical to achieving high EBS gain at low landing energies
for a backside thinned CMOS or CCD image sensor.

A typical EBS gain versus electron landing energy curve for a backside bom-
barded CCD is presented in the paper by Aebi et al. and similar results are presented
in the paper by Suyama et al. for a HPD imaging array [13, 14]. EBS gain of 180
at 2keV electron landing energy is obtained by Aebi and an EBS gain of 2,100 at
9keV electron landing energy is reported by Suyama. More recently, Nikzad has
achieved EBS gains as high as 50 at an electron landing voltage of 600V through
MBE deposition of a delta-doped boron passivation layer on backside thinned CCD
devices [15].

The EBS gain process is very low noise as the gain mechanism is essentially
deterministic and no additional carrier multiplication occurs for the secondary
electrons and holes generated by the EBS process. The noise statistics of this process
is characterized by the Fano factor, F' [16]. The noise fluctuations are found to
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be less than would be expected for a gain process governed by Poisson statistics.
The variance for an EBS gain process with average single photoelectron gain Ge is
given by:

Se = G F.

For silicon, the Fano factor is approximately 0.115 and for GaAs 0.10, both
substantially smaller than a value of 1 that would result for a purely Poisson
process [17].

4.3 Hybrid Photomultiplier EBS Image Sensors

Hybrid photomultiplier detectors (HPDs and IPDs) were first demonstrated using
an electron bombarded silicon PIN diode in the 1960s [18]. More recently, the
electron bombarded PIN or Schottky diode has been replaced with an avalanche
photodiode (APD) operated in the linear gain regime to enable higher overall sensor
gain without increasing the photocathode-to-anode bias voltage [19]. These devices
are close to meeting the definition of a perfect detector: high quantum efficiency;
high single photoelectron gain; very low excess noise factor; and high bandwidth
with large associated active area.

4.3.1 Hpybrid Photomultiplier Gain and Noise Analysis

Schematically the IPD can be thought of as a device where the photon absorbing
layer is separated from the gain region of the device by a vacuum gap as opposed to
an APD, where the optical absorbing semiconductor layer is in direct contact with
the high field, avalanche gain, region of the device. Figure 4.2 illustrates the IPD
structure.

The large excess noise factor of the APD gain stage has minimal impact on the
excess noise factor of the IPD due to the high gain and extremely low excess noise
factor of the EBS gain process. The combined noise factor, Ky, of this two-stage
gain process can be evaluated using Friis’s formula:

IPD ?pd_l
KPP = ks 4 20—
f f Ge

where K{ is the EBS noise factor, Kfapd is the APD noise factor, and G, is the
electron bombarded gain. For an IPD incorporating a GaAs APD anode, the electron
bombarded gain and noise factor for a detected photoelectron have been determined
to be 1 x 10 and 1.003 at 8kV photocathode-to-anode differential voltage [20].
Assuming the GaAs APD has a noise factor equivalent to a gain, M, of 12; the total
IPD gain, G, and noise factor are:
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Fig. 4.2 Output gain, G.M, and noise factor, K{*°, are graphically represented for the IPD.
The gain is derived from a first-stage electron bombarded gain followed by a second-stage APD
avalanche gain

G = G.M =12x 10,
KPP = 1.014.

Single photoelectron gain and associated excess noise factor is sufficient to achieve
single-photon detection at high electrical bandwidth. LaRue has conducted a
detailed noise analysis of the IPD [20]. Figure 4.3 is an example of multiple
photon discrimination achieved with an IPD at 1,300 nm utilizing an InGaAsP TE
photocathode.

4.3.2 Hybrid Photomultiplier Time Response

IPD and HPD detectors have also demonstrated high bandwidth and excellent
timing characteristics. An analysis of the impulse response for the IPD has been
conducted by LaRue to optimize frequency response as a function of the EBS
diode design parameters [20, 21]. High bandwidth has been demonstrated for the
InGaAsP TE photocathode IPD with single-photon response rise time of 200 ps and
associated pulse width of 500 ps with timing jitter of 70 ps [22]. Timing resolution
of <100 ps has also been demonstrated for a high-quantum efficiency GaAsP NEA
photocathode HPD [14].

4.3.3 Hybrid Photomultiplier Imagers

Imaging electron optics can be used in a hybrid PMT to obtain many parallel
channels with performance similar to that of a single channel device. Early work
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Fig. 4.3 This multiple photon pulse height distribution was measured at room temperature using
a 1,300 nm optical impulse source. Discrimination of up to six photons is evident. The peaks of the
envelope follow Poisson statistics

in this area led to the development of the Digicon [23]. The Digicon utilized
magnetically focused electron optics with a 38-pixel linear silicon diode anode
array. A proximity focused electron optic 8 x8 APD diode array HPD has been more
recently demonstrated [14]. In this configuration proximity focus electron optics
were used as in an image intensifier tube [2]. Advantages of the proximity focus
design include ability to operate in magnetic fields up to 1.5 T. Electrostatically
focused IPDs have been designed and built that utilize imaging electron optics with
a crossover and an electron bombarded APD anode array.

The SIMION 7.0 electron optics simulation of the electrostatically focused IPD
imaging design is shown in Fig. 4.4. This design utilizes two simple baffles of
identical aperture placed midway between the TE photocathode and the APD anode
array. The aperture diameter and position with respect to the photocathode are
optimized, so that the point-spread function at the anode is minimized in diameter.
The electron trajectories between the cathode and anode show that there is a
crossover between the focusing baffles so that the image is inverting. In this design,
the magnification, M, is 0.63; however, increasing the distance between the anode
and the last focusing baffle can easily change the magnification.

With this magnification, a 100 um? APD anode pixel is mapped back to the
photocathode creating a 100/0.63 or 158 um? active cathode pixel. An important
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Fig. 4.4 Cross-section of imaging IPD design showing electron trajectories. Positive ions gener-
ated at the anode by impinging electrons are prevented from bombarding the photocathode by the
ion trap electrode that is biased at +300V

feature of this design is that the second aperture also operates as an ion trap. With
the application of 4300V to this electrode, positive ions generated at the anode
by impinging electrons from the cathode are repelled before they can move back
through this aperture and damage the photocathode. This eliminates after-pulsing
further improving the IPD noise factor.

An additional feature of this imaging design is that a smaller area APD anode
pixel can be used relative to pixel size at the photocathode to increase bandwidth
beyond 1 GHz. In this design, the APD anode geometry is always mapped back to
the photocathode regardless of size as long as the photocathode is sufficiently large
to intercept the mapping. In this manner, bandwidth is improved for a large pixel
size relative to an all solid-state detector technology, where parasitic capacitance
increases in proportion to pixel area. In the case of the IPD, the photocathode pixel
size does not contribute to the parasitic capacitance of the anode.

4.4 EBCCD and EBCMOS EBS Image Sensors

One of the initial approaches demonstrated for electron bombarded silicon imagers
was based on the use of CCDs and EBCCD image sensors were demonstrated
shortly after the invention of the CCD [24,25]. A schematic of a proximity focused
electron optic design for this type of sensor is shown in Fig. 4.5. In these devices,
the CCD is backside thinned to enable direct electron bombardment of the backside
illuminated CCD by the photoelectrons emitted from the photocathode. A back
illuminated configuration is required as the photoelectron range at reasonable
bombardment energies is short and will not penetrate the typical polysilicon gate
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Fig. 4.5 Schematic cross-section of an EBCCD or EBCMOS image sensor

structure on the front side of a CCD [11]. The EBS gain process results in a
low excess noise factor similar to that observed for the HPD or IPD and enables
photocathode referred noise floors of less than one photoelectron. The generated
electrons are collected in the CCD potential wells for subsequent readout. Signif-
icant advantages have been demonstrated for low light level imaging applications
with the EBCCD configuration relative to other low light level imaging technologies
such as EMCCDs or image intensified cameras [11, 13, 15,26-28].

Recently, CMOS image sensors have gained acceptance for a wide variety of
image sensor applications. CMOS image sensors have advantages over CCD image
sensors as they are compatible with mainstream CMOS semiconductor fabrication
technology and do not require dedicated semiconductor processing lines as is the
case for CCDs. CMOS image sensors also enable integration of higher levels of on-
chip functionality relative to a CCD image sensor. Typical capabilities integrated
on a CMOS image sensor include digital sequencers to enable readout of arbitrary
regions of interest, on-chip analog-to-digital converters, noise cancellation circuits,
and circuitry to increased dynamic range [29]. These new capabilities have been
combined with the low-noise EBS gain process in the EBCMOS image sensor
[30,31].

Ultimate performance of an EBCMOS sensor will be determined to a large
extent by the CMOS imager architecture and design. First, it is essential that
the CMOS imaging area has 100% fill factor (no dead area). Any reduction in
active area will result in lost photoelectrons. This is equivalent to a reduction in
photocathode quantum efficiency or sensitivity. At the lowest light levels, low light
level camera performance is dictated by photon statistics. It is essential for the
imager to detect the maximum number of photons for adequate low light level
resolution and performance. Second, the CMOS imager architecture must maximize
integration of the image photons with close to 100% duty cycle. This requirement
when combined with high fill factor enables the collected signal to be maximized
for good low light level performance.

One hundred percent fill factor can be achieved in a CMOS imager with a
properly designed backside illuminated pixel design. A standard CMOS imager
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cannot be used in a frontside illuminated electron bombarded mode since the
metal and dielectric stack (typically 4—5 pm thick for a modern submicron CMOS
process) will block the electrons from reaching the silicon at moderate acceleration
voltages (2kV typical). In addition, fill factor would be restricted to the optical
fill factor of the CMOS imager pixel, which can be less than 50%. In a backside
thinned CMOS imager, the chip is flip-chip bonded onto a carrier substrate and the
silicon substrate is removed by mechanical and chemical thinning. The free silicon
surface is then passivated to reduce carrier recombination at the surface. A properly
designed pixel will allow a majority of the generated charge to be collected by the
photodiode in the pixel regardless of photoelectron impact position in the pixel. This
enables high single photoelectron signal-to-noise ratio (SNR) to be obtained with
2keV electron energy EB gains on the order of 200. SNRs above one are achieved
for a single photoelectron if the on-chip electronics noise (pixel referenced) is
less than the EB gain. This is easily the case with modern CMOS image sensor
technology, where total temporal noise floors of <10 electrons r.m.s. are possible.

An electronic shutter approach to enable integration of the image signal at
close to a 100% duty cycle is implemented in the CMOS image chip. The above
approach of a properly designed backside thinned CMOS imager with a high
duty cycle shutter architecture enables essentially full utilization of the available
signal from the photocathode. This is essential for high performance low light
level imaging, where the ultimate performance is determined by the photocathode
quantum efficiency and the associated signal limited shot noise.
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Chapter 5
Single-Photon Imaging Using Electron
Multiplication in Vacuum

Gert Niitzel

Abstract Some decades ago single photon detection and imaging used to be the
terrain of photocathode based devices only. The most prominent devices of this
family are photomultiplier tubes (PMT) and image intensifiers. During the past
decades these devices lost ground to advanced solid state devices like APDs, low
noise CMOS imagers, and EMCCDs.

Can one expect solid state devices to totally replace vacuum based ones like
digital photography replaced the film based one?

To answer this question, a deeper understanding of technologies as well as the
way the key performance parameters are defined and measured is required. This
chapter describes the working principles of photocathodes in general, image inten-
sifiers, and PMTs. It also compares performance characteristics of state-of-the-art
state solid state detectors with vacuum based devices. This comparison is not always
obvious because of the differences in measurements and definitions employed.
Therefore, this chapter also offers the key to compare the performance equally.

5.1 Introduction

Some decades ago, single-photon detection was the domain of devices based on
photocathodes and vacuum transport of electrons only. Image intensifiers (I12) were
the standard device for imaging applications and the photomultiplier tube (PMT)
was the standard device for timing applications (Figs. 5.1 and 5.2).

Despite the impressive development of semiconductor technologies, vacuum
devices, mainly image intensifiers and PMTs, still play an important role in sectors
where single photons are imaged or detected. This chapter provides an overview
of this technology, including a performance comparison with state-of-the-art solid-
state sensors.

Will the soldier of the future use low-noise complementary metal oxide semicon-
ductor (CMOS) sensors to see in the night? Will future PET systems use avalanche
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Fig. 5.1 An image intensifier
with integrated power supply

Fig. 5.2 An example of a
photomultiplier tube (PMT)

photodetectors (APDs) for their detectors? To compare these different technologies,
the system architect has to bridge two differences.

The first difference is in the apple-to-apple category. The terminology and
standards of the two worlds do differ. To describe temporal noise, the CMOS
community uses terms such as quantum efficiency, dark current density, and
read noise, whereas scientists working with 12 refer to equivalent background
illumination (EBI), signal-to-noise ratio (SNR) (measured according to Mil-Specs),
and cathode sensitivity. These differences can be bridged and brought back to the
SNR at given circumstances. This chapter provides the physical background and the
tools to do that.

Then there is the difference in apple-to-pear category. What is more important:
the small size of a CMOS sensor or the low power consumption of an 12? This
chapter will list the advantages and disadvantages of the different technologies, and
it is up to the system architect to select the appropriate detection technology for his
or her application.
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5.2 The Photocathode

5.2.1 The Working Principle of Photocathodes

Image Intensifiers as well as PMTs are based on photocathodes. Their function is to
convert as many incoming photons as possible into photoelectrons emitted into the
vacuum [1]. The basic principle is simple and described by the following three-step
process:

Step 1: Absorption of the photon and creation of an electron-hole pair
Step 2: Transport of the electron to the vacuum interface
Step 3: Emission of the electron into the vacuum

These steps are illustrated in Fig. 5.3.

The absorption of the photons in condensed matter is very well understood and
can be described precisely by optical theory. The index of refraction (n) and the
extinction ratio (k) of the photocathode material play a predominant role. The long
wavelength limit of absorption is given by the bandgap of the photocathode material.
Photocathodes are transparent for photons with an energy above the bandgap. The
cutoff wavelength A, is given by:

h 1,240
Aeo = Lo Aeo(nm) = — )
E, E,(eV)

S.D

Below this wavelength, a certain fraction of the photons is absorbed. This fraction
depends on the thickness and the optical properties of the photocathode materials.

Figure 5.4 shows the absorption lengths of S25 and GaAs photocathodes. These
are widely used broadband photocathodes. The absorption length is the thickness of
the material absorbing a fraction of 1/e ~ 63%.

The absorption length for UV/blue is much shorter than the absorption length for
red/NIR. Many photocathodes are semitransparent for the longer wavelength. In that
case, the interference of the waves directly reflected from the glass cathode interface
and from the cathode vacuum interface plays a role and must be accounted for in a

Input window photon

Photo cathode @

®)
Fig. 5.3 The three-step
process of photoemission in a Vacuum free electron
photocathode
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complete optical model. The created photoelectron will have an excess energy equal
to the energy of its generating photon minus the bandgap energy.

The second step involves the transport mechanism of the photoelectron from the
location of its creation toward the vacuum interface. If there is no electrical field in
the photocathode, the only mechanism available is diffusion. After a random walk,
electrons will end up at the surface. During its random walk, an electron will lose
part or all of its excess energy. The dominant energy loss mechanism is phonon
interaction. Many hot electrons will become thermalized and adopt a Fermi—Dirac
distribution on top of the conductance band. All practical cathodes will have regions
of band bending at their glass and vacuum interfaces. In these regions, there will be
an electrical force acting on the electrons.

When this force is pointed toward the vacuum, the diffusion process is helped by
the drift. When it is pointing toward the glass interface, it creates losses. A second
enemy of high-quantum efficiency is the recombination of electron-hole pairs. The
longer the net transport path length to the vacuum interface, the higher the chance
that the electron—hole pair recombines. The number of traps, such as crystal impu-
rities or grain boundaries, plays an important role. The better the crystal structure
and the fewer impurities, the higher the chance that the electron will survive the
transport step 2 and reach the vacuum interface. As a consequence, thin cathodes and
electrical fields toward the vacuum interface help to reduce the gross travel length.

Step 3 deals with the electron emission process into the vacuum. The most
important parameter of this step is the electron affinity. This is the energy level of
the vacuum compared to the energy level of the conductance band. Most materials
have a positive electron affinity (PEA). This means that an electron requires a
sufficient amount of energy above the conductance band to escape to the vacuum.
This required energy can be thermal. A fraction of the thermalized electrons having
a Fermi-Dirac distribution will have enough energy to escape. In photocathodes
with PEA, the predominant source of energy is the excess energy at the moment of
creation. Consider the following example: a photon with a wavelength of 400 nm has
an energy of 3 eV. Assuming this photon creates a photoelectron in a photocathode
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Fig. 5.5 The emission process in PEA and NEA photocathodes

with a band gap of 1.4 eV, the photoelectron has an excess energy of 1.6eV. Assume
further a PEA of 0.4 eV, then this electron can lose 1.2eV during its random walk
and still has enough energy to escape to the vacuum.

Some materials, among them the more efficient photocathodes, show negative
electron affinity (NEA). In this case, electrons gain energy when escaping from the
bulk to the vacuum. These NEA photocathodes need a specially prepared surface
layer involving Cesium or Rubidium to achieve NEA. It is commonly accepted that
NEA photocathodes do have a band-bending region followed by a tunnel barrier as
can be seen in Fig. 5.5. These two phenomena have the consequence that even in
NEA photocathodes electrons that arrived at the vacuum interface have an escape
probability well below 100%.

The total quantum efficiency is now given by the multiplication of the efficiencies
of the individual three steps.

There are very many different types of photocathodes reported and described in
literature. This chapter limits itself to the most commonly used types, divided into
two categories: multialkali and III-V photocathodes.

5.2.2 Multialkali Photocathodes

Multialkali photocathodes are based on alkali metals: sodium (Na) and/or potassium
(K), combined with Antimony (Sb) for the bulk and Cesium (Cs) or in some case
Rubidium (Rb) for the vacuum exit layer.

Most-common bulk structures are:

Bialkali: Na3Sb or K;SB
S20: Na,KSb (typically 60 nm thick)
S$25: Nap,KSb (typically 170 nm thick)
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The reason why these materials are historically used for photocathodes includes
the following:

— They can be deposited as polycrystalline semiconducting layers with reasonably
high carrier lifetimes.

— They are very good absorbers for photons from 200 up to 850 nm.

— The required Cs for the vacuum interface is chemically closely related to the bulk
building blocks Na and K.

— A good chemical bond between Cs and the bulk can be easily achieved.

The alkali metals are very strong oxidizers. The smallest amount of oxygen or water
totally burns the photocathode. Therefore, they have to be kept in a very good
vacuum (10~° mbar or better). The smallest vacuum leak will end the life of the
photocathode.

The manufacturing process of multialkali photocathodes always starts with the
creation of a very good vacuum. Dispensers are then used to create an atmosphere
with background pressures of Potassium and Sodium. Then an Antimony flux
is created, either pulsating or continuous. In other processes, the windows are
pre-evaporated with Antimony and this metal reacts with the alkali gasses in the
atmosphere. All processes use an elevated temperature to enhance the crystallinity
of the material.

After the required thickness is achieved, the process finishes in all cases by
creating a Cesium (or Rubidium) pressure to create a Cesium-rich top layer.
The exact photocathode recipes are very well kept trade secrets of the individual
manufacturers.

All devices requiring a photocathode are sealed in the same vacuum environment
as when the cathode was created. A common way to seal PMTs is to pinch off the
copper vacuum tube connecting the glass enclosure to the manufacturing vacuum
system. Image intensifiers are sealed by soldering the photocathode on a flange of
the 12 enclosure.

Multialkali photocathodes have two weak points. The active layer is directly
deposited on the window. This causes a high recombination rate on the cathode—
window interface. This electron sink becomes even worse by the common down-
ward band bending of conduction and valence band near the window. This is
illustrated in Fig. 5.6.

The second drawback is the polycrystalline structure with its many recombina-
tion centers. Therefore, the mean free path length of an electron is relatively short.
Fortunately, this is partially compensated by the very good optical absorption.

An S20 photocathode has PEA. As is illustrated in Fig. 5.5, only hot electrons
are able to escape. Because electrons lose their energy during the transport step (2),
PEA cathodes must be thin; typically 50-70nm. The PEA also explains the cutoff
wavelength well below 850 nm. The energy of the photons at the cutoff wavelength
is equal to the bandgap minus the electron affinity. The advantage of the PEA surface
is that not only thermalized photoelectrons but also thermally generated electrons
(the dark current) cannot escape. Therefore, the dark current of PEA cathodes
is extremely low, typically 1 x 107'® A/cm? for S20 and even 2 x 107" A/cm?
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Fig. 5.6 The emission and loss processes in an S25 photocathode

for bialkali. An S25 has NEA and therefore a wavelength sensitivity up to the
bandgap-related absorption cutoff. Because thermalized electrons can escape in an
NEA structure, S25 cathodes can be much thicker, typically 170 nm. The cutoff
wavelength is now directly determined by the bandgap. A drawback is that NEA
photocathodes have also a higher dark current, typically 7 x 107> A/ cm?’.

5.2.3 III-V Photocathodes

The most common III-V photocathode is the one based on GaAs. The bandgap
of GaAs is 1.4¢eV, equal to the bandgap of the S25 photocathode. The advantage
of GaAs is that wafers of this material are readily available as a very pure
monocrystalline semiconducting material. The main applications of GaAs are high
speed electronics and lasers. Several suppliers can manufacture doped structures and
hetero junctions on customer request.

One major drawback of S25 cathodes, namely the electron sink at the window
interface, is solved by a window layer. This is a lattice matched layer of AlGaAs
with higher band gap, which is positioned between the window and the active GaAs
layer. The hetero-junction between AlGaAs and GaAs creates an upward bending
of the conduction band and therefore an electrostatic force on the electrons in the
direction of the vacuum interface. This is illustrated in Fig. 5.7.

Instead of an interface being an electron sink, now the interface is an electron
mirror that reflects electrons back to the direction of the vacuum interface. The
disadvantage is a loss of sensitivity for photons below 550 nm, which are absorbed
by the AlGaAs window layer.
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Fig. 5.7 The GaAs photocathode structure with the AlIGaAs window layer

The GaAs photocathode bulk does not need to be fabricated in ultra-high vacuum
and kept in vacuum forever afterward. The bulk of III-V photocathodes can be
fabricated, in general, on the manufacturing premises of GaAs crystal growers and
transported under ambient conditions subsequently.

For all practical purposes, the GaAs bulk needs NEA. To achieve this, exit layers
using Cesium or Rubidium are used. Unfortunately, these materials do not chem-
ically bond to the GaAs bulk. These alkali emission enhancers have to be applied
to a very clean surface in very good vacuum (<10'° mbar). The Cesiated GaAs
surface is even more sensitive to oxidation than an S25 photocathode. The biggest
drawback of III-V cathodes is, therefore, their extreme sensitivity to overexposure
and especially to ion feedback. Figure 5.8 illustrates this in an example of an
overilluminated GaAs photocathode. Where the Cesium has disappeared, the QE
of the photocathode drops practically to zero.

5.3 Image Intensifiers

5.3.1 Working Principle

The first image intensifiers (Generation 1, or Gen 1 for short) had two main
functions:

» Conversion of photons into electrons by the photocathode.
* Conversion of photoelectrons into multiple photons by the phosphor screen.
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Fig. 5.8 An over-illuminated
GaAs photocathode

Fig. 5.9 The principle of an
image intensifier. To the /left,
the input window with
photocathode is shown, in the
middle the MCP and to the
right an anode
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The gain was provided by the phosphor, so high accelerating voltages were used
(typically 12-20kV) to achieve adequate gain. Focusing is achieved by electrostatic
lenses. Nowadays, Gen 1 intensifiers are only manufactured for the replacement
market or for some niche applications. Current image intensifiers (Gen 2/3) have
one additional function: multiplication of electrons by a multichannel plate (MCP).
Gen 2/3 use proximity focusing. The image sharpness is achieved by placing all
components closely together (Fig. 5.9). The typical gap between photocathode
and MCP is 0.1-0.2mm, and between MCP and phosphor screen it is 0.5 mm.
The difference between Gen 2 and Gen 3 image intensifiers is the type of the
photocathode: Gen 2 uses multialkali and Gen 3 uses GaAs-based photocathodes.
All other features and performance figures are very comparable.

The three active components are held in position by the enclosure: a stack of
metal and ceramic rings. The enclosure also ensures the ultra-high vacuum inside the
12, and it provides the voltage feed-throughs (Fig. 5.10). Finally, every 12 requires a
power supply, most of which are delivered as a “wrap-around” version.
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Fig. 5.10 An assembled
image intensifier. The dark
gray rings are the metal rings
to electrically connect the
components, the light gray
rings are the ceramic isolators

Fig. 5.11 Soldier equipped
with night vision, seen
through a night vision device

5.3.2 Applications

The most important application for image intensifiers is night vision. For this
application, image intensifiers are supplied in standardized packaging including a
potted wrap-around power supply. End-users are military and other law enforcing
agencies (Fig. 5.11). Apart from this, there is also a smaller and growing market for
leisure, such as tracking, yachting, or hunting.

Another smaller but important market can be found in scientific and industrial
applications. Requirements leading to the use of an image intensifier as a detector
include very low dark current, low power consumption, or fast gating capability.
There is a long list of niche application, where 12 make valuable contributions:
astronomy, bioluminescence, cell biology, chemiluminescence, corona imaging,
engine combustion analysis, fluorescence lifetime imaging, high-speed cameras,
medical diagnostics, microscopy, missile warning systems, semiconductor manu-
facturing, spectroscopy, time-resolved imaging, and X-ray imaging.
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Fig. 5.12 The input window
with its antiveiling glare
(AVG) coating

5.3.3 The Components of an Image Intensifier

5.3.3.1 Input Window and Photocathode

The input windows of Gen 2/3 image intensifiers are traditionally 5.5 mm thick and
made from Corning 7056 glass or an equivalent. The window has a ledge to bring
the active surface close to the MCP while creating space for the MCP front contact
and clamp mechanism. Optical reflections from the tilted surfaces are avoided by
applying a black (antiveiling glare, AVG) coating (Fig. 5.12).

When designing optics for a high-resolution image intensifier, one must consider
the aberrations introduced by the relatively thick planar input window. Objectives
designed for focus in air will yield large chromatic and spherical aberrations, espe-
cially when they have a small aperture (f-number). The photocathode as described
in Sect. 5.2 is evaporated on the window (Gen 2) or bonded to the window (Gen 3).

5.3.3.2 Multichannel Plate

The MCP has the function to multiply the emitted photoelectrons while maintaining
the spatial information. This is achieved by using a thin glass plate with many holes.
A typical MCP has about six million channels over an active surface of 18 mm
diameter. Every channel has a diameter of 6 um and a length-to-diameter ratio of 50
(Fig. 5.13).

The MCP is manufactured by drawing single fibers, stacking them, redrawing
the stacked fibers, and restacking them. This is followed by a fusion process to
seamlessly fuse all cladding fibers. Then a saw cuts thin slices of the “boule.” These
slices are ground to the correct thickness and polished. The next step etches the core
fibers. and the matrix of fused cladding glass with holes remains. The cladding glass
is made of a composition containing lead (Pb) and alkali metals. A high temperature
reduction process makes the wall of the holes slightly conductive, and the glass
possesses a reasonably high secondary emission yield (SEY). Finally, the front and
back end electrodes are evaporated on the MCP, usually using a Nickel-Chrome
alloy. The back end electrode penetrates a few channel diameters into the channel.
This prevents the creation of many secondary electrons close to the channel output
and therefore provides a better focusing. The channels are not perpendicular to the
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Fig. 5.13 An SEM picture of an MCP

" PHOTONIS

Fig. 5.14 Visualization of the electron gain mechanism within the MCP channels

surfaces but they rather have an angle of a few degrees (the so-called bias angle).
This angle reduces ion and light feedback.

The gain is achieved by applying a voltage of approximately 1kV across the
electrodes. A typical MCP has a resistance of 100 MQ2. A voltage of 1kV results in
a typical current of 10 |LA. This is called the strip current. This current distributes
the voltage evenly along the channel. When the input of the channel is hit by a
photoelectron, it will create a few secondary electrons. The field inside the channel
will accelerate these electrons in the direction of the output. After the secondary
electrons have gained sufficient kinetic energy, they will collide again with the wall,
creating more secondary electrons. This process repeats itself like an avalanche until
a cloud of electrons leaves the channel.

The gain mechanism is illustrated in Fig. 5.14, see also reference [2].
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Simulations show that typically 20 wall interactions occur until the output side
of the MCP is reached. The Gain G can therefore be expressed as:

G =n-n, (5.2)

where 1; denotes the SEY of the first impact of the primary photoelectron and 1, is
the SEY of the ensuing impacts in the channel.

The gain adjustment is achieved by the MCP voltage. The secondary electron
yield of every step will change with the voltage. This and the factor n%o let the MCP
gain triple for 6% extra SEY. A typical rule of thumb is that gain doubles for every
50V additional MCP voltage. The gain mechanism through charge multiplication
of many small gain steps has a consequence for the statistics of gain. From event to
event, there are large fluctuations, which can be explained by Poisson statistics of
the first few gain steps. The table below shows the statistics for n = 1.5. In 22% of
the cases, the event is extinguished because there is no secondary electron emitted.
Also, the gain variation is illustrated: when for an individual event, the first impact
creates four secondaries, the expected gain of that event will be four times higher
than when only one secondary is created.

Poisson statistics for n = 1.5
Number of secondaries  Frequency (%)

0 22
1 33
2 25
3 13
4 5
5 1

An MCP will saturate when its emission current is around 10% of the strip current,
so for the typical strip current of 10 WA, the maximum emission current is 1 pLA.

MCPs used for image intensifiers with GaAs photocathode have an ion barrier
at the input. This is very thin film of SiO, or Al,O3 that blocks ions and prevents
them from damaging the sensitive Cs layer on the photocathode. Unfortunately, this
layer also blocks a fraction of the electrons, so it reduces also the obtained quantum
efficiency.

5.3.3.3 Phosphor Screen and Output Window

Traditionally, many output windows for image intensifiers consist of fiberoptic face
plates. These are bundles of fibers with fused claddings. A typical diameter of the
individual fiber is 4-6 um. There are several advantages using fiber optics: The
image is available at short focal length without any objects potentially vignetting
the beam. Second, the image plane can be given a curvature by polishing the fiber.
Third, an image rotation can be realized by twisting the fiber bundle after heating it.
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Fig. 5.15 SEM photo of a
phosphor screen

This is advantageous when the fiber is used in a single axis optical system. The
objective turns the image upside down, while the ocular maintains the orientation.
The “twister” provides the required additional image rotation in a very short building
length. Also for digital applications, the fiber has an advantage: A CMOS or CCD
chip can be directly optically coupled to the fiber.

The phosphor is deposited on the vacuum side of this output window. Commonly
used phosphors include P43 (GdO2S:Tb) and P22 (ZnS:Cu,Al). Either a settling
method or a brushing technique is used to apply the phosphor. On top of the
phosphor, a very thin Aluminum layer is applied. The function of this layer is to
increase the efficiency of the screen, to prevent light feedback to the photocathode,
and finally to conduct the deposited charge back to the power supply. Figure 5.15
shows an SEM photo with the phosphor powder, the Aluminum backing layer, and
the fiber faceplate clearly visible.

5.3.3.4 Enclosure and Power Supply

The three active components (the input window with the photocathode, the MCP
and the output window with the phosphor screen) are held in their position by the
enclosure. This is a stack of isolating ceramic rings with metal feed-throughs. The
output window is glass fritted to its flange and welded to the rest of the enclosure.
The MCP is mechanically supported on the output face and mechanically clamped
on the input side. The input window can only be connected after photocathode
deposition and activation. It is either soldered (Gen 2) or cold sealed (Gen 3) inside
the cathode deposition or activation equipment.

Typical required voltages are 200—1,000V for the photocathode, 600—1,000 V
for the MCP and 4-6kV for the anode. For most applications, these voltages are
supplied by an integrated power supply (Fig. 5.16). There are a number of provisions
to control and protect the image intensifiers. The gain is controlled primarily by the
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Fig. 5.16 A power supply
unit (PSU) providing
photocathode, MCP, and
anode voltages

MCEP voltage. The maximum gain is usually set by the factory but some versions of
power supply units (PSUs) have externally controlled gain. When a certain preset
anode current is reached, an electronic circuit will reduce the MCP voltage to
cap the anode current, hence the output brightness. This is called the “maximum
output brightness (MOB)” control. Some PSUs have an autogating function. This
is an additional control of the gain. An alternating negative (“on”) and positive
(“oft”) voltage to the cathode reduces the duty cycle and limits the cathode current.
Autogating enables the use of the photocathode at relatively high light levels without
damaging it.

Finally, the photocathode is protected by a BSP circuit. This limits the current
through the photocathode to protect it.

5.3.4 Performance Characteristics

Two regimes are distinguished to describe the imaging performance of an image
intensifier [3]. At high light levels, there are enough photons available to form a
practically noise-free image. The image quality is determined by the image output
contrast. The contrast will be dependent on the spatial frequency, and it is quantified
with the modulation transfer function (MTF).

At a level of around 1 mlux photocathode illumination, the noise created by the
limited number of photons (shot noise) starts to reduce the imaging performance.
The lower limit of illumination level is given by the dark current. The lowest
practical light level depends on the application. For night vision applications, the
lowest light level of practical use is so-called “heavily overcast star light.” This
light level translates into a sensor illumination of 10 plux. This is still two orders of
magnitude above a typical photocathode dark current corresponding to 0.15 plux.
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Fig. 5.17 A typical MTF of an image intensifier

5.3.4.1 High Light Level Performance

The best way to describe the image performance of an image intensifier at high
light levels is the MTFE. The MTF is defined as the contrast at the output when a
sinusoidal signal with 100% contrast is presented at the input. The output contrast
is given as a function of spatial frequency, usually from 0 to 100 Ip/mm (line-pairs
per mm). Figure 5.17 shows a typical MTF of an image intensifier. The following
components will define the total MTF of the image intensifier:

The cathode gap: Electrons leaving the photocathode have an “escape energy.”
This energy can be transversal, creating a spot size on the MCP with a diameter

D, given by:
E
Dc:2~zc‘/ﬁ, (5.3)

where z. is the gap between cathode and MCP, E| is the escape energy, and E,
is the cathode—MCP voltage.

Assuming an escape energy of 100 meV, a cathode—-MCP acceleration voltage of

200V and a cathode distance of 200V, a diameter of the electron spot on the MCP
of around 18 pm will result.

The MCP channel and fiber diameter: The information of the exact position of
the photoelectron within one MCP channel is lost. The same holds for the output
fiber. No detail smaller than the MCP channel diameter or the output fiber can be
successfully imaged.

The anode gap: The MTF of the anode gap is much more complicated than the
one of the cathode gap. The electrons leaving the MCP channel have, on the one
hand, a very wide energy distribution. On the other hand, the angular distribution
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is not Lambertian. Electrons leaving the channel are more or less collimated.
The length of the end spoiling plays a role in this collimation process. To
complicate things even further, the changes of axial field strength at the position
of the end spoiling and also at the exit of the MCP leads to a lensing effect.
As a consequence, the MTF of the anode gap cannot be adequately described
analytically. It needs to be simulated by Monte Carlo simulations or it must be
practically measured.

e The phosphor screen: There are a number of factors defining the MTF of the
phosphor layer, the most important one being the thickness of the layer. But also
the grain size of the phosphor grains, the reflectivity of the Aluminum backing
layer, and the light scattering within the layer are significant.

5.3.4.2 Low Light Level Performance

From 1 mlux downward, the noise performance of the image intensifier plays
an increasingly important role [4]. Image intensifiers are shot noise limited until
extremely low light levels of below 1 plux. So unlike the case of low-light CMOS
and CCD imagers, dark current and read-noise are insignificant. Figure 5.18 is a
magnified low-light-level image of the phosphor screen when the photocathode is
illuminated with 10 plux. Every spot is the result of a single photoelectron.

In this shot noise regime, the noisiness of the image is determined by three
factors:

1. The quantum efficiency of the photocathode. Quantum efficiencies of broadband
photocathodes are around 15% between 350 and 850 nm for S25 photocathodes
and 40% between 600 and 850nm for GaAs photocathodes. S20 and bialkali
photocathodes are more blue sensitive and can achieve a QE of up to 50% at
450 nm.

Fig. 5.18 An image of the phosphor screen with the image intensifier illuminated with 10 plux
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Fig. 5.19 Quantum efficiencies (QE) and detected quantum efficiencies (DQE) of S25 and GaAs
photocathodes

2. The collection efficiency of the MCP. Some photoelectrons do not create a
detectable effect on the phosphor. They are annihilated by the MCP cladding
or by the Poisson statistics of the first interaction with the MCP. This explains
a drawback of GaAs (Gen 3) photocathodes. The ion barrier on top of the
MCP, necessary to protect the sensitive Cs film on the GaAs photocathode,
also annihilates many photoelectrons, resulting in a low collection efficiency.
The detected quantum efficiency (DQE) is the product of QE and collection
efficiency. The DQE of both S25 and GaAs photocathodes is around 12%,
see Fig. 5.19. The noise at low light levels show Poisson statistics, so its root
mean square deviation is equal to the square of the average number of events.
Therefore, a good measure of the DQE is the SNR at low light levels. Figure 5.19
shows typical values and also illustrates that one only benefits slightly from the
higher QE of GaAs photocathodes because the DQE is very similar.

3. The gain noise. The photoelectrons that are not annihilated will create an
avalanche of electrons in the MCP channel. The total gain is achieved by many
steps of small gain. Poisson statistics determines the spread of the gain per event.
This spread is large and causes extra noise in the output signal.

Image intensifier specifications usually define the SNR, a number between 15
and 35. This refers to a specific test where the intensifier is illuminated through an
aperture of 200 wm with a light intensity of 108 plux. The output signal is filtered
with a 10 Hz low-pass filter. The measured SNR of this signal is referred to as the
SNR of the image intensifier.
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The dark current is usually expressed as an EBI, defined as the light level
(in plux) required to achieve the same output as the thermal dark current of the
photocathode. A state-of-the-art EBI for S25 and GaAs photo cathodes is 0.10 pLlux,
which is about 1% of the minimum light level of 10 plux of relevance in the field.

5.3.4.3 Image Artifacts

Image intensifiers have some typical artifacts. First of all, there are the haloes, round
brighter areas around bright spots. There are three main causes for haloes. The
most disturbing halo is the one created by backscattered electrons on the MCP. The
diameter of this halo is equal to about four times the cathode gap. GaAs-based tubes
suffer the most from this halo because electrons also backscatter from the ion barrier
and the cathode gap. Also, the halo is larger due to the larger cathode gap needed
because of the higher cathode voltage used. The second halo is the optical halo
created by the light transmitted through the photocathode, reflected by the MCP and
illuminating the photocathode from the backside. This is more prominent with S25
cathodes since they are more transparent. The third halo is the electron backscatter
halo created by the aluminum of the screen (Fig. 5.20).

A second typical artifacts are honeycomb or square patterned structures created
by either the drawing process of the fiber or of the MCP. In most cases, they can be
found on the border of a stacked bundle of fibers as a byproduct of the manufacturing
process. These patterns have usually a very low contrast but because the human eye
is very sensitive to these types of patterns, they are still visible. The honeycomb
structures are often nicknamed “chicken wire” (Fig. 5.21).

A third artifact is the appearance of black spots. There are several causes for
black spots. They can be damages or particles on the photocathode, the MCP, the
phosphor screen, or the fiber. The phenomena is comparable to dead pixels in CMOS
or CCD imagers. Unlike in digital devices, these artifacts cannot be corrected for in
a direct view system (Fig. 5.22).

Fig. 5.20 Example of a halo
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Fig. 5.21 Example of
chicken wire

Fig. 5.22 Example of
black spots

5.3.4.4 Comparison with Solid State Imagers

It is not straightforward to compare an image intensifier with a CMOS low light
level detector. First of all, an image intensifier is a complete system from “photon-to-
photon.” Comparing apples with apples — one apple is the image intensifier and the
other apple a hybrid system consisting of CMOS sensor, a camera, and the display.

Then there are many differences between definitions and terminology used. The
12 community talks about cathode sensitivity in wA/Im, resolution in lp/mm and
dark current in EBI. CMOS people talk about quantum efficiency, pixel size, and
count and dark current density in pA/ cm?, respectively. The third obstacle in the
comparison lies in conceptual differences; an image intensifier just has neither pixel
structure nor a frame rate.

To provide a practical basis for the comparison, a reference is chosen, namely a
system based on an SXGA(1,280 x 1,024 pixel) CMOS image sensor with a pixel
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pitch of 10 x 10 wm. The diagonal of such a sensor is 16.5 mm, close to the 18 mm
active diameter of most image intensifiers. We further assume that the CMOS-based
camera has a frame rate of 60 Hz.

Resolution: A round 12 fiber with 18 mm active diameter with 4 pum fibers with
a pitch of 5 um represents ten million fibers. This is not a completely appropriate
comparison with the CMOS pixels because other I2 components limit the maximum
contrast of two neighboring fibers as given by the MTF curve. A better comparison
is to convert the limiting resolution to the number of equivalent pixels. A state-
of-the-art image intensifier has a limiting resolution of 72 Ip/mm. To achieve this
with a pixelated structure, one needs at least 144 pixels/mm. With an 18 mm round
surface, this translates to a total of 5.3 million pixels. So the equivalent pixel count
of an image intensifier is 5.3 M pixels. This is four times more than our CMOS
reference.

Frame rate: The image intensifier does not work with individually exposed
frames, so the concept of a frame rate is not applicable. The time-limiting factor
is the phosphor. The often used P43 phosphor (GdO2S:Tb) has a decay time of
1 ms, so one could say that the equivalent frame rate is 1,000 Hz. This is 17 times
more than the reference CMOS sensor.

DQE: The DQE of S25 or GaAs is around 13%. The QE of solid-state imagers
is usually substantially higher; up to 80% is reported. When it comes to low-noise
CMOS structures, designers choose usually the pinned photodiode and avoid deep
pixel structures. With these noise-reducing measures, QE is sacrificed, especially
in the NIR wavelength range. A fair average DQE in the range of 700-850nm of
a low-noise CMOS imager is 40%, about three times higher than that of an image
intensifier.

Dark current and read noise: Dark current of solid-state imagers is usually
expressed in pA/ cm’ and read noise in pixel equivalent electrons. Recent CMOS
developments such as correlated double sampling, pinned photodiodes, and band-
width engineering reduce the read noise to values of below one electron at room
temperature, as described in several chapters of this book. On the contrary, dark
current is much more related to the CMOS technology node and the semiconductor
foundry. State-of-the-art-values are CMOS image sensors with pinned photodiode
offering about 10pA/ cm’ at room temperature. The dark current of an image
intensifier is expressed in EBI, which can be converted to a current density value
through:

l4ark = PR -EBI - S, 5.4

where PR is the photoresponse, and S is the imager’s surface. Assuming PR =
700 WA /Im, a typical EBI of 0.1 plux and a surface S of 1 cm?, results in a typical
dark current of an image intensifier of 7 fA/ cm’ , which is more than four orders
of magnitude lower than the dark current of a CMOS sensor. Higher temperatures,
through ambient or through internal power dissipation, will significantly increase
the dark current.

Based on these numbers, a fair comparison of signal and noise values for a state-
of-the-art CMOS imager and an image intensifier at an illumination level of 10 plux
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at the face plate (I2) becomes possible. Compare the data for one 10 x 10 um? pixel
with the same surface of the image intensifier at a frame rate of 60 Hz.

12 CMOS
White sensitivity (WA /lm) 750 3,000
QE at 800 nm 15% 35%
DQE at 800 nm 13% 35%
Signal (e/frame/pix) 0.07 0.19
Shot noise (e/frame/pix) 0.26 0.43
Dark current (e/frame/pix) 0.0007  10.00
Dark current noise (e/fr/pix) 0.026 3.16
Read noise (e/fr/pix) <0.01 2.00

Total noise (electrons/frame/pix)  0.27 3.77

This example shows that image intensifiers are still unsurpassed in noise perfor-
mance when it comes to very low light levels. Their dark current is so low that in
practical circumstances only the signal shot noise contributes to the SNR. Despite
the impressive reduction in read noise of CMOS imagers in recent years, there is still
one order of magnitude to bridge until they become usable at the lowest required
light levels. When it comes to dark current noise, CMOS imagers will require heavy
cooling to achieve satisfactory levels. This will come with a power penalty. The
practical application will determine whether this is an important drawback or can be
tolerated.

Power consumption: The power consumption of an image intensifier is 30-
60mW. An uncooled CMOS-based camera system will typically consume 1W.
When cooling is required to reduce dark current of a CMOS imager, this comes with
a heavy power penalty. Cooling powers of 5-10 W have to be taken into account.

5.3.5 Special Image Intensifiers

5.3.5.1 Fast Gating Image Intensifiers

Image Intensifiers are gated by a reversed potential between photocathode and MCP.
A standard image intensifier can achieve a gating time of 20 ns. Specialized image
intensifiers contain means to decrease gating times to less than 1ns. This can be
achieved with conductive layers below the photocathode and optimized construction
of MCP suspension and cathode mounting, as well as matching impedance to the
supply lines.
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5.3.5.2 High Gain Intensifiers

Standard image intensifiers exhibit a gain of typically 10*. The gain can be increased
by increasing the MCP voltage. The maximum gain is limited by the light and ion
feedback and also by the maximum voltage a single MCP can tolerate. There are
special image intensifiers available for very high gain of up to 10°. This is achieved
by using stacks of two (“chevron stacked”) or three (‘“Z stacked”) MCPs. These
types of image intensifiers are usually applied for single-photon imaging.

5.3.5.3 Image Intensifiers with Electronic Output

When an image intensifier is not used for direct viewing but the image is required in
an electronic format, then an electronic output can be provided. The traditional way
to achieve this is to couple a CMOS or CCD imager directly on the fiber output.
These devices are called ICCD or ICMOS (I for “intensified”), respectively. An
alternative solution is to make the CMOS sensor charge-sensitive and replace the
phosphor screen by this chip. Such a device is called MCPCMOS.

Yet, another solution is to electron bombard the back side of the CMOS or CCD
sensor directly with the photoelectrons. This solution is called EBCMOS and is
described in detail in Chap. 4 of this book.

There are also solutions for photoncounting with fast timing requirements. With
these solutions, individual events are marked with an (x, y) coordinate and with
a time-stamp. The anode behind the Chevron or Z stacked MCPs is, for example,
a resistive plate. Siegmund published also a solution with cross strip anodes [5].
The very fast transient time of such a device makes timing measurements with a
resolution of better than 100 ps possible. By using centroiding of single events, a
spatial resolution of about 3 pum is possible.

5.3.5.4 Open MCP Detectors

Open MCP detectors are usually high-gain solutions, possibly with electronic
readout anodes. These detectors have no input window; hence they can only be
operated in vacuum. The MCP as such is sensitive to electrons and ions. Special
layers on the MCP can make these detectors sensitive to hard UV or X-ray radiation.

5.4 Photomultiplier Tube

PMTs are used to convert photons into measurable electronic pulses [6]. PMTs are
nonimaging devices; they just provide a single spatial channel. In many applications,
such as in nuclear medicine and astrophysics, many PMTs are combined to
effectively form an imaging detector. PMTs are the traditional alternatives to solid-
state APDs described in Chap. 7 of this book.



96 G. Niitzel

Photo cathode
D1 D2 D3 D4 D5 Anode
[ 1 [ | | | 1 [ ]
o o o L o
R1 R2 R3 R4 R5 R6 Amplifier
HV PSU

Fig. 5.23 The principle of a PMT

5.4.1 Working Principle

PMTs are vacuum devices using photocathodes to convert photons into free elec-
trons. Electrical fields are used to accelerate these electrons toward a set of dynodes.
Dynodes multiply the single electron to form electron packets, which are collected
by the anode. The anode current is made available externally and is connected to
fast charge amplifiers. Figure 5.23 illustrated the working principle of a PMT.

5.4.2 Applications

Applications are divided into applications using a scintillator and nonscintillator
applications. The difference is that an event in a nonscintillator application consists
of a single photoelectron. Here, the QE of the photocathode plays a very important
role: only the QE fraction of events can be detected.

Many PMT applications are scintillator based. They are used to detect highly
energetic particles such as gamma photons or positrons. The energy of these
particles will create many photons in the scintillator. Even with QE <« 100% every
event will be detected by the PMT and the resulting pulse is the sum of the pulses of
many individual photoelectrons created at the same time. In this case, a dark current
pulse has a much lower energy and can easily be suppressed by thresholding.

The largest PMT market for scintillator-based applications is nuclear medicine
with PET and SPECT cameras (Fig. 5.24). Well-known industrial applications
include nondestructive testing, thickness, and density measurement and oil well
logging. PMTs are also used extensively in high energy physics and as cosmic ray
detectors.

PMTs without scintillators are used for analytical applications such as lumi-
nescence detection and spectroscopy. Many scientific Cherenkov experiments use
PMTs to analyze the Cherenkov radiation from either high energy physics or
astrophysics experiments.
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Fig. 5.24 A modern PET scanner using PMTs

5.4.3 The Components of a PMT

5.4.3.1 Tube and Photocathode

Many PMTs have a photocathode with a high blue sensitivity. In this case, photo-
cathodes are unusually optimized for the specific wavelength of the scintillator. The
working principle of photocathodes has been explained in Sect. 5.2. In most cases,
the photocathode is manufactured inside the PMT tube. Antimony is preevaporated
on the input window and the PMT contains dispensers for the alkali metals.

5.4.3.2 Dynodes and Anode and Power Supply

The surface of dynodes has to be made of a material with a high secondary yield.
The material mainly used is Antimony (Sb), which is activated by the alkali metals
used to form the photocathode. The electro-optics has to be designed in such a
way that the photoelectrons are accelerated to the first dynode, where they can
secondary electrons by impact ionization. The secondaries created at the first dynode
are accelerated to the second dynode to again create secondaries there.

Primary design considerations include the following optimizations:

e The secondary electrons must all be accelerated to the next dynode in the chain
and not skip one.

e The time required for the electron to travel from the photocathode to the first
dynode or from one dynode to the next should be independent from the location
of creation, as far as possible.

¢ Jon feedback must be prevented and their effects must be minimized.
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Depending on the application, there are different dynode configurations.

Type of dynode Main characteristics

Good collection efficiency, good
gain stability but mediocre timing

Venetian blind dynodes characteristics

Good collection efficiency, bad tim-
Box dynodes ing characteristics

Fast timing but compromised col-
Linear focusing dynodes lection efficiency
Circular cage dynodes High compactness

Optimized for operation in magnetic
Mesh dynodes field

Optimized for operation in magnetic
Foil dynodes field

The anode has the function to collect all the secondary electrons emitted by the
last dynode. The geometry must be optimized to minimize space charge effects for
highly linear response. The anode should also match the characteristic impedance
of the output connection. The best solution is usually found using a grid between
the second-last and last dynode.

5.4.3.3 Special PMTs

There are a number of special PMTs worthwhile mentioning here: Multipixel PMTs,
MCP-based PMTs, and hybrid PMTs.

Multipixel PMTs are devices where multiple dynode and anode structures are
positioned in a single enclosure. The multiple channels then also include the same
photocathode. Main advantage is the better sensitive area ratio.

MCP based PMTs: There are also PMTs, which do not use a dynode structure but
MCP stacks as an electron multiplier. There are several advantages. First, because
of the small dimensions and high field strengths, the MCP-based PMTs are very
fast and have small timing differences. Second, they are relatively insensitive to
magnetic fields. Third, it is very easy to incorporate many pixels in one device.
Figure 5.25 shows an example of such an MCP-based PMT, the Planacon of
Photonis Inc. with an 8 x 8 anode array, see also reference [7].

Hybrid PMT: A third special type PMT is the hybrid PMT [8]. The gain of such
a PMT is achieved by hurling the photoelectron with high energy into a Silicon
PIN diode. The fast electron will create several electron hole pairs that result in a
measurable charge pulse. This type of detector is successfully applied in the LHC-B
Rich detector of CERN, as illustrated in Fig. 5.26.
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Fig. 5.26 CERN’s LHCb-Rich detector using hybrid PMTs

5.4.4 Performance Characteristics

5.4.4.1 Quantum Efficiency and Dark Current

The achievable quantum efficiency of the photocathode depends very much on the
required wavelength. PMTs used with scintillators can be optimized for the emissive
wavelength of the scintillator. These S20 or bi-alkali photocathodes have a QE of
up to 45%. In the red and NIR wavelength range, GaAs photocathodes are superior.

As explained in Sect. 5.2, the dark current of PEA photocathodes is extremely
low. A bialkali photocathode has a typical dark current density of 2 x 10718 A/ cm?
and an S20 photocathode of 107'1¢ A/ cm’®. The bialkali dark current density
corresponds to about 15 counts/(cm?s).
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5.4.4.2 Gain and Dynamic Range

The gain (M) is defined as the number of electrons collected by the anode per
incident photoelectron. It depends on the secondary yield of the dynode (n4) and
the number of dynodes ny as:

G =" (5.5)

Taking for example 7 = 4 and ng = 10, then G = 4! = 10° results. This gain
equation also shows the importance of a high secondary yield of the dynodes. For
a material having nq = 2.5, the gain of the same 10-stage PMT would drop two
orders of magnitude to 9,500.

The gain achieved by many smaller gain steps has the drawback of gain variation.
The distribution showing the relative frequency of pulse height is called single
electron spectrum (SES). From event to event, there is a spread of gain caused by the
first few gain steps. This phenomena is identical to the one described for the MCP
gain earlier in this chapter. To achieve a constant gain per event, it is crucial to use
a first dynode with extra high secondary yield. The best known material is diamond
with a secondary yield of about 10. For multiphoton events, the gain characteristics
become more favorable; the resulting event can be thought to be built up of more
individual events. Therefore, the variation decreases with the square root of the
number of photoelectrons.

5.4.4.3 Timing Characteristics
Single photon: A single photoelectron will create a pulse as illustrated in Fig. 5.27.

It takes the transient time (tr) after the initial photoelectron until the pulse arrives at
the anode.
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Fig. 5.27 Timing characteristics of a typical PMT pulse. The rise time and FWHM are chosen
larger than in reality for reasons of clarity of the drawing
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The transient time is caused by the travel time of the electron from photocathode
to the first dynode and then from dynode to dynode. The pulse-to-pulse variation
of the transient time is called jitter. The transient time is also dependent on the
exact position on the anode. This is described by the “center to edge transient
time difference.” The rise time and pulse width are caused by the different electron
trajectories as well as by the energy distribution of secondary electrons.

Characteristics Type value (ns)
Transient time 20-40
Jitter 0.2-0.3
Center to edge difference 1-2

Rise time 0.8
FWHM 4-5

Multiple photon events: If a scintillator creates many photoelectrons from the same
interaction event, the created pulse becomes the sum of many individual pulses. This
has no influence on the average transient time. The time jitter and gain variation
is reduced with a factor of the square root of the number of electrons. The time
jitter of the combined single-photon events is now called “timing resolution.” The
contributors of the timing resolution are the timing jitter and the center-to-edge
timing difference. A burst of photons will impact all over the photocathode, some at
the edge and some at the center.

The gain variation of the summed pulse is called energy resolution. Both timing
resolution and energy resolution will improve with the square root of the number
of photoelectrons. These parameters will benefit, therefore, from a high DQE of the
photocathode and the number of photons created by the scintillator (Fig. 5.28).
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Fig. 5.28 Principle of the multiphoton events. The sum changes the shape of the pulse but reduces
jitter and gain variation. For didactic purposes, the various effects are not drawn on a realistic scale
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5.4.4.4 Comparison with Solid-State Detectors

Avalanche diodes and arrays of parallel-connected APDs, a so-called silicon-
photomultiplier (SiPM), are competing with PMTs in several areas. Because their
main characteristics are rather different, the choice will depend on the specific
application.

Advantages of APDs are the faster timing and lower jitter, higher DQE, better
energy resolution, coverage of longer wavelength, and smaller dimensions. The
advantages of PMTs are several orders of magnitude lower dark current, higher
gain, larger sensitive areas, lower cost per cm?, and lower temperature sensitivity.

5.5 Conclusions and Outlook

Image intensifiers and PMTs are clearly not dinosaurs that will be wiped out any
time soon by solid-state devices. The unique feature of the photocathode is its
extremely low dark current. This dark current is from four orders of magnitude (S25,
GaAs) to eight orders of magnitude (multialkali) lower than that of CMOS imagers.
Also, the very low power consumption of image intensifiers and the possibility to
make large area detectors in a price-competitive way for PMTs are factors keeping
these vacuum-based devices attractive. The demands of the individual application
will determine the best choice of detector, whether it should either be solid-state or
photocathode based.
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Chapter 6

Electron-Multiplying Charge Coupled Devices —
EMCCDs

Mark Stanford Robbins

Abstract Charge coupled devices utilising electron multiplication (EMCCDs)
have been available commercially for almost a decade. Currently they are the
image sensors of choice for a wide range of applications requiring ultra high
sensitivity whilst maintaining high data rates. Even at low data rates, these can yield
benefits for single photon imaging. This chapter reviews the technology behind the
EMCCD that is particularly relevant for very low light applications. Characteristics
of the EMCCD devices are discussed, including the detailed behaviour of the
multiplication gain. The various noise sources are examined, including the noise
introduced by the multiplication process and that originating from the generation
of background signal. The conventional use of signal to noise as a figure of merit
for an EMCCD device is reviewed and it is shown that this can mask the benefit
of the EMCCD, especially when the background signals are low. Photon counting
techniques have been found to improve performance under some circumstances
and the different approaches employed to date are covered. Device structures for
optimising the signal generation are discussed and show that devices capable of
almost ideal sensitivity are a reality.

6.1 Introduction

Charge coupled devices (CCDs) utilising electron multiplication (EMCCDs) have
been available commercially for almost a decade. Currently, they are the image
sensors of choice for a wide range of applications requiring ultra high sensitivity,
whilst maintaining high datarates. Even at low data rates, these can yield benefits for
single photon imaging. This chapter reviews the technology behind the EMCCD that
is particularly relevant for very low light applications, including the characteristics
of the multiplication gain and noise.

P. Seitz and A.J.P. Theuwissen (eds.), Single-Photon Imaging, 103
Springer Series in Optical Sciences 160, DOI 10.1007/978-3-642-18443-7_6,
© Springer-Verlag Berlin Heidelberg 2011
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6.2 Harnessing Impact Ionisation for Ultra Sensitive
CCD Imaging

Madan et al. published the first experimental observation of charge multiplication
in CCDs as early as 1983 [1]. The main thrust of this work was to investigate the
maximum practical clock amplitudes that could be applied to conventional CCDs,
but it was noted also that the avalanche multiplication observed may be used to mea-
sure small signals. It was not until 1988 that workers at MIT published an attempt
at measuring the noise of the multiplication process [2]. Although improvement
in post-detection noise was reported, difficulties were encountered with spurious
charge generation. Hynecek also showed charge multiplication from a regular virtual
phase device [3] and the term charge carrier multiplier (CCM) was coined to
describe the use of a transfer barrier to establish the high field before charge transfer
takes place. The year 2001 saw the first papers describing practical devices using a
multiplication register from e2v technologies [4] and Texas Instruments [5]. Early
comparison of EMCCDs with image intensified CCDs (ICCDs) [6] showed the
fully solid-state technology as a creditable alternative to the intensified device for
non-gated applications, especially as the EMCCD also possesses the benefits of
the conventional CCD, such as higher quantum efficiency and better resolution.
Since these early developments a wide range of applications have benefitted from
the characteristics of the EMCCD, from surveillance applications including low
light colour imaging [7, 8] through to high speed, single photon imaging in the
life sciences [9] and adaptive optics applications [10] and Lucky Imaging [11] in
astronomy, for example. The EMCCD has also found application in the imaging
of single, high energy photons, for example in SPECT systems [12, 13], and the
analysis of the light generated by individual photons interacting in a scintillator has
been of particular interest [14, 15].

6.3 The Electron Multiplying CCD Concept

This section provides an overview of the operation of EMCCD devices starting with
areview of the limitations imposed on conventional devices by the charge to voltage
conversion process.

6.3.1 Output Amplifier Noise

Photon-generated electrons have to be converted to a signal suitable for transfer
through a conventional video chain. This is achieved by a charge to voltage
conversion process. The on-chip circuitry generally consists of one or more AC
or DC coupled source-follower stages. A typical, single stage circuit is shown in
Fig. 6.1. Prior to the transfer of signal to the output node, the potential of the node is
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Fig. 6.1 A schematic of a typical single stage CCD output circuit

reset to the DC level on the reset drain by turning the reset FET on. The reset FET
is then turned off and signal charge is transferred to the node. Johnson noise from
the channel of the reset FET in the on state introduces uncertainty in the potential
to which the node is reset. This is known as kTC noise and can be eliminated using
analogue or digital signal processing techniques such as correlated double sampling
(CDS). CDS involves external circuitry to sample the output after reset and again
with signal present. Subtraction of the values removes the common reset component.
In a well-designed system, once kTC noise is eliminated the noise from the charge to
voltage conversion process is dominated by the 1/ f and white noise from the first-
stage source-follower. A full analysis of the effect of various sampling approaches
is beyond the scope of this chapter but is covered in [16]. As a useful approximation
for clamp and sample CDS with an optimum pre-sampling filter, an effective noise
bandwidth can be defined as being between f./2 and 3f./2, where f. is the CCD
read-out frequency. Integrating the transistor noise between these frequencies gives
the noise equivalent signal (r.m.s. electrons) as:

NES ~ 2ey f,*(1 + fo/ fo)/*/R.

where ey, is the white noise spectral density (LV/ Hz"%), f. is the clocking
frequency (Hz), fo is the frequency (Hz) where the spectral density of the 1/ f noise
is equal to the white noise and R is the output circuit responsivity (i V/electron). The
white noise and the responsivity both depend on the size of the transistor. Taking
these dependencies into account for an optimal design gives us [17]:

NES o (14 f./f0)'/?/ /R, 6.1)

where the constant of proportionality is technology dependent but independent of
transistor size. Although this relationship is only approximate, it does agree with
practical measurements as shown in Fig. 6.2.

The lowest noise floor achievable with these devices is around two electrons
r.m.s. but for this the read-out rate has to be below a few tens of kilohertz [17].
As the read-out rate increases so does the noise. For applications requiring video
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Fig. 6.2 The noise equivalent signal from two scientific CCDs having different output circuit
responsivities. Clamp and sample CDS is used with optimum pre-sample filtering. The points are
measured data and the solid lines are calculated using (6.1)

frame rates using a single output, for example, the pixel rates may have to be above
10 MHz, leading to noise in excess of ten electrons, even for technologies optimised
for speed. Various techniques can be used to reduce the noise, for example the use of
multiple nondestructive samples, but these tend to reduce the frame rates achievable.
Another option is to use multiple outputs to reduce the data rate per output for
a given frame rate, and thus reduce the noise. Unfortunately, the noise reduction
attainable is insufficient and true single photon imaging using conventional CCD
structures is not practical.

6.3.2 The Use of Multiplication Gain

To enable single photons to be detected, the signal has to be raised above the
noise of the video chain, including the on-chip and off-chip components. This is
achieved in the EMCCD by increasing the signal through impact ionisation. The
imaging structure of the device is the same as a conventional CCD. An additional
serial register, the multiplication register, is included before the charge to voltage
conversion circuitry, as shown schematically in Fig. 6.3. The multiplication register
is made up of a number of multiplication elements, each element providing a
small amount of gain. A schematic view of a multiplication element is shown in
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Fig. 6.3 A schematic comparison between the layout of a conventional and an electron multiply-
ing CCD showing the addition of the multiplication register
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Fig. 6.4 A schematic of signal charge being transferred through a multiplication element,
comprising three clocked phases, ¢p1, ¢$2 and $3 and a dc biased phase, ¢pdc

Fig. 6.4. Signal charge enters the element through the first phase, ¢1. A high field
is established between the high voltage phase, ¢2, and an adjacent phase held at a
constant DC level, ¢dc, by the application of a few tens of volts potential difference.
The charge under the first phase is then clocked over the DC phase, through the high
field and into the HV phase where it will be clocked out, and into next element, via
$3. Typically, 400-600 multiplication elements are employed in series. A useful
1,000x mean gain can be achieved with 464 elements, each providing a 1.5%
probability of an impact ionisation event occurring as every electron passes through.
This multiplication gain can be applied at high data rates and operation up to a clock
frequency of 35 MHz has been demonstrated [18].

The probability of an impact ionisation event occurring is dependent on the
field experienced by the signal electrons and thus the bias applied between the
high voltage phase and the DC phase. The relationship between gain and potential
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Fig. 6.5 Typical gain characteristics of an e2v CCD97 showing the probability of an impact
ionization event as a function of clock level and temperature. The aged curves are taken following
operation with high gain whilst experiencing very high levels of illumination

is dependent on the architecture and technology used. However, devices currently
available produce a mean gain per multiplication element given empirically by the
following relationship:

g=1l4+a=n~ 1+ B(B—T)exp(CAYV)),

where o is the probability of an impact ionisation event occurring, 7' is the
temperature, AV is the potential difference between the high voltage and DC
phase at the time of charge transfer, 8 is a function of time and accounts for any
gain change due to charging of the gate dielectric, for example, and B and C are
constants. The total mean gain, G is given by:

G =g" ~ exp(nB(B — T)exp(CAV)),

where 7 is the total number of elements in the multiplication register. As an example,
the measured value of « for an e2v CCD97 device is presented in Fig. 6.5. Here, B is
435K and C is 0.272 V™. The TC285 device from Texas instruments has a similar
value of B but C is around 0.49 V™!, Thus, the same gain as in the e2v device can
be achieved but with lower clock amplitudes.
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6.3.3 Noise and Signal-to-Noise Ratio

The noise on the output signal from an EMCCD includes the output amplifier noise,
oa, discussed in Sect.6.3.1, the Poissonian shot noise on the photon generated
signal, shot noise on the dark signal and other spurious signal sources, all modified
by the multiplication gain process. Referring the r.m.s. noise equivalent signal to the
input of the multiplication register, and just considering dark signal generated in the
image and store regions of the device, gives us:

2
Oh
NES = \/(FZ(S + D) + E)

where S is the mean number of photon-generated signal electrons and D is the
mean number of dark signal electrons. As the multiplication gain is increased,
the output amplifier noise can become insignificant, leaving the shot noise on
the signal and dark signal, which is increased by the multiplication process. The
increase is described by the excess noise factor, F'. Various attempts to measure F
have been published. The first measurement presented gave a noise factor close to
unity [3], which would mean that an EMCCD operates almost as the ideal photon
imager. Unfortunately, it appears that this was in error and a later measurement [19]
presented F2 ~ 2.2. The devices characterised in [20] behaved as ideal staircase
avalanche photodiodes, the noise factor being caused by the stochastic nature of the
gain process alone. In this case, the noise factor squared was found to be given by:

F?=2(G-1)G~*Y"M 4 1/G. (6.2)

For a high gain and large number of multiplication stages, this reduces to a value
F? = 2. The experimental data presented in [20] together with the calculated values
using (6.2) are shown in Fig. 6.6. Similar experimental results have been obtained
subsequently [7,8,21] and measurements at different operating temperatures [7, 18,
20] have shown no significant temperature dependence.

The signal-to-noise ratio from an EMCCD running at high gain will be greater
than from a conventional CCD only when the signal level is lower than the square
of the CCD amplifier noise. Hence, it has been suggested that in some applications,
where the signal levels are above this value, a low noise conventional device may
be a better choice than the EMCCD [22]. This is clear for applications where the
contrast in the scene being viewed is low. For high contrast scenes, for example
where there is little background signal, the use of signal over noise on the signal as
a figure of merit masks the benefit of the EMCCD, as the noise on the background
can be much lower than the noise on the signal. This has been shown by a direct
practical comparison between the CCD and EMCCD over a range of signal levels,
presented by Tulloch [23]. A comparison was made by imaging a test chart using an
e2v CCD97 having both an EMCCD output and a conventional low noise scientific
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Fig. 6.6 The excess noise factor as a function of multiplication gain for a 536 multiplication
element device characterised in [20]. The solid curve is calculated using (6.2)

output with an amplifier noise of 3.3 r.m.s. electrons. If the signal to noise is used
as a measure, it would be expected that the CCD will outperform the EMCCD at
signals above around 11 electrons. However, qualitatively it was observed that the
level of detail revealed using the conventional output was equal to that from the
EMCCD output only once the mean signal in the bar pattern reached around 22
electrons/pixel for zero background signal. At signal levels lower than this, the use
of the EMCCD output was beneficial.

This is illustrated also in the results of simulations shown in Fig. 6.7, together
with the effect of background signal. Here, the amplifier noise from a theoretical
CCD was set at 1 r.m.s. electron and the mean signal in the bars above background
was one electron. At a mean background signal of one electron, the detail in the
image is about the same, whether a CCD or EMCCD is used. However, at zero
background signal the benefit of the charge multiplication is observed clearly.

6.3.4 Output Signal Distributions

The noise factor gives a measure of the increase in width of the signal distri-
bution from the multiplication process but it does not describe the shape of the
output distribution. For this, a more detailed numerical or analytical approach is
required. Approximate analytical equations for the output distributions assuming
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Fig. 6.7 The result of Monte Carlo simulations comparing an ideal CCD with an EMCCD for a
mean signal of one electron on a background of zero and one electron

zero amplifier noise have been presented by Basden et al. [24]. For a small integer
number of input electrons, 7, the output distribution is well described by:

x"lexp(—x/G)

PO = —G -

)

where x is the output signal. If the input signal is distributed according to Poisson
statistics with mean pu, the output distribution becomes:

oo

exp(—p —x/G)p" (x/G)"”!
P =) G — !

(6.3)

n=1
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Fig. 6.8 The output signal distribution calculated using (6.3). The vertical lines indicate the
thresholds used for the multiple-threshold photon counting scheme (Sect. 6.4)

This is plotted in Fig.6.8 which shows that there is significant uncertainty in
determining the exact input signal size for a measured output.

To illustrate this further, Fig. 6.9 shows the result of a simulation comparing
conventional devices with the EMCCD. Here, a mean signal of one electron has
been generated and is distributed according to Poisson statistics. A theoretical
conventional device with an amplifier noise of 0.2 r.m.s. electrons reveals this
distribution and the individual electrons appearing at the input can be distinguished.
The output signal is virtually lost in the noise if the amplifier noise is increased to
1 r.m.s. electron. An EMCCD with a mean gain of 1,000x raises the input signal
above the amplifier noise, even with an amplifier noise of 200 r.m.s. electrons used in
this example. Although the effective input referred amplifier noise has been reduced
to 0.2 r.m.s. electrons, it is clear the multiplication process makes the evaluation
of the exact number of electrons at the input uncertain. However, the mean signal
levels can be determined and, at low fluxes, the width of the distribution of output
signals can be narrowed using photon counting techniques, described in Sect. 6.4.

6.4 Photon Counting with the EMCCD

The signal-to-noise ratio of an ideal shot noise limited imager, having zero amplifier
noise, is simply equal to the square root of the number of electrons generated.
The EMCCD noise factor reduces this ratio by 21/2 which, from a signal to noise
viewpoint, is equivalent to halving the signal size in the ideal detector. However, a
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Fig. 6.9 The results of a Monte Carlo simulation of the output signal distributions for a mean
input signal of one electron. The EMCCD here has an effective input referred amplifier noise of
0.2 r.m.s. electrons

reduction in the noise factor towards the shot noise limit can be achieved by the use
of photon counting techniques and can be useful in photometric applications.

The simple, single-threshold scheme has been investigated by Wen et al. [25]
for possible use in astronomy. Here, a single threshold on the output is set, above
which the output is counted as originating from a single electron. The threshold
is chosen to be high enough so false hits are not triggered by the amplifier noise.
They demonstrated that the EMCCD can function as a photon counter in their low
flux application if the background signal is sufficiently low. This photon counting
technique had been studied theoretically by Basden et al. [24], who also investigated
a second method utilising multiple thresholds to decide on the most likely input
signal. The thresholds proposed are shown in Fig. 6.8.

The result of this processing on the excess noise factor is shown in Fig. 6.10.
The noise factor for the single threshold scheme drops at mean signal levels above
about 0.1 electrons/pixel due to the increasingly significant possibility of generating
more than one electron in a pixel. Below this signal level, the single-threshold
scheme virtually eliminates the noise associated with the multiplication process. The
multiple-threshold scheme does have some benefit at signal levels below about ten
electrons but has no effect at higher signals. The use of multiple thresholds requires
a correction to the calculated photon flux. A simple correction was proposed by
Basden but a Bayesian estimation technique [26] has been proposed to improve the
photometric accuracy.



114 M.S. Robbins

25
1000x multiplication gain

20 & X
Nﬂ"-
S
©
$ 45}
o
R i
s
=z
2 10¢ O No Thresholding
e & Multiple Thresholds
o O Single Threshold

05

0.0 L

0.01 0.1 1 10 100

Mean Input Signal (electrons)

Fig. 6.10 The excess noise factor calculated following various photon counting schemes applied
to a Monte Carlo simulation of the EMCCD. The solid curves result from an appropriate numerical
integration of (6.3)

6.5 Background Signal Generation

Signal generated in the absence of illumination ultimately limits the sensitivity of
the EMCCD. With appropriate optimisation, the background signals can be reduced
to extremely low levels, as illustrated in Fig.6.11. The background signal consists
of the conventional dark signal together with spurious signal generated through the
clocking process. The details of these contributions are discussed in this section.

6.5.1 Dark Signal

The generation of dark signal in CCDs has been covered elsewhere, for example by
Janesick [27]. Features particularly relevant to EMCCDs are summarised here. Dark
signal originates from the diffusion of electrons from the neutral semiconductor
regions, the thermal generation from the bulk silicon in the depleted space charge
regions and thermal generation from the silicon surface at the silicon/silicon dioxide
interfaces. Thermally generated components dominate below room temperature, and
the highest density of so-called generation centres occurs at the silicon surface. The
surface dark signal originating from this source is in the order of 1 nA/cm® at 20°C
and has a temperature dependence approximately given by:



6 Electron-Multiplying Charge Coupled Devices — EMCCDs 115

-30°C

=

o

©

| o

2

w _L e

8_ —_— _5090 —

S

o

"_:_ single electron event :
-95°C I/
0 100 200 300 400 500

Column Number

Fig. 6.11 The dark output signal from a row of an e2v CCD97 512 x 512 pixel device operating
at 35 frames/s. Note the single electron events are visible above the very low noise background.
(Data courtesy of Andor Technology)

Tsurface X T? eXp(—Eg/2kT),

where T is the temperature, E, is the silicon band gap and k is the Boltzmann
constant. A component of the total dark signal originates from the bulk silicon. The
observed mean generation rate from the bulk is a combination of the generation rates
from the different species of defects present. For e2v devices, at temperatures above
about —50°C, an effective combined bulk dark signal temperature dependence of

Tvux o T? exp(—0.78 eV/kT)

is observed. The magnitude of this bulk dark signal is typically over two orders
of magnitude lower than the surface dark signal at room temperature. Typical
bulk and surface dark signal densities as a function of temperature are shown in
Fig. 6.12. The total dark signal can be reduced significantly by cooling the device.
However, unless the frame rates are very high, or very deep cooling is available,
the surface dark signal has to be suppressed for single photon imaging. This is
achieved by flooding the surface with holes by increasing the substrate to gate
potential beyond the pinning point, as described by Saks [28]. In this situation,
the device is said to operate in inverted mode and the surface dark signal is
eliminated, leaving the bulk component. This pinning of the entire surface removes
the signal localisation otherwise achievable through the gate biasing. Therefore,
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devices intended to operate in inverted mode need additional implants to ensure
that charge can be confined during integration. An inverted mode device, having a
pixel size of 16 um x 16 wm, will generate around 100 electrons/pixel/s at room
temperature, reducing to around 1 electron/pixel/s if the device is cooled to —20°C.

It is clear that inverted mode operation can be of great benefit to EMCCDs.
However, free holes present at the surface of the multiplication register would be
multiplied together with signal electrons, thus producing extreme levels of unwanted
background. In practice, the image and storage areas tend to be operated in inverted
mode to suppress the surface dark signal from these regions, and the multiplication
register functions with the surface depleted of mobile charge. Therefore, as the
signal is clocked through each stage of the multiplication register, dark signal will be
acquired from the surface and the bulk. However, it is only the dark signal collected
from the first elements of the multiplication register that will experience the full
gain applied to the signal. Dark signal collected from multiplication elements close
to the output amplifier will experience very little gain. If N dark signal electrons
are generated within a multiplication register element during a time 1/ f, where f
is the readout frequency, then the mean input referred dark signal is given by:

g _N(G=-1) N
"mG6\g—1)" G

assuming a uniform gain per stage along the register. A multiplication register,
having 536 multiplication elements of size 16 wm x 40 wm, operating at a frequency
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of 15MHz and 1,000x gain, will generate an effective mean input referred dark
signal of around 0.2 electrons/pixel at room temperature. This is insignificant
compared with the image section dark signal unless the integration times are very
short, which may be the case in some applications.

6.5.2 Statistics of Dark Signal Generation

The dark signal is distributed according to Poisson statistics, modified by the
multiplication process as described in Sect. 6.6. If the chance of getting more than
one dark signal electron in a pixel is insignificant, the output signal distribution
for dark signal generated outside of the multiplication register is given by the
probability density:

P(x) =

Sgr“ exp (—%) x>0, (6.4)

where Sg,k is the mean number of dark signal electrons in the pixel. This describes
the dark signal distribution when it is dominated by the image and store components
and can be used to calibrate the gain using background signal alone if required. The
dark signal from the multiplication register has a different distribution. Noting there
is a greater contribution from the dark signal generated furthest from the output, and
combining the distributions along the register gives:

Sin " .
P(x) ~ —ln(G)ZG I exp(—xG~") x> 0. (6.5)
n

i=1

Equations (6.4) and (6.5) are plotted in Fig.6.13 together with the results of a
Monte Carlo simulation. The same mean input referred dark signal is used in both
cases. The distribution of dark signal from the multiplication register is seen to be
narrower than that from other areas of the device, indicating that the dark signal from
the multiplication register can have less of an impact on the imaging performance
compared with that implied by the mean dark signal value alone. A more detailed
treatment of the statistics of signal generated within the multiplication register has
been given in [29].

6.5.3 Spurious Charge Generation

Once the dark signal has been reduced to insignificant levels by cooling, for
example, the ultimate sensitivity of the EMCCD is limited by other background
signal components. In an optimally designed device, this spurious background is
dominated by signal that is generated by holes undergoing impact ionisation. This
occurs in the image and store regions of the device where the surface is taken in
and out of inversion during the charge transfer process and is known generally as
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Fig. 6.13 Calculated dark signal distributions for an input referred dark signal of 0.01 elec-
trons/pixel. The points result from Monte Carlo simulations including a 50 electron amplifier noise.
The solid curves are calculated by the application of (6.4) and (6.5)

clock-induced charge. Other components can exist, including clock-induced charge
from the multiplication register, although this can be confused with multiplication
register dark signal [25]. Also, there will be a very low level of signal generated
through the absorption of photons emitted by the multiplication process itself.
Reports from early devices [12] showed the total spurious background signal to
be as high as 3-4 electrons/pixel and would therefore make them unsuitable for
single photon imaging. However, measurements made on the first devices aimed at
scientific applications gave a significantly lower mean value of 1 spurious electron
generated every 100-200 transfers [6, 30]. The level of clock-induced charge has
been found to be virtually independent of temperature [31], contrary to the descrip-
tion of spurious charge in [27]. Careful optimisation of the clocks, by the control
of the waveform shapes and maximising the parallel clocking rate for example,
has yielded a spurious background signal as low as 0.001 electrons/pixel/frame
measured on a 512 x 512 pixel e2v CCD97 device [32].

6.6 Improving the Efficiency of Signal Generation

The EMCCD technology overcomes the limitations imposed by the charge to
voltage conversion process and various techniques can be used to reduce the
unwanted background signal. To optimise the sensitivity of the devices, attention
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must be turned also to improving the ability to generate signal electrons from
the incident photons. EMCCDs benefit from the years of development applied to
increasing the efficiency of signal generation in CCDs. As with CCDs, almost all
of the pixel area of the EMCCD can be sensitive to the illumination, depending
on the architecture employed. The efficiency of signal generation is dependent on
the absorption and reflection characteristics of the incident photons throughout the
structure. Light has to pass through, and is therefore partially absorbed by, the gate
structure of conventional front illuminated devices before it can interact with the
underlying silicon. The quantum efficiency (QE) is a measure of the efficiency
of converting the incident photons to signal electrons. Typically, the peak QE for
front illuminated devices is around 40-50%. Even with this non-ideal conversion,
front illuminated EMCCDs have been found to outperform Gen II image intensifiers
[33]. In some designs, a fraction of the electrode structure is removed, creating open
electrode devices, thus reducing the unwanted absorption. Virtual phase devices also
have improved quantum efficiency as there is no gate structure over the virtual phase
gate electrode and a peak quantum efficiency of 65% for the virtual phase TT TC285
has been reported [18].

The most significant improvement in QE is obtained by eliminating the effect
of absorption in the electrode layers entirely, through the use of back illumination.
Here, input photons are incident on the back surface, with the device mounted face
down on a substrate. The device is thinned to a thickness of a few tens of microns
and treated to ensure almost all photoelectrons generated within the active depth are
collected as signal. Thus, devices with QE values greater than 90% are obtained.
The use of back illuminated EMCCDs for low light microscopy applications has
been discussed by Coats et al. [9]. Sensitivity in the red and near infrared regions
of the spectrum can be improved by increasing the thickness of the active silicon.
Field-free regions have to be minimised to maintain resolution. This is achieved
through the use of higher resistivity material than normally used to create a deeper
depletion region. Deep depleted EMCCD devices, manufactured on 1,500 2cm
silicon, are being evaluated as part of a programme to develop sensors optimised
for astronomical adaptive optics applications [10]. The spectral performance of a
range of EMCCD technologies is shown in Fig. 6.14. Future developments will see
efficiencies increasing further over a broad spectral range.

6.7 Concluding Comments

In this chapter, the features of EMCCD sensors have been described. These make
them ideally suited to many single-photon imaging applications and developments
are ongoing to improve the sensitivity and operational characteristics further. The
introduction of the EMCCD has made high-resolution and high-speed single photon
imaging a reality. Commercial off the shelf devices are well established and many
new applications are emerging requiring custom design and novel architectures.
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Chapter 7
Monolithic Single-Photon Avalanche Diodes:
SPADs

Edoardo Charbon and Matthew W. Fishburn

Abstract The art of creating monolithic single-photon photodetectors is a mix of
design skills and device physics knowledge, and it requires an understanding of
the mechanisms underlying single-photon detection in highly complex integrated
systems. This chapter begins with the fundamentals of avalanching, the basics for
integration of avalanche photodiodes operating in Geiger-mode, and the issues
associated with large arrays. We outline the techniques that made it possible
to integrate single-photon detectors in standard CMOS processes, and to design
compact ancillary electronics for operating and reading pixels based on these
devices. Finally, we present a description of several readout architectures designed
for massive arrays of single-photon detectors. A discussion of future trends in the
context of the most advanced applications in various fields of research concludes
this chapter.

7.1 A Brief Historical Perspective

Solid-state single-photon detectors have existed for decades and, while several
flavors of solid-state detectors exist in various technologies and ranges of operation,
from cryogenic to room temperature detectors, silicon avalanche photodiodes
(APDs) have emerged as the most versatile and easy to use among them [1].
A class of APDs operating above breakdown, in so-called Geiger-mode and known
as single-photon avalanche diodes (SPADs) or Geiger-mode APDs (GAPDs), is of
particular interest due to their amenability to integration in planar silicon processes
in combination with conventional digital and analog circuitries. The first SPADs
implemented in a planar technology have emerged relatively recently [2, 3]. But,
while the physics of solid-state SPADs is well understood [4], it is only with
the advent of devices integrated in conventional complementary metal-oxide—
semiconductor (CMOS) processes [5] that the evolution onto smaller and smaller
feature sizes has rapidly advanced to the point that it has now become possible to
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envision large imaging systems based on SPADs. It is on these systems that this
chapter will focus.

7.2 Fundamental Mechanisms

The models covered in the following sections are based on [1,4, 6].

7.2.1 SPAD Structure and Operation

A SPAD is essentially a p—n junction biased above breakdown and equipped with
avalanche quenching and recharge mechanisms. When a photon is incident on the
diode, an avalanche may be triggered. The quenching circuitries stop the avalanche
thus preventing the destruction of the device, while the recharge circuitries prepare
the SPAD for the next detection. When many engineers think of a p—n junction’s
I-V curve, they think of the steady-state curve shown in Fig.7.1. In this curve,
there are three main regions: forward, reverse, and breakdown. Breakdown occurs
when the electric field is strong enough that accelerated carriers cause ionization,
that is the creation of mobile electron—hole pairs. The breakdown region can be
further subdivided into the linear and Geiger-mode regions. In the linear region,
the electrical field is strong enough to cause significant ionization through free
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Fig. 7.1 I-V characteristics shown for a p—n junction (/eff) and a SPAD in a standard passive
quenching scheme (right)
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electrons, but not through holes of the same energy. The region is named for the
expected linear gain per injected electron. In Geiger-mode, named after its similarity
to the operation of a Geiger counter, the electric field is so strong that both electrons
and holes cause significant ionization. In Geiger-mode, the current is limited only
by the space-charge phenomenon, which is the electric field drop from the charge
of carriers currently moving across the depletion region of the diode.

Quantitatively, to be in Geiger-mode, the expected number of created carriers
from ionization must exceed one. For a one-dimensional junction ranging from z; to
21, and with @ (units cm™!) representing the mean ionization rate in a semiconductor
with equal electron and hole ionization coefficients, the condition to be in Geiger-
mode is:

21
/ adz > 1. (7.1)
20

The voltage sufficient to meet this condition for a particular p—n junction is called
the breakdown voltage, and the excess bias is the voltage applied above this voltage.
In this chapter, the breakdown voltage will be considered positive, not negative.
Readers unfamiliar with this terminology should be wary of the signs of all voltages.
In the Geiger-mode regime, a single carrier in the depletion region can create an
enormous current. The location of the carrier in the depletion region can change
the chance that it triggers as avalanche, as many diodes have a nonuniform electric
field. In particular, one-sided p—n junctions will have a linear electric field. In diodes
with a nonuniform electric field, the portion of the depletion region where at least
95% of the ionization takes place is termed the multiplication region, also called
the avalanche region in some texts [6]. This spatial region will not be called the
avalanche region, as this term is used in this text for regions of the diode under
avalanche. Carriers generated in the depletion region but not the multiplication
region will drift either toward or away from the multiplication region depending
on their charge and the p—n junction’s doping levels. Due to the larger ionization
coefficients of electrons compared to holes in many semiconductors, it is almost
always preferable to have more electrons than holes drift toward the multiplication
region. The avalanche’s originating carrier can be the result of an electron—hole pair
caused by a single photon, hence the term SPAD [6].

If a SPAD is operating at the steady-state value on the p—n junction’s I-V
curve, in practice it will heat up and be destroyed. However, the I-V curve of a
SPAD coupled to quenching circuitry, also called ballast circuitry, has very different
characteristics from a p—n junction’s I-V curve. This section will cover the dynamics
of an avalanche assuming a large resistance is placed in series with the diode. This
is known as passive quenching, and produces the I-V curve shown in Fig. 7.1 when
the diode is under low light. This [-V curve is not a true steady-state curve as the
location on the I-V curve depends on whether an avalanche is occurring.

The I-V curve of the SPAD and ballast circuitry is dependent on the amount
of light impinging on the SPAD. Under moderate to no light, the curve has four
phases, each with distinct dominating factors: idle, buildup, quenching and spread,
and recharge. The first phase, an unstable, idle state, is a quasi-steady-state condition
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that occurs when no free carriers are near the p—n junction itself. The second
phase, avalanche buildup, is the result of positive feedback from ionization until
negative feedback from the space-charge phenomena balances carrier creation from
ionization. The third phase, spread and quenching, is the result of the multiplication-
or photon-assisted spread of the avalanche region and global, negative feedback
from the quenching circuitry. In the final phase, recharge, the quenching circuitry
restores the diode to the conditions in the first phase. A basis for the triggering
sources, noise and light, is also examined in detail.

When a SPAD is placed under very intense light, the negative feedback in the
recharge phase does not have sufficient time to restore the diode to its idle state.
This creates a steady-state value close to the value on a p—n junction’s I-V curve.
In SPAD-based systems, especially communication systems, it may be necessary to
ensure that the SPADs are not in this state.

7.2.2 Idle State and Avalanche Buildup

A SPAD is idle when there are no free carriers in the depletion region and the excess
bias is as desired. The large charge separation has created a very high electric field
in the middle portion of the SPAD, but without any free carriers ionization cannot
occur. The charge separation also contributes a parasitic capacitance effect, though
other capacitances from the guard ring and transistor gates may have a larger effect
on the parasitic capacitance than the depletion region’s charge separation. The SPAD
will remain in this state until an event, such as the interaction with an incident
photon, injects an electron—hole pair into or near the depletion region.

When carriers are injected into the depletion region, there are several possi-
bilities. The first possibility is that all carriers drift out of the depletion region
without causing ionization. The carriers might even drift through portions of the
multiplication region without ionizing. The second possibility is that ionizations of
the initial or ionization-generated carriers do occur, but all carriers are swept out of
the depletion region without reaching sufficient number to trigger an avalanche. If
a photon caused the initial pair’s creation, then this photon will not be detected. To
give a nuanced view, there is always the possibility that any number of ionization-
generated carriers could fail to trigger an avalanche; however once the number of
carriers reaches a certain threshold, this border case’s probability is so small that it
can be ignored. Finally, enough ionization can occur that other processes will begin
to govern the avalanche dynamics. The buildup phase of an avalanche occurs from
when the initial electron—hole pair is injected to when the space-charge phenomena
causes the excess bias across a particular area of the diode to drop to nearly zero. The
drop in excess bias will create a balance between carrier generation from ionization
and carrier loss from drift. Due to parasitic capacitance effects, in general the applied
voltage across the diode does not change greatly during the buildup phase.

The initial ionization occurs in a relatively small area. There is always the
possibility that diffusion will cause carriers to move substantial distances; however,
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the probability of this is so low that it can be ignored in practice. Based on the local
conditions of positive feedback from ionization and negative feedback from carrier
drift, the number of free carriers ¢ in a small portion of the diode is approximated

analytically by equation:
dc 1 1
—=c|l==-—, (7.2)
dr T, T

where T, relates to the positive feedback from ionization, while 7, relates to the
negative feedback from carrier drift. Both terms will also change as the excess bias
varies due to the space-charge phenomena. Multiple ways of deriving 7, and 7, exist:
the analysis here is based after [1], as the use of the same ionization coefficients for
electrons and holes simplifies the derivation without essentially changing the results.
For an analysis with different ionization rates for electrons and holes, we refer to [4].
For a small portion of the diode, assuming that electron and hole concentrations
can be written as a function of depth, n(z, ¢) and p(z, t), respectively, with carriers
traveling at the saturation velocity vs, the current density je(z,¢) from electrons is

given by:
Je(z, 1) = —(q - vs - n(z. 1)), (7.3)

where ¢ is the electron charge. In a small time Af, the increase in electron
concentration due to ionization will be the distance each carrier travels (units cm)
multiplied by the ionization rate (units cm™') and the carrier concentration (units
cm™3), which is (vsA?) - (@) - (n(z,1) + p(z.t)). This expression is the basis for
the carrier generation term in the continuity equation. The continuity equation for
electrons, which governs the change in electron concentration, will be

dn(z,t 1dje(z,t _ dn(z,t _
@1 _ 1dj )—i-vsoz(n(z, 1+p(z, 1)) = —vs (e )+vsa(n(z, 1)+p(z,1)),
de qg dz dz
(7.4)
with a use of (7.3) in simplifying the expression. Similarly, for holes
dp(z,t dp(z,t _
p&1) = v p.1) +va(n(z,t) + p(z.1)). (7.5)

dt dz

Since the total carrier concentration is a sum of the electron and hole concentrations,
c(z,t) = n(z,t) + p(z,t), (7.4) and (7.5) can be combined to yield:

—dcfft’[) — (dpc(lzz’t) - d"ffz’t)) +2avec(z 1), (1.6)
For a p—n junction with its depletion region’s p-doped edge at zo and the depletion
region’s n-doped edge at z; with total depletion region width zg = z; — 2o, the
expression for the carrier concentration can be integrated in the spatial dimension z
with the following boundary conditions: there is a negligible electron concentration
at the edge of the depletion region on the p-doped side of the junction, n(zg, ) = 0;
there is a negligible hole concentration at the edge of the depletion region on
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the n-doped side of the junction, p(z;,t) = 0; and there are identical hole and
electron concentrations at opposite sides of the diode, which are equal to the carrier
concentration, n(z1,t) = p(z0,t) = c¢(¢) = 0. Thus, the carrier concentration will
change over time as:

de(t)

(z1 — 20) rralie —2¢(t)vs + 2avse(t)(z1 — 20)

dil(; ) _ o) (voe - ;—d)

The form of (7.2) is identical to (7.7). If the variables o and z4 were constant, then
(7.7) would absurdly imply that the carrier concentration would build forever. These
variables are actually functions of the excess bias, which is related to the carrier
concentration by the space-charge phenomena. The depletion region width zg will
change based on the applied bias. We will assume that the excess bias is small
enough that a voltage drop from V,, to V4,4 does not change this distance, which is a
valid assumption for the standard operating conditions of most planar silicon diodes.
Because the space-charge resistance times unit area ARy is a function of depletion
region width, this expression may be taken as constant, too.

While the depletion region width does not change appreciably, the same cannot
be said of the ionization rate. The mean ionization rate as a function of the electric
field is:

(7.7)

a(§) = Aqexp (—(a/ [ED), (7.8)

where the variables m and A, (not to be confused with the area, A) are constants that
depend on the material, and in silicon they have been measured as 1 and 107 cm™!
[7]. The variable o can be found by solving for equality in (7.1), the breakdown
condition. The electric field in a p—n junction will be a function of the applied
voltage V, turning & into £(V). For current /(t) = j(t)A = c(t)vsqA, the applied
voltage will varyas V = Voo —1  Rsc = Vop —c(t)gv(ARy). Thus, the ionization
rate will be:

QEWV)) = Aq-exp (= @/ [EV)D") = Au -exp (— (@/ |E(Vep — c()qvi(AR)|)") . (7.9)

In a one-sided junction, the electric field will vary as the square root of the applied
voltage, and this expression can be further reduced to:

_ s Voa 1/2
a(c(t)) = zqA, -exp | — (V (O AR )) . (7.10)
op s sc

Equations (7.7) and (7.10) give sufficient information to generate a differential
equation governing the behavior of c(¢) for the initial buildup stage in a small
portion of the diode, with boundary conditions given by the time of the electron—
hole pair injection. For a single-photon generating an electron-hole pair at time O,
the boundary conditions are c(t) = 0cm™ for ¢ < 0 and ¢(0) = 2cm ™.
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The given analysis assumes deterministic generation rates. In reality ionization
is a statistical process, with uncertainty around the deterministic “average” solution.
The ionization statistics during the buildup phase are known to contribute significant
jitter to the timing uncertainty of the photon’s arrival. Increasing the voltage
threshold for determining the avalanche onset will increase the timing uncertainty,
with the best jitter achieved with either a low voltage threshold or current-based
approach [2, 8].

Unless the avalanche onset can be determined with some other technique,
the statistics of ionization will set a limit on the timing uncertainty achievable
with SPADs. Higher breakdown voltages, lower doping and smaller parasitic
capacitances will lower this jitter.

7.2.3 Quench, Spread, and Recharge

Two modes for quenching and recharge exist: active and passive. In active mode,
active circuitries are used to control the process. In passive mode, the avalanche
current is passively controlling the process by way of a ballast resistive device. The
literature on the subject is extensive, and it is beyond the scope of this chapter to
describe it further [9]. We describe hereafter only the mechanisms at device level
underlying quenching.

During the initial phase of the avalanche, positive feedback in a local portion
of the diode rapidly increases the carrier concentration until the space-charge
phenomena indirectly stops the process. After this initial phase, the excess bias
across the diode begins to decrease as the parasitic capacitance and quenching
circuitry increase in applied voltage. Unlike in the buildup phase, when the
applied voltage across the SPAD did not change greatly, in this phase the
applied voltage will drop below the breakdown voltage, quenching the avalanche.
Depending upon the SPAD’s characteristics, the spread of the avalanche in the
planar directions may or may not play an important role in quenching. The
avalanche spreads via both multiplication-assisted and photon-assisted processes.
Photon-assisted spreading occurs from photons generated by recombination [9].
Multiplication-assisted spreading occurs from carrier diffusion in the planar
directions [10]. Photon-assisted spreading is known to be dominant in large diodes,
with multiplication-assisted processes dominating in smaller diodes.

Multiplication-assisted spreading is a process that combines positive feedback
with diffusion, being governed by the equation:

c(x,y)
t(x,y)

de(x,y)
ot

= DV%c(x,y) + (7.11)

In (7.11), c¢(x, y) is the free carrier concentration at a particular position, D is
the diffusion coefficient of carriers in the planar direction, and t is the same time
constant presented for the buildup phase in (7.7) earlier. This differential equation
can be solved numerically with an FEM model of a SPAD, such as the one shown
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Fig. 7.2 Diode models of a single diode (center) or a single diode split into multiple diodes (right)
are shown for a p—n—+ junction. The current source and resistance should be exchanged for a p+-n
diode, with the direction of the current source remaining the same

in Fig.7.2. The spreading speed of the avalanche is experimentally known to be
vy = 2/ D/7.Inaplanarsilicon diode with D estimated at 15cm?/sand t = 10 ps,
the spreading velocity is 2.5 x 10% cm/s. This is slightly below 25% of the saturation
velocity of carriers in silicon at a similar temperature, though the t value is a
bit small compared to the expected value in many diodes. As the applied voltage
decreases due to interactions with the quenching circuitry, the t value will also
increase, causing the spreading speed to be reduced.

In a small planar diode, the avalanche will spread across the entire diode before
quenching begins to occur. Whether or not a diode falls into this category will also
depend on the parasitic capacitance, as large capacitances will allow more spreading
before the avalanche can be sensed. In diodes that have the avalanche spread across
the entire diode before sizeable quenching occurs, (7.7) and (7.10) with V' as a func-
tion of time can also be used to describe the quenching of the avalanche. In (7.10),
the variable V' must be modified to account for changes in the applied voltage across
the diode, including the effects of the parasitic capacitance and quenching circuitry.

For larger diodes, the quenching and spread cannot be decoupled. The spread and
quenching will occur at the same time, and the observed voltage waveform may even
vary as a function of initiation position or number of simultaneous initiations, giving
rise to position-sensitive and photon-number-resolving SPADs. These diodes can be
modeled as a finite number of smaller diodes, with the carrier concentration within a
particular diode governed by (7.7), (7.10), and (7.11). Eventually, the avalanche will
need to be completely quenched. The avalanche can be considered to have quenched
when the number of free carriers in the multiplication region reaches some small
number. An inductance-like component, which is caused by the inertia given to
charges in the depletion region, aids in ensuring that the applied voltage eventually
falls below the breakdown voltage. At this point in time, the excess bias across the
SPAD is nearly zero or negative, and ideally all free carriers have been swept out of
the depletion region.

The SPAD’s state needs to be restored to the idle state, so the SPAD is sensitive
to single charge carriers again. The restoration occurs during the recharge phase.
Recharge is achieved by increasing the excess bias across the SPAD back to the



7 Monolithic Single-Photon Avalanche Diodes: SPADs 131

desired value. In a passively quenched SPAD, the recharge phase is a simple RC
circuit, with the quenching resistance in series to the parasitic capacitance. In
practice, however, many passively quenched circuits use a transistor operating as
a current source, meaning that the excess bias voltage is better approximated as a
linear function during this time. In actively quenched circuits, the recharge behavior
will depend on the quenching circuit. In addition, there will be a variation in the
parasitic capacitance because the width of charge separation in the p—n junction
changes; however, this variation is usually small enough to be neglected.

It might be confusing that the current into the diode is the same sign during
an avalanche and recharge phase, since the voltage across the SPAD increases
and decreases with the same direction of current. However, different effects are
dominating during different phases, so the voltage change cannot be associated
with current flowing in a particular direction. During recharge, the current causes
a buildup of charge separation to create an unstable system, whereas during an
avalanche the current is that unstable system’s release of energy.

During recharge, the SPAD will be initially insensitive to injected carriers, but
it will become increasingly sensitive as the excess bias changes. Carriers injected
during recharge can be problematic for silicon SPADs. If no carriers cause an
avalanche, the recharge stage should be complete and the SPAD will remain idle
until another carrier is injected, when all the phases will repeat.

7.2.4 Example Waveforms

This section presents example waveforms from an FEM model of a planar silicon
SPAD in a standard quenching circuit, as shown in Figs. 7.2 and 7.3. A 2 x 40 pm?
diode with a breakdown voltage of approximately 19 V was simulated at an excess
bias of 3 V. The SPAD was split into 0.1 x 0.1 um? diodes, making a total of 20 by
400 simulated diodes. The concentration of carriers within each diode was governed
by (7.10), (7.7), and (7.11). The constants used were a diffusion coefficient of
17 x 108 pm?/s, a space-charge resistance-unit area of 12k jum?, a quenching
resistance of 300k€2, and a total parasitic capacitance of 300fF. The parasitic
capacitance was assumed to be the sum of 195 fF from the guard ring, 5 fF from

Fig. 7.3 Standard SPAD circuit with a voltage source, SPAD, quenching resistance, capacitors,
and inverter is shown. The capacitors represent the parasitic capacitances from the guard ring
and transistor gate, and are approximately 10-100s of fF. The resistor varies from approximately
100k€2 to 1 MQ2. During simulation, the SPAD is normally replaced by a model shown in Fig. 7.2
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Fig. 7.4 Voltage drop (top) and current density (bottom) vs. time in the various phases of an
avalanche in log scale. Avalanches triggered in the center (solid line) and in the edge (dashed
line) of the diode are shown. The superimposed lines represent current densities 0, 1, 5, 10, and
15 wm away from initiation, respectively

the thresholder’s transistor gate, and 100 fF from the diode capacitance. The initial
current densities were assumed to be 0 A /pum? for all element diodes, except for one
diode with a current density of 1.6 x 107% A/jum?/s, corresponding to the injection
of a single charge carrier. Photon-assisted spreading was ignored, as this diode is a
relatively small planar diode that is unlikely to have photon-assisted spreading.

The voltage drop across the SPAD is shown in Fig.7.4 as a function of time.
The voltage drop remains relatively small during the buildup phase, with a sizeable
increase only during the quench phase of the avalanche. Once the voltage drop is the
same value as the excess bias, ionization is assumed to have stopped. This occurs
after approximately I ns in this diode, while the voltage returns to zero during the
recharge phase.

The current densities for the element diodes, also shown in Fig. 7.4 as a function
of time, increase rapidly when the avalanche spreads to that particular region of
the diode. The saturated value of current density is limited by the space-charge
resistance; once a particular portion of the diode is space-charge limited, the voltage
drop across the current source should be the breakdown voltage. Because the
element diodes’ capacitances are small compared to the total capacitance, nearly all
of the ionization current exits the element diodes. After ionization ceases, a small
current will continue to exit the diodes, as the voltage across the diode capacitance
must also be recharged. The direction of the current is the same in both cases.
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Fig. 7.5 Current density after triggering: at 5 ps intervals during buildup (/eft); at 100 ps intervals
during spread and quench phases (right). The avalanche is triggered in the center. Due to symmetry,
the current density in the junction varies as a function of position to the avalanche initiation
triggering position

Figure 7.4 presents both an avalanche triggered in the center of the diode and on
the edge of the diode. As the diode initially sources less current when it is triggered
on the edge, the voltage drop is smaller and the avalanche spreads more quickly.
The difference in quenching time in this diode is approximately 200 ps; connecting
multiple thresholders and a picosecond-resolution time-to-digital converter (TDC')
to this diode would yield position sensitivity [14]. The current densities as a
function of distance are shown during the buildup and quenching/spreading phases
in Fig.7.5. In this particular diode, the buildup phase will last approximately 35 ps,
and the avalanche will have spread almost 1.5 um in all directions, with space-
charge limited current density in a circular area with a radius of approximately 1 pm.
The spreading and quenching phase will last around 1 ns.

The spreading speed of the avalanche will slow as the voltage across the
quenching resistance increases, as the later current density curves show. After
ionization ceases and recharge begins, the current density across the diode will
be uniform due to the recharge of the diode capacitance. In reality all of the
avalanche phases are based on statistical processes, and the presented, deterministic
curves only capture the essence of the expected case. Many factors, including
ionization noise, photon-assisted spreading, and environment variations, will change

'A TDC is a sort of chronometer capable of discerning pulse position with high precision.
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variable governing the ionization and spread. However, this example is useful for
the standard operating conditions of many SPADs and establishes a baseline for
functionality.

7.2.5 Pulse-Shaping

While many circuit architectures are possible for pulse-shaping, the majority of
published work contains a single comparator connected to the SPAD. In CMOS-
based circuits, this comparator is often a minimum-sized inverter or a thresholder.
The comparator will output a digital-level signal about the state of the SPAD. For a
SPAD with a simple resistance for a quenching circuit, the falling edge of the output
inverter’s waveform will signal an avalanche’s onset.

While a single sample of the waveform is sufficient for counting single pho-
tons and obtaining times-of-arrival, there is additional information in the output
waveform that can be obtained. As described earlier, the spread of the avalanche
can change the output waveform. For example, if a large-area SPAD receives an
enormous number of photons simultaneously, the voltage across the quenching
resistance will rise much more quickly than if a single photon was received. In a
similar fashion, if a SPAD has a rectangular active area with one side much longer
than the other, initial carriers injected at the edge of the major axis can create a
slower voltage rise than when injected in the middle. For specialized applications
requiring these types of information, circuitry often samples the output waveform
multiple times. This is most commonly done with a pair of thresholders with their
outputs connected to some sort of TDC.

SPADs that rely on multiple samplings of the output waveform are generally
named after their target application. Compensated SPADs are used to compensate
for changes in the SPAD’s output waveform for the number of impinging photons
[11]. As previously described, when a large number of photons are incident on a
large detector in a small time window, the current in the SPAD will increase much
more quickly than otherwise. For jitter-sensitive applications, such as 3D imaging,
this effect can create time-of-arrival (TOA) differences in the 100 s of picoseconds.
Compensated SPADs are a subclass of photon-number-resolving SPADs, which
sample the output waveform to gain information about the number of impinging
photons [12].

Position-sensitive SPADs have been shown that use the rise time of the waveform
to obtain information about the initiation location of the avalanche [13]. There are
a number of effects that make these detectors less useful and more difficult to use
than one might imagine. The avalanche spread slows as the avalanche quenches,
creating different position sensitivity in the diode’s middle than on the edges. In a
symmetric diode, only the position from the center may be available. For example,
in an elliptical diode with a minor axis that is short compared to the major axis,
photons triggered at either edge of the major axis will produce the same output
waveform.
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Fig. 7.6 Band diagram of a SPAD junction. Squares represent traps caused by lattice defects. The
sources of dark counts are: thermal noise (1), trap-assisted noise (2), afterpulsing (3a and 3b),
trap-assisted tunneling (4), tunneling-assisted (5) noise. After [1]

7.2.6 Uncorrelated Noise: Dark Counts

Dark counts are a source of intrinsic noise in SPADs, and are generally characterized
in terms of the dark count rate (DCR), that is the number of avalanches occurring
in a SPAD when there is no light impinging on the active area. DCR sources can be
roughly classified into thermal noise, trap-assisted sources, and tunneling-assisted
sources, though sources such as trap-assisted tunneling may fall into both categories.
A graphical representation of the noise’s relation to the energy bands is shown in
Fig.7.6.

The amount of tunneling-assisted noise is strongly dependent on the doping of
the junction and excess bias, and only weakly dependent on the temperature. This
type of noise has been shown to be problematic when working with deep submicron
CMOS processes, though its effects have been mitigated at the 130 nm node by using
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existing or modifying doping profiles of implants as appropriate [14]. Whether or
not the effects will be severe in SPADs in more advanced CMOS processes remains
to be seen, though progress has been made in CMOS processes with a feature size
of 90nm [15]. SPADs can be constructed with very little tunneling-assisted noise in
older CMOS processes, especially in 0.35 wm and 0.8 um processes [16, 17].

Trap-assisted noise depends strongly on both the CMOS process and the temper-
ature. Traps are lattice defects in silicon that can hold and release carriers. Traps are
most prevalent near the surface, and can also be problematic near isolation layers,
such as shallow trench isolation (STI). STI-based guard rings can have prohibitive
amounts of trap-assisted noise due to their introduction of a trap-laden surface next
to the depletion region. For diodes without enormous amounts of tunneling-assisted
noise, the trap-assisted noise will limit the noise level above a certain temperature,
and below this temperature the tunneling-assisted noise will dominate.

The DCR in SPADs is known to have a long tail; that is, a few noisy pixels
source most of the dark counts [2]. Care must be given when examining the median
and mean DCR, as the median can hide the poor performance of these noisy
pixels. Whether or not a SPAD is “too noisy” depends on the target application
and the SPAD construction. Photon-starved applications require lower noise rates.
It is nearly impossible to predict DCR in SPADs without prior fabrication. The
concentration of traps, for example, can vary significantly from process to process,
as it depends on the doping levels and annealing steps in the CMOS process.
Some environments, such as radioactive ones, will cause the number of traps to
increase over time [18]. However, traps can also be used in the characterization
and stabilization of DCR. Overall, noise rates in the single-digit MHz per square
millimeter range are quite common for CMOS-based SPADs at room temperature
[19]. At a noise rate of 5MHz per square millimeter, a 10 pm diameter circular
SPAD would have an expected DCR that is just under 400 Hz.

7.2.7 Correlated Noise: Afterpulsing and Other Time
Uncertainties

There are three main sources of correlated noise: afterpulsing, electronic crosstalk,
and optical crosstalk. Additionally, variations in dead time under high photon fluxes
is covered in this section, as it causes signal distortion that is correlated with the
count rate.

7.277.1 Afterpulsing

During the later portion of the recharge phase, sufficient excess bias exists such
that an injected carrier can cause another avalanche. This is problematic in silicon
detectors, as lattice defects can hold carriers after bursts of current and release
them on the order of nanoseconds [20]. This unwanted, correlated activity is termed
afterpulsing, and can have a significant effect in the first 50ns or so following an
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avalanche [21]. The effect is highly temperature dependent, with longer dead times
required for the same afterpulsing probability at very cold temperatures [22].

The recharge time thus becomes a trade-off between afterpulsing and detector
dead time. If the dead time is set too low, then after-pulsing becomes problematic.
If the dead time is set too high, then the detector spends too much time inactive
from recharge. The ideal dead time will vary with application, detector size, and
temperature. Using a quenching transistor instead of a quenching resistor allows the
dead time to be changed through a bias voltage to the transistor’s gate, which is a
common technique in CMOS-based SPADs [18].

7.2.7.2 Optical and Electrical Crosstalk

A large number of free carriers are generated during an avalanche. Some of
these carriers will recombine and create additional photons that can cause optical
crosstalk. This effect is most significant in large diodes with small separation
distances. Large diodes have larger parasitic capacitances, increasing the number
of carriers involved in an avalanche that increases the chance of generating a photon
by recombination. Smaller separation distances imply that any recombination-
generated photon is less likely to be absorbed before impinging on the next SPAD.
Optical crosstalk probabilities higher than 20% have been measured in tightly
packed SPAD arrays [23]. Some silicon photomultipliers include optical isolation
of SPADs to lower this probability [24]. At the other end of the range, a CMOS chip
with pixels containing a well-isolated SPAD and logic will have negligible crosstalk,
as has been observed [5].

Further reduction of the number of avalanching carriers may be best achieved
by reducing the active area of a SPAD, and thus its capacitance at a cost of lower
fill factor if the pixel pitch is kept constant. Figure 7.7 shows the impact of a pixel
near saturation onto the neighboring pixels at their nominal DCR values, indicating
immeasurable crosstalk in the array structure of the design in [16].

2.0M

Fig. 7.7 Crosstalk measured
in a 32 x 32 array of 500.0k
low-pitch passively recharged
pixels, when the center pixel
is selectively illuminated near
saturation with an optical
fiber [16]
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When multiple p + —n junctions are located in the same n-well, or several p—n+
junctions sit on the substrate, the hot carriers exiting the depletion region can bounce
around the substrate, eventually being injected into the depletion region of another
diode. This effect is electrical crosstalk. Electrical crosstalk has been found to be
negligible in CMOS-based arrays when each SPAD is isolated in its own well [5].

Crosstalk can be measured experimentally by observing the correlation between
events in two diodes; it is quite difficult to separate observation of optical and
electrical crosstalk. To estimate the optical crosstalk probabilities, three things are
needed. First, the geometries of the two SPADs under question are required. Second,
the photon emission rate per charge carrier must be known, along with the number
of carriers involved in the avalanche. Finally, the spectrum of emitted photons must
also be known.

7.2.7.3 Charge Pile-Up

As mentioned earlier, avalanches can occur during the recharge phase, causing
distortions in the dead time and also count rate. This effect is commonly called
charge pile-up. Pile-up causes a much faster saturation of counts than would be
expected. With a dead time of 1 s, a saturated count rate that is less than 10% of the
maximum 1 MHz value has been observed, though the count rate can be linearized
to closely match the expected value [14]. The effect will significantly distort the
SNR and needs to be considered when the SPAD is operating with a count rate that
is a sizeable fraction of the maximum count rate. The statistics of this effect have
been studied, with possible compensation.

7.2.8 Sensitivity: Photon Detection Probability

If light creates the avalanche-initiating electron—hole pair, the initial carrier depth
is a strong function of the photon’s energy, and hence its wavelength. A photon’s
absorption depth in silicon is an exponential process when the photon energy is
larger than the band-gap. The large difference in absorption depth in silicon, shown
in Fig. 7.8, is caused by silicon’s indirect band-gap. In indirect band-gap materials,
phonons must also impart some energy for electron—hole pair generation. This is
not the case for direct band-gap materials. The photon detection probability (PDP)
analysis for silicon is easily extendable to other materials if the mean absorption
depth in that material is known as a function of the incident photon energy.

Due to the fixed location of the depletion and multiplication regions in most
silicon SPADs, there is an ideal mean absorption depth for photons. Light with a
mean absorption depth that is too small, such as ultraviolet (UV) light, will create
carriers too close to the surface. These carriers will probably recombine before
reaching the multiplication region. Light with a large mean absorption depth, such
as infrared light, either will create electron—hole pairs too deep in the silicon, or
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will not create the pairs at all. For planar silicon detectors, the ideal wavelength is
usually blue light with a wavelength in the 400-500 nm range. Other materials, such
as SiC or InGaAs/InP, shift the optimal wavelength into the UV or infrared.

The PDP can be calculated if the avalanche probability as a function of electron—
hole pair creation is known. This section will present such a calculation based on a
model derived from [25]. This function will be denoted as p(z). Combining p(z)
with the probability of electron—hole pair generation at that depth by a specific
wavelength of light will yield the PDP for that specific wavelength. Calculating
p(2) in the multiplication region is straightforward in a numerical manner when the
ionization coefficients as a function of depth are known. The ionization coefficients
of silicon have been experimentally measured as a function of the electric field. The
electric field can be calculated if the doping levels are known, and for a well-based
SPAD in silicon the doping levels can normally be calculated from the breakdown
voltage. Thus, the breakdown voltage, in tandem with assumptions about the diode
construction and measured results from the literature, gives sufficient information
to calculate the PDP.

Once the ionization coefficients are known, p(z) is calculated as follows for a
p+-n SPAD with the same ionization coefficients of electrons and holes, though the
extensions to an p—n+ SPAD or a SPAD with different electron and hole ionization
coefficients is straightforward. Let p.(z) and pp(z) be the respective probabilities
that an electron and hole at a depth z trigger an avalanche. For an electron-hole
pair, p(z) is the probability that the hole or the electron generate the avalanche, with
P(@) = pe(z) + pn(2) = pe(2) pu(2).

The value of p(z) is related to the value of p(z 4+ dz) by the probability that
the electron does or does not ionize and generate an electron-hole pair between
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z and z + dz. If “A” signifies a ionization-generated carrier causing an avalanche
and “B” the initial carrier causing an avalanche, then P[avalanche] = P[A or B] =
P[A] + P[A] - P[B|A]. The electron will ionize between z and z + dz with probability
a(z) - dz, so the probability of an avalanche caused by a generated carrier is P[A] =
a(z) - p(z) - dz. Note that the generated carriers are assumed to be created at a depth
of z, although if they were created instead at z 4+ dz the difference would vanish.
Statement B is independent of A, as ionization will not significantly alter the electric
field, thus implying that P[A] - P[B|A] = (1 — a(2) - p(z) - dz) pe(z + dz). Thus, the
equation relating p.(z) to p.(z + dz) is:

Pe(2) = a(2) - p(z) -dz+ (1 — a(z) - p(z) - dz) pe(z + dz). (7.12)

A differential equation for d p.(z)/dz can be found by rearranging the terms above
and taking the limit as dz goes to zero, as

dpgz(z) =a(2) - p(2) - (pe(z) — 1). (7.13)
Similarly, for holes
dP;Z(Z) = 2@ p() () — 1. (7.14)

Assuming the depletion region starts at zo in the p+-doped side and ends at z;
in the n-doped side, the boundary conditions to the solution of (7.13) and (7.14)
are pp(zo) =0 and pe(z;) =0. To estimate the equations’ solutions, p.(z;) = 0
can be swept from O to 1, with numerical analysis yielding p.(z), pn(z), and p(z)
for z between zo and z;. For the initial value of p.(z), which gives p.(z1) = 0,
the boundary conditions will be met and values for all p functions will be known
between zy and z;.

If the electron—hole pair is generated outside of the depletion region, then the
triggering probability will vary depending on the generation location. For example,
carriers generated in the well will increase the PDP, but at the expense of distortions
in the timing jitter [18]. In this instance, it will be assumed that p(z) varies linearly
between 0 at the surface and p(zp), and that p(z) is O everywhere else. There is
an additional effect that merits mention. There is material between the air and the
surface of the SPAD, commonly called the optical stack. Materials such as silicon
dioxide do not have uniform transmittance curves, and extremely accurate PDP
calculations should include the effects of the optical stack.

Finally, since the triggering probability as a function of electron-hole pair
generation depth is known, and the probability density function of pair generation
at that depth is known for any particular wavelength, the PDP at a particular
wavelength is the integral of the product of the triggering probability function with
the PDF for that particular wavelength. Theoretical PDP curves are shown in Fig. 7.9
for a p4-—n junction at a depth of 200 nm with a breakdown voltage of approximately
18.9 V. Ionization coefficients are taken from [26].
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Fig. 7.9 Modeled photon detection probability vs. applied voltage for impinging light with a
wavelength of 425 nm (left) and vs. wavelength at an excess bias voltage of 3V (right)

7.2.9 Wavelength Discrimination

When the depth of a SPAD’s junction is increased, sensitivity to blue light will
decrease more quickly than sensitivity to red light. This technique can be used
for wavelength discrimination between junctions at different depths, and SPADs
with different junction characteristics on a single chip have been realized [27].
In addition, modulating the excess bias will change the avalanche probability as
a function of electron—hole generation depth, and allow some portion of wavelength
information to be extracted from a single junction [28]. However, the first method is
strongly dependent on the CMOS process having the correct layers for two different
types of SPADs, and it can only discriminate a small number of wavelengths, while
the second technique is not very sensitive due to the small fluctuations in PDP ratio.
Of course coupling with optical filters or prisms can create wavelength sensitivity
in a particular system that utilizes SPADs. Optical pass-band filters are especially
common in 3D imaging, as they allow the rejection of background light.

7.3 Fabricating Monolithic SPADs

7.3.1 Vertical Versus Planar SPADs

There exist two main implementation styles for both APDs and SPADs. In the first
style, known as reach-through APD (RAPD), one builds a p4— —p-n structure [3].
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When reverse biased, the depletion region extends from the cathode to the anode.
Thus, the multiplication region is deep in the p/n+ junction. Due to the depth of
the multiplication region, this device is indicated for absorption of red and NIR
photons up 1.1 wm (for silicon). Since the photoelectrons drift until they reach the
multiplication region, a larger timing uncertainty is generally observed.

The second known implementation style is compatible with planar CMOS
processes, and it involves shallow or medium depth p or n layers to form high-
voltage pn junctions. Cova and others have investigated devices designed in this
style since the 1970s, yielding a number of structures [2]. All these structures have in
common a p—n junction and a zone designed to prevent premature edge breakdown
(PEB). An example of the early structures is shown in Fig.7.10. In [31], n + /p+
enrichment in p-substrate was used, while PEB was prevented by confining p+
enrichment to the center of the APD.

More recently, many authors have developed devices using dedicated planar
and nonplanar processes, achieving superior performance in terms of sensitivity
and noise. A good example is the work of Kindt [32]. The main disadvantage
of using dedicated processes is generally the lack of libraries that can support
complex functionalities and deep-submicron feature sizes, thus limiting array sizes.
An interesting alternative is the use of a hybrid approach whereby the APD array and
ancillary electronics are implemented in two different processes, each optimized for
performance and speed, respectively [33]. If the ancillary electronics is implemented
in CMOS, high degrees of miniaturization are possible. The price to pay is increased
fabrication complexity.

7.3.2 Implementation in Planar Processes

7.3.2.1 Premature Edge Breakdown

Implementing a SPAD in a planar process first involves finding a way to prevent
PEB. PEB consists of spurious, preferential avalanching on the periphery of the
SPAD active area, thus causing a drastic reduction of sensitivity. Several techniques
exist to implement PEB prevention. In essence, the techniques have in common the
reduction of the electric field at the edges and/or the increase of the breakdown
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voltage locally, so as to maximize the probability that the avalanche is initiated in
the center of the multiplication region. This is the region where the critical electric
field for impact ionization is reached and, possibly, exceeded.

In Fig.7.11, four of the most used structures are shown. In (a), the n+ layer
maximizes the electric field in the middle of the diode. In (b), the lightly doped p—
implant reduces the electric field at the edge of the p+ implant. In (c), a floating p
implant locally increases the breakdown voltage. With a polysilicon gate, one can
further extend the depletion region (gray line in the figure). Finally, in a process
with trenches it is possible to decrease the electric field using the geometry of
solution (d). When trenches are used, one needs to adopt techniques to prevent
traps accumulated in the trench during fabrication from inducing PEB. An effective
technique proposed in [16] consists of using several layers of doped semiconductor
material with decreasing doping levels from the trench to the multiplication region.
The purpose is to achieve short mean-free paths close to the trench, thereby forcing
carriers generated there to recombine before reaching the multiplication region.

The structures of Fig.7.11(a)—(c) are indicated in a number of CMOS technolo-
gies, while a trench-based structure (d) is mostly appropriate in deep-submicron
CMOS technologies, where deep and medium tubs are not available without a major
change in the fabrication process. In the remainder of the chapter, we focus our
attention on schemes (b) and (d) because they require, in general no modifications
to the process and thus enable the design of large SPAD array chips in standard
CMOS technologies.

7.3.2.2 Quenching and Recharge Implementation

Upon design of a p—n junction capable of withstanding relatively high voltages and
whereby PEB is practically prevented, the device may be biased above breakdown
into Geiger mode. As discussed earlier, in this mode of operation the avalanche must
be quenched to prevent destruction of the device. There exist a variety of avalanche
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Fig. 7.12 SPAD cross-section in a conventional CMOS process (/eft); passive quench and recharge
circuitries, as well as pulse shaping (right)

quenching techniques, active and passive, that perform this task. In active methods,
the avalanche is detected, generally using a thresholder as described earlier, and
stopped by acting on the bias. In passive methods, the p—n junction bias is self-
adjusted, for example, by a ballast resistor. Recharge can also be active and passive.
In active recharge, the bias across the diode is reestablished by a switch activated by
an avalanche detector. In passive recharge, the ballast resistor performs this task.

Figure7.12 shows the cross-section of a SPAD and simple circuitry to perform
passive quenching and recharging. Upon photon detection, buildup and spread
force a current through the device and the ballast resistor; this in turn develops a
voltage drop that significantly raises voltage V' (¢). Upon quenching, recharge begins
bringing the device back to the idle state. This process generates a current pulse that
is converted to a digital voltage level by means of a pulse shaping circuitry, also
shown in the figure. The pulse shaper is also acting as an impedance adapter to
drive the load of the column readout often employed in a SPAD matrix.

The ballast device may be implemented as a resistor or as an active element
acting as a nonlinear resistor (M, in Fig.7.12). Assuming that the latter can be
approximated as a linear element, recharge voltage V' (t) yields:

V() ~ Vee T 1 > 1, (7.15)

where R and C are estimated overall resistance and capacitance to the ground at the
cathode, and Vg is the excess bias voltage, that is the voltage above breakdown at
which the SPAD is biased. Time ¢, is the instant at which the quenching is complete.
Upon proper selection of the bias (the signal BIAS in Fig.7.12), My may also
be operated in active mode, thus causing a controlled recharge. When controlled
recharge is applied, V(t) becomes:

I cv
V(t) ~ Ve — ~(t —10), tg <1 <1y + —2, (7.16)
C In
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Fig. 7.13 SPAD recharge mechanisms: passive (left), single-slope active (right), and double-slope
active (center)

where Iy is the current discharged by M, of Fig.7.12. In reality, the transistor may
not be operated in strong inversion throughout the recharge, and thus (7.16) is only
an approximation. The accuracy of this approximation is discussed in the literature.

The advantage of using an active recharge is a better control of the detection cycle
and in particular of the overall time spent during quenching and recharge, known
collectively as dead time. Furthermore, active recharge can also be performed in
multislope mode to allow for a precise control of dead time over larger SPAD
arrays, thus improving overall detection uniformity, especially in high illumination
regimes. Figure 7.13 shows three typical recharge profiles. Passive recharge is the
most commonly used technique, while active recharge is used in many devices
whereby the recharge process has to respond to specific requirements. Figure 7.13
also shows two types of active recharge known as single- and double-slope active
recharge. Single-slope recharge is simple to implement requiring only one bias per
SPAD. In double-slope recharge [34], the SPAD’s dead time is effectively controlled
by time g at which the second slope is activated. If the voltage Vx achieved at this
point still disables the avalanche, then it is guaranteed that the device is still in dead
time regime. Thus, the dead time can be triggered by one properly timed control
signal, and thus it is independent of R.

Dead time is an important parameter, as it determines the maximum count rate
of a detector and thus the saturation intensity. A variety of active quenching and
recharge circuits can be found in the literature whereby the differentiating factors
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Table 7.1 Comparison of CMOS SPAD performance for a variety of published devices

Measurement 0.8pum [17]  0.35pum [20] 130nm [16] 130 nm [42] Unit
Timing jitter (@ 637 nm) 822 80 125 200 ps
DCR (@ 300K) 350 (Vg:5.0V) 750 (Vg: 3.3V) 220 (Vg: 2.0V) 1,221 (V:0.6V) Hz
Active area 38 78 58 50 pwm?
Mean DCR per active area 9.2 9.6 3.8 24.4 Hz/pm?
Breakdown (Vgp) 255 17.4 12.8 14.4 \%
Dead time <40 40 100 100 ns
PDP @ 460 nm 26 (VE:5.0V) 40 (Vg:3.3V) 26 (Vg:2.0V) 17.5(Vg: 0.6V) %
EM spectrum (PDP > 1%)  380-900 350-1,000 380-900 350-1,000 nm
Technology CMOS CMOS CMOS CMOS -

4Recently improved measurement

are complexity as well as dead time programmability and stability. One of the most
important considerations in the selection of the best possible recharge mechanism is
simplicity, which is of particular importance when it comes to miniaturization.

7.3.3 SPAD Nonidealities

Individual SPADs are characterized by a number of performance measures dis-
cussed earlier. In this section, these measures are summarized in terms of sensitivity,
measured as PDP, noise performance, measured a rate of spurious pulses due to
thermal events or DCR. Other parameters include timing jitter, also known some-
what inappropriately as timing resolution, afterpulsing probability, and, as men-
tioned earlier, dead time. These parameters have appeared in the literature for indi-
vidual SPADs implemented in a variety of CMOS processes [15-17,19,33-39,48].
Some performance parameters found in individual SPADs are described in Table 7.1
for four different implementations in CMOS submicron and deep-submicron
processes achieved by the researchers of our group.

As mentioned earlier, the physical process underlying afterpulsing has been
thoroughly researched in the literature. More details on afterpulsing characterization
can be found in [16,21,43] for the devices described in this work.

7.3.4 SPAD Array Nonidealities

When implemented in an array, other performance measures become relevant to the
quality of the imager. Besides dead time uniformity, timing jitter uniformity and
PDP uniformity, as well as DCR uniformity and crosstalk have to be accounted for
and properly characterized. Figure 7.14 shows the dead time and PDP uniformities
achieved in a 32 x 32 pixel array implemented in a 0.8 um CMOS process [17].
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Fig. 7.14 PDP (left) and dead time uniformity (right) in a 32 X 32 array of low-pitch passively
recharged pixels [17]
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Fig. 7.15 PDP in a SPAD implemented in 130 nm CMOS process as a function of wavelength and
excess bias [16]

PDP of course will also be a function of the input wavelength as derived in the
earlier sections. Due to the band-gap of silicon, in CMOS SPAD implementations,
the sensitivity range is mostly in the visible spectrum, with somewhat reduced near
infrared and near UV PDP.

Figure 7.15 shows a plot of PDP as a function of wavelength for various values
of excess bias voltage Vg for an implementation of SPADs in 130 nm [16].

Figure 7.16 shows the timing jitter on a SPAD implemented in 0.35 pm CMOS
technology. In the inset of the figure, the uniformity of such jitter can be seen in
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Fig. 7.16 Timing jitter performance reported in [36]. The inset shows the FWHM timing jitter
over a 2 mm sized array of SPADs

an array of pixels integrated on the same chip measured by exposing the chip to a
cone of light from a pulsed laser source. In this case, a femtosecond Ti:Sapphire
laser source doubled to achieve a wavelength 488 nm was used. The uniformity in
time is also very important, especially in photon-starved applications whereby long
measurements may be needed to reach good accuracy.

Crosstalk issues were discussed earlier and a plot of measured crosstalk in a
monolithic SPAD array implemented in 0.8 um CMOS process is shown in Fig. 7.7.
Afterpulsing is well reported in the literature. Afterpulsing in submicron CMOS
SPADs is characterized in detail [20,36]. The variation of afterpulsing across a large
array is generally contained due to the lithographically well-matched geometries
that ensure well-matched capacitances among SPAD pixels and thus a tight control
on the number of charges involved in avalanches.

7.4 Architecting SPAD Arrays

7.4.1 Basic Architectures

SPADs are dynamic devices generating a digital pulse upon detection of a photon.
Unlike conventional diodes, they cannot hold a charge proportional to the overall
photon count. Photopulses must be counted in situ or read outside the image sensor
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and counted externally. Due to their reaction speed and low timing uncertainty,
SPADs are most appropriate for photon TOA evaluation. However, even this
operation must be performed upon photon detection. To address this problem,
researchers have adopted a number of architectures that take advantage of the low
propagation delay or high level of miniaturization achievable in standard submicron
and deep-submicron CMOS technologies.

The currently available architectures are differentiated based, respectively, on
processing and readout mechanisms: (1) on-chip, whereby processing is shared
among all pixels and random-access or sequential readout is used; (2) in-column,
whereby processing is shared among clusters of pixels, for example, columns,
through event-driven mechanisms, and cluster-based readout is used; (3) in-pixel,
whereby processing is pixel-specific and the result is saved locally; parallel or
random-access readout is subsequently performed.

When any kind of sharing is used, trade-offs between pixel utilization, col-
umn/cluster size, and detection bandwidth are generally the result. In these cases,
understanding application specifications is key to an appropriate use of the available
techniques. We present a few examples hereafter as exemplifications of various
architectures.

7.4.2  On-Chip Architecture

An example of an on-chip architecture is the design proposed in [17]; it comprises a
matrix of 32 x 32 pixels, each with an independent SPAD, a quenching mechanism,
pulse shaping, and column access circuitry. The readout scheme was based on
random access whereby all time-sensitive operations had to be performed off-chip,
and an overall jitter as low as 70 ps was measured on a pixel while the entire array
was operating. An IRF of 79 ps was measured in [44]. The block diagram of the
imager and the pixel schematic are shown in Fig. 7.17. The micrograph of the chip
is shown in Fig. 7.18.

[“omrmosoz|
L

J L

| COLUMN SELECT |

Fig. 7.17 Block diagram and pixel schematic of the 32 x 32 SPAD array with random access
readout
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7.4.3 In-Column Architecture

Among in-column architectures, at least two variants were devised to address the
readout bottleneck. The first, known as event-driven variant, consists of using the
column as a bus that is addressed every time a photon is detected. The address of
the row where the photon was detected is sent to the bottom of the column where the
TOA is evaluated, either off chip [21,36] or on chip [19,45]. The second approach,
known as latchless pipeline [46], uses the column as a timing-preserving delay
line. Every photon triggers a pulse that is injected onto the pipeline at a precise
location that corresponds to the physical place where the pixel is situated. The row
information is thus encoded in the timing of the pulse arrival at the end of the
pipeline, thus it can be sequentially reconstructed by a single TDC at the bottom
of the column. The TDC will also detect the exact TOA of the photon within a
predefined window of time.

Figure7.19 shows a schematic of the injection mechanism at each pixel. The
avalanche current is sensed and converted into a digital voltage pulse, as before, by
a properly designed inverter. The L to H transition at the inverter’s output pulls down
node “X” through transistor 7pp and resistor Rpy, provided that gating transistor T
is enabled by signal “GATE.” The anode of the diode is intentionally set to a negative
voltage, as before. T, was sized for a dead time tpt of 40 ns and by choosing a gating
window tg that satisfies inequality 7 < tp < tpr. When there is no activity on the
preceding delay line, signal “VIN;” is at logic level L; hence, the gate of source-
degenerated transistor Tpp is L, thus the impedance at node “X” is dominated by the
impedance at the drain of 7pp. When a photon is detected, a pulse is originated at
this point and it is propagated toward the remainder of the delay line. When there is
activity on the delay line, a logic transition L to H on “VIN;” occurs, thus causing
“X” to become a low impedance node. During this time, any photon detection in this
stage will have no effect on traveling pulses but it will inject spurious pulses onto
the line when it is at logic level L, hence the need for gated SPAD operation. To
avoid ghost pulses, an appropriately sized NMOS was added to the cathode of the
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Fig. 7.20 Integrated version of the latchless pipeline implemented in 0.35 pum CMOS technology
[46]

diode. A simplified timing diagram to operate the eight-stage delay line is shown in
the inset of the figure. Controls “BIAS” (transistor 7) and “TUNE” are used for
coarse- and fine-tuning of the delay line, respectively. The goal is to compensate for
technological variations and temperature.

A chip implementing the concept for a 128 x 2 SPAD array is shown in Fig. 7.20;
the architecture was implemented in 0.35 um CMOS. The chip also includes a
single SPAD line for 8-bit time-uncorrelated photon counting.

7.4.4 In-Pixel Architecture

To the best of our knowledge, the first CMOS designs implementing massively
parallel in-pixel single-photon processing were RADHARD?2 [21] and SPSD [34].
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Fig. 7.21 Schematic diagram of the RADHARD? pixel with an embedded counter. The content
of the counter is read out using a simple pull-down transistor, and it may be set and reset using
appropriate controls

RADHARD?2 comprises a matrix of 32 x 32 pixels, each equipped with an
independent counter. The content of the counters is read out in rolling shutter mode
at very high speed, thus use of the chip in moderate time-resolution imaging, such
as fluorescence correlated spectroscopy (FCS), is possible on a much larger pixel
scale than earlier attempts [47].

In this design, the avalanche voltage is sensed by M2 that forces the latch to logic
level “1.” Transistor M7 acts as pull-down of the column line that is kept high by
resistor Rpy, while M6 is the row selection switch, controlled by “RowSEL.” When
the column is pulled down, a buffer (not shown in the schematic) controls a pad
and the output of the chip for that column is interpreted as a photon detected in the
previous interval of time. Transistors M4 and M5 are controlled, respectively, by
column line (“ColSET”) and row line (“RowSET”) to force the static memory of a
specific pixel to logic level “1,” irrespective of the SPAD state, for testing purposes.
MS is used to operate a global or row-based reset via signal “gRESET,” whereas M3
prevents memory conflicts in case of a SPAD firing during reset. SPAD quenching
and recharge are performed by transistor M1 that can be adjusted globally via
signal “BIAS,” so as to select a proper trade-off between dead time and afterpulsing
probability. The pixel comprises ten NMOS and only two PMOS transistors, thus
enabling minimization of the NWELL surface, hence ensuring a pitch of 30 pum
(Fig.7.21).

The chip micrograph is shown in Fig. 7.22. The inset also shows a detail of the
pixels and their column data readout interconnect and row-wise control lines. To
construct images with multibit gray levels, a high-frequency readout was put in
place capable of reading an entire 1-bit frame in 2.88 s [21].
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Fig. 7.22 Photomicrograph
of RADHARD2, a 32 x 32 AR IR I!.ll IR IN NI
parallel-counting pixel array s
implemented in 0.35 um
CMOS technology. The inset
shows a zoom of 4 X 4 pixels
[21]

Fig. 7.23 Photomicrograph
of MEGAFRAME, a 32 x 32
pixel array, capable of
performing one million TOA
evaluations per pixel per
second at 119 ps time
resolution

7.5 Trends in Monolithic Array Designs

More recently, with the implementation of the first SPADs in 130nm CMOS
technologies [37, 42] and 90nm [48], it has been possible to integrate more
functionality on pixel. The pixels of the array in the MEGAFRAME project for
example comprise a multibit counter and a picosecond resolution TDC [49, 51]
or time-to-amplitude converter (TAC) [50]. One of the early implementations
of the MEGAFRAME concept comprises an array of 32 x 32 pixels each of
which is capable of performing TOA measurements with picosecond resolution
and digital photon counting; it was conceived to operate both in time-correlated
single-photon counting (TCSPC) and in time-uncorrelated photon counting (TUPC)
modes. Figure 7.23 shows a photomicrograph of the chip.

The MEGAFRAME potential has been demonstrated in a number of applications
involving time-resolved imaging, such as fluorescence lifetime imaging microscopy
(FLIM) [49-51], operating in TCSPC mode, thanks to its high timing resolution and
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readout speed. TUPC has also shown to be effective in FCS applications, whereas
other chips, such as RADHARD2, have been employed successfully [52].

More recently, the MEGAFRAME project has evolved toward higher lateral
and time resolutions with the design of a new sensor comprising 160 x 128 pixels
capable of 55 ps time resolution [52, 53]. The design includes a phase-lock loop
stabilized 10-bit TDC array with an IRF of 140 ps (FWHM).

7.6 Conclusions

In this chapter, we have introduced the fundamental mechanisms at the basis of
monolithic SPADs with a particular focus on devices implemented in a planar
CMOS process. We have outlined the challenges of implementing SPADs in deep-
submicron CMOS technologies. Finally, we have covered the issues related to large
SPAD arrays and the development of high-performance devices.
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Chapter 8
Single Photon CMOS Imaging Through Noise
Minimization

Boyd Fowler

Abstract This chapter presents the theory and circuitry necessary to build CMOS
image sensors with single photon detection capability. The chapter begins with the
basic theory of CMOS image sensor photon detection. Then a discussion about
additive noise systems and the sources of noise in CMOS image sensors is presented.
Signal amplification and bandwidth control in low-noise CMOS image sensors are
also discussed in detail. Then two complete architectures for photon counting are
presented. Finally, various methods for optimizing the performance of low-noise
CMOS image sensors are reviewed.

8.1 Introduction

Noise sets the fundamental detection limit on CMOS image sensors. In order to
overcome this barrier and measure individual photons, CMOS image sensors must
either multiply the incoming photons or photo-generated carriers or reduce the read-
out noise. Devices such as EMCCDs and SPADs, discussed in the previous chapters,
multiply photo-generated carriers to achieve photon-counting performance. In this
chapter we focus on CMOS image sensors (CIS) that reduce the additive noise
components to a level where individual photo-generated carriers can be detected.

Readout noise can be separated into two components, fixed pattern and temporal.
Fixed pattern noise is a pixel to pixel, i.e., spatial, variation in either offset or gain.
Fixed pattern noise does not change as a function of time. Temporal noise is the
frame to frame variation of a single pixel without any illumination. The distribution
of temporal noise also typically varies from pixel to pixel. In this chapter we will
concentrate on temporal noise.

Temporal noise is added to each circuit in the signal path starting at the photo-
detector. Each additive noise component further degrades the signal, making it more
difficult to achieve single photon-counting performance. Although, many circuit
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techniques can be used to minimize these noise components they to do not come
without a cost. Noise reduction always requires tradeoffs of silicon area, speed,
power dissipation, design complexity, and cost or risk. No one solution fits the
needs of all sensors or applications. Throughout the remainder of this chapter we
will explore these tradeoffs.

There is a large body of literature which presents specific circuits and methods
for reducing temporal noise in CMOS image sensors [1-13]. In this paper, we
construct a general framework for understanding these results. All of these circuits
and methods use a capacitive detector to measure the amount of photo-generated
charge in a specific pixel. The voltage generated by the capacitive detector is then
amplified and transmitted across the chip to an analog to digital converter (ADC).
The ADC could be located either on or off chip. Throughout the remainder of the
chapter, we will focus on the signal path from photo-detection to the ADC. Low-
noise ADC techniques will be covered in another chapter. A block diagram of a
typical CIS is shown in Fig. 8.1 with the low noise signal path highlighted in red.
DCB is an abbreviation for digital control block. The goal of this chapter is to
explain how various CIS architectures can achieve single photon-detection.

This chapter is organized as follows: Sect. 8.2 describes the basic theory of
the CIS photon detection, additive noise systems, and the noise sources in CIS.
Section 8.3 discusses the roles of signal amplification and bandwidth control on
the low-noise CIS. Section 8.4 describes two architectures for photo-counting
CIS. Section 8.5 describes methods for optimizing the performance of low-noise
CIS to achieve single photon-detection, and the final section provides summary
conclusions.
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8.2 Theory

In a CIS, photons are converted to electron—hole pairs through the photo-electric
effect, and the resulting photo-generated carriers are integrated by the photo-
detectors in each pixel. Charge is transferred from the photo-detector to a capacitor
in each pixel and converted to a voltage. Typically, this voltage is then amplified,
filtered, digitized, multiplexed, and finally read out of the sensor.

The probability of detecting a photon is the product of three factors: the quantum
efficiency (QE) of the detector, the probability that a photo-generated carrier will
be collected by the photo-detector where it was generated, and the probability of
detecting the carrier after it is collected by the photo-detector.

In this section we formulate a model for QE and MTF to understand the
probability of collecting a photon and the probability that a photo-carrier is collected
by the right photo-detector. Then we derive the probability that a collected photo-
carrier is detected by the sensor. Then we discuss the performance of systems with
additive noise sources, and finally, we review the primary noise sources in CIS.

8.2.1 QFE and MTF

The two primary optical factors that determine the low light performance of a CIS
are quantum efficiency (QE) and modulation transfer function (MTF) [14]. The QE
of the sensor is defined as the number of photo-generated carriers divided by the
number of incident photons of a specific wavelength (1), and the MTF is defined
as the Fourier transform of the point spread function at a specific wavelength is
MTE( f;, A), where f, is spatial frequency. The point spread function measures the
sensor’s response to an illumination spot that is much smaller than one pixel, i.e.,
the spatial impulse response. Both QE and MTF can be modeled using the same
methodology. In Fig. 8.2, we show a 2-D device model for a front-side illuminated
CIS. This model is intended to represent a standard pinned photo-diode pixel, where
the depletion region is buried below the surface to minimize dark current. The
optical stack in our model only has a planar dielectric, but in many CIS it also
includes a micro-lens, a color filter, and many different dielectrics. Figure 8.3 shows
the linear systems model that will be used to derive QE and MTF of a CIS. F(x)
is the monochromatic photon flux at position x the surface of the sensor, jyn(x) is
current density generated in the silicon, iyn(x) is the current collected by the photo-
detector, and x,, is the pixel pitch. The impulse response of this system is

h(x) = Td(x) % x, (xﬁ) (8.1)

p

where * is the convolution operator and

1 ifx] < 1/2,

0 otherwise.

n(x) = { (8.2)
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7T is the transmission of light through the dielectric stack, d(x) the diffusion of

carriers in the substrate, and x;, I (%) is the integration of photo-generated carriers
-p

in the pixel. The Fourier transform [15] of /(x) is

H(f.) = T D(fo)x;sinc(xp fo). (8.3)

where D( f,) is the Fourier transform of d(x), and

sinc( fy) = % (8.4)
Note that
TD(0) =gqn (3.5)

and therefore the generalized QE of the sensor is

n = 7?. (8.6)
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It can be shown that the transmitted energy of an electromagnetic wave normal to a
sensor surface, modeled by a stack of three dielectrics, is

iy —n2\’
T=1—(L) , 8.7)

nins +n§

where ny, n,, and ns are the indices of refraction for the first, second, and third
dielectric materials. For example, at 550 nm the real part of the index of refraction
of air, silicon dioxide, and silicon are 1, 1.455, and 4.0844, respectively, therefore
a front-side illuminated sensor will transmit about 82% of the normal incident
photons. When

T (8.8)

100% of the incident energy is transmitted to the silicon surface, i.e., 7 = 1. Note
that QE is also a function of incident illumination angle. A derivation of (8.7)
and a complete discussion of the propagation of electro-magnetic waves through
dielectrics is given in [16].

To find D( f,) we define

Jon(x) = Jop () + jgu (%), (8.9)

where ji (x) is the photo-current density due to generation in the depletion region
and jj, is the photo-current density due to generation in the quasi-neutral p regions.
Assuming a 1-D photon flux F(x) at z = 0 then

Z [Jpn (V)]

D(fv) = TF(fx) s

(8.10)

where .7 [ jon(x)] is the Fourier transform of j,u(x). The generation rate at (x, z) is
g(x,2) = e ©F(x), (8.11)

where y is the absorption coefficient of silicon at wavelength A.! Assuming that all
of the photo-charge generated in the depletion region is collected the photo-detector

then
J5) =g [
V4

P

Zd

' g(x,z)dz = qgF (x)(e™¥r — e X)), (8.12)
and

F g ()] = q(e™* —e ) F(fy). (8.13)

'Note that y = 4T”K, where « is the imaginary part of the index of refraction, i.e., 1 = n(1 + ix).
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Now we can determine jl;’h (x) by noting that

on,(x,z)
0z

ony,(x,2)

j;h(-x) = —qDn o=z, + an23—Z|z=zds (8.14)

where D, is the electron diffusion constant in the quasi-neutral p region above
the photo-detector, D,» the electron diffusion constant in the quasi-neutral p—
EPI region below the photo-detector, and 7, (x, z) is the photo-generated electron
concentration at (x, z). Note that, if we take the Fourier transform of (8.14) with
respect to x we find

o ON,(fr.z ON,(fx,2)
egf[Jph(x)] = _anl#|z=zp + an2%|z=zw (8.15)

To find n,(x,z) we need to solve the 2-D continuity equation [17] in steady state
above and below the depleted region, i.e.,

0%n %n n

where 7, is the recombination time of electrons in the quasi-neutral region. We have

assumed that there are no electric fields in the quasi-neutral region. At the edges of
the depletion region the boundary conditions are

np(-x7zp) = np(xvzd) = 07 (817)
and at the edges of the silicon they are

onp(x,0) _ 0np (X, Zepi) _
0z 0z

0. (8.18)

Taking the Fourier transform of (8.16) with respect to x we find

2
0=D, ((izﬂfx)sz(fx,z) + 33?’) 6. 619
where
G(fe?) = Plg(x.2)] = g FF (). (8.20)

Now we have a second-order differential equation with constant coefficients for N,.
Let 5
2 L n

Ly = Tr ey (821
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where L, = /D, 1, is the diffusion length of electrons in the quasi-neutral p region.
Then substituting into (8.19) we obtain

_ asz Np _ G(fx»Z)

— 8.22
072 sz. D, (8.22)
The solution for N, ( fy,z) with respect to z has the form:
Ny(fe.)) =cie 7 +ee 4+ aG(f2), (8.23)
and
L%
cs / (8.24)

B Dn(l - (XLf)z)'
c1 and ¢; are determined by the boundary conditions in (8.17) and (8.18). Then the

solution for N, is plugged into (8.15) and we have a solution for D( f). The MTF
of the system is

MTF(fx) =

D(fy) . 1
D(0) sinc(xp fr) Y [ fel < 2_xp’ (8.25)

where D( f)/D(0) is the diffusion MTF and sinc(x, f) is the geometric MTF.
Finally, the probability that a photo-generated carrier will be collected by the
photo-detector where it was generated is

Xp/2
P {photo-carrier collected by correct detector} = / ' F~HMTE( f,)]dx,
—xp/2
'/ (8.26)
where .Z ! [MTF( f,)] is the inverse Fourier transform of the MTF, i.e., the point
spread function.

MTF and QE are always tradeoffs, higher QE causes lower MTF and visa versa.
Figures 8.4 and 8.5 show simulated QE and MTF for a front-side illuminated CIS
with 100% fill factor 6.5um pixels assuming various p— EPI thicknesses. Thicker
EPI increases the chances of absorbing more photons, and thinner EPI reduces
the chance of the photo-generated carriers diffusing to adjacent pixels. A wider
depletion region increases the MTF without degrading the QE. These simulations
are based on the analysis methodology described in this section.

In this model we have assumed that the width of the depletion region is
independent of the total integrated charge and that the photo-electron concentration
is zero, i.e., n,(x,z) = 0, in the depletion region. Neither of these assumptions is
correct, but they do not significantly affect the model except when the depletion
region is almost as wide as the EPI thickness. In a typical CIS the depletion
width is less than 1 uwm and the EPI thickness is greater than 5pum. The same
QE/MTF model described for a front-side illuminated sensor can be modified for
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Fig. 8.5 MTF vs. EPI thickness at 600 nm

a back-side illuminated sensor by moving the depleting region and then resolving
for D(f;). It is also necessary to increase the complexity of the electro-magnetic
wave transmission model to account for wave propagation in a multilayer stratified
medium. This can be done using a characteristic matrix methodology with complex
indices of refraction as described in [16].
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8.2.2 Photo-carrier Detection Probability

Both the collection of photo-generated carriers and the noise from the readout
electronics can be modeled as stochastic processes. Moreover, the collection of the
photo-generated carriers can be modeled as a Poisson process with parameter Npp,
where Npp/t is the carrier arrival rate. The integral of the dark carriers can also be
modeled as a Poisson process with parameter Ny, where the average dark current
is ¢ Ngc/t. The read noise can be modeled as a zero mean Gaussian process with
variance 0.

We will use the following simple linear model to investigate how noise affects
photo-carrier detection probability,

ﬂﬂ=£(@h+%vwm+nm, (827)

where y(#) is the measured pixel value in units of electrons at time ¢, iy, the photo-
carrier current, ig. the dark current of the sensor, n(¢) the read noise, and ¢ is the
sensor integration time. Note that y(¢) is real valued because n(?) is real valued. To
simplify notation let the signal be defined as:

s(t) :/0 (ipn/q)dt. (8.28)

The probability density function of the sum of two independent random variables
is the convolution of their probability density functions. Therefore, the probability
density function of y(¢) given that / photo-carriers are collected by the detector, i.e.,
s(t) =1,1s

—1—k)? k a—Ndc
(y — ) (Ndc) e Ve
h -

o 21 o k!

mmm—U—Z Vlyl<oo. (829

where k is the number of dark current carriers.

Determining if a photo-carrier has been collected can be posed as a detection or
a hypothesis testing problem [18]. Moreover, given an observation of y(¢) we are
trying to determine when we should decide that s(¢) = 1 or s(#) = 0. One method
for making this decision is based on the maximum likelihood, i.e., decide on the
state of s(¢) based on the highest probability between the two possibilities. Using
(8.29) we can construct the maximum likelihood estimator for detecting a single
photo-carrier. Figure 8.6 shows the probability density functions for s(¢) = 1 and
s(r) = 0, with Ng./1 = le-/pixel/s, 02 = 0.04e-, and = 1/30s. The maximum
likelihood decision rule for determining if s(#) = 1, assuming equal probability that
either zero or one electron—hole pair is collected by the photo-detector, is

LOlsO =1 _

8.30
50080 =0) ~ (830
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To determine the probability of detection we define

AOl@ =1 _

EEN G s =0 7 "

(8.31)

i.e., £2 is the set of y values where the detector concludes that a photo-carrier has
been collected. Therefore, the probability of photo-carrier detection is

1
P {photo-carrier detection} = — Sr(yls) = Ddy
2 yESR

1
+§/ £Gls@) = 0dy.  (8.32)
yEQ

Figure 8.7 shows the probability of photo-carrier detection as a function o2, and
Figure 8.8 shows the probability of photo-carrier detection as a function of the dark
current rate Ng./t. If the probability of detecting a photo-carrier needs be greater
than 90% then o,, must be less than 0.38e— RMS, with Ng. = 3.3 % 10_6e—/pixel,

and N/t must be less than 6.7e-/pixel/s with 0, = 0.05e—? and ¢ = 1/30s.

8.2.3 Additive Temporal Noise Systems

A more comprehensive noise model for a CIS is shown in Fig. 8.9. In this model we
have included additive noise components, linear gain stages, and frequency domain
filters. It can be shown that the input referred noise power is
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where S, is the power spectral density of ny, A; the gain of amplifier /, H; the
filter transfer function at stage k, and m is the number of gain stages in the sensor.
From (8.33) it is clear that noise from each stage in the readout chain, except the
first, can be minimized by increasing the amplifier gains and/or reducing the filter
bandwidths. As the noise spectrum has both high- and low-frequency components
(thermal and 1/f noise) it is necessary for the overall filter transfer function to
be bandpass. This is typically done by using correlated double sampling (CDS)
to high pass filter the noise and then a series of low pass filters to attenuate the
high frequency noise components. Optimizing these design parameters is critical
in the development of a low-noise CIS. In most CIS designs it will be necessary
to tradeoff amplifier gain with full well capacity and filter bandwidth with frame
rate. Therefore, noise performance must be traded off with other parameters in the
system. This will be discussed in more detail later in the final section of this Chapter.
Our goal is to optimize the gain and bandwidth such that only noise from the first
stage will affect the overall sensor performance.

To optimize the noise performance of a CIS it is important to understand the noise
sources and how they are affected by other design parameters. In the following two
Subsections we will discuss both uncorrelated and correlated noise sources in a CIS.

8.2.4 Uncorrelated Temporal Noise Sources

8.2.4.1 Thermal and Shot Noise

The physical basis for these noise sources in CMOS circuits derives from classical
Boltzmann thermodynamics, i.e., the uncertainty in a system at thermal equilibrium
is %kT per degree of freedom, where k is Boltzmann’s constant and T is absolute
temperature. A complete description of noise in semiconductor devices can be found
in [19]. We will assume that all of the noise sources analyzed in this chapter can be
modeled as zero mean wide sense stationary random processes [18, 20]. It can be
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shown that the thermal noise voltage, 1, in series with a resistor r has (two-sided)
power spectral density:

Sy (f)=2kTr ¥ —o0 < f < oo. (8.34)

The derivation of this result was first given by Nyquist [21]. Note that the channel
noise of an MOS transistor, operated above threshold (gate voltage such that the drift
current is dominant, as opposed to subthreshold where diffusion current dominates)
in the linear region, has the same power spectral density as (8.34) with r being the
channel resistance of the MOS transistor. The gate referred noise power spectral
density of an MOS transistor, operated above threshold in the saturated region, is

a2kT

Sy (f) = V —c0< f < oo, (8.35)

m

where g, is the transconductance of the MOS transistor and « is a constant based
on the process and transistor size.” The channel of an MOS transistor operated
in subthreshold can be modeled by two independent random diffusion processes
which yield a forward and a reverse shot noise current in the channel. When an
MOS transistor in subthreshold is operated below saturation, i.e., the drain to source
voltage is much less than the thermal voltage kT /g, both forward and reverse
diffusion currents are present and the resulting drain current noise power spectral
density is

Si(f)=2qia ¥ —o0< f < o0, (8.36)
where ¢ is the charge of an electron and iy is the average drain current. As the
transistor approaches saturation the reverse current goes to zero and the noise power
is reduced by 1/2, i.e.,

S(f)=qiqg ¥V —oo< f < o0. (8.37)

A more detailed discussion of white noise in subthreshold MOS transistors is given
by Sarpeshkar, et al., in [22].3 Note that the reverse bias current shot noise in a diode
has the same power spectral density as (8.37).

8.2.4.2 Flicker and Random Telegraph Signal Noise

Both of these noise sources, also known as 1/f and RTS noise, respectively, cause
low-frequency fluctuations in electronic devices. These fluctuations are clearly

2q is typically set to 2/3 for long channel devices.

3Tt may be helpful to point out that equation (1) in [22] contains a typographical error which the

authors corrected before publication, but which was not included in the pubhshed version. Equation
VgV
(1) should read as follows: 7, o e —vr I, oce ~ v d=1;—1,] xe —ur (1—e o) =

La(1—e 7).
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observed in the drain currents of both NMOS and PMOS FETs. They are also
apparent in both the time and frequency domains. There are two well accepted
theories for explaining the physical origin of 1/f and RTS noise in CMOS circuits.
The first is the McWhorter model [23] and the second the is Hooge model [24].
The McWhorter model hypothesis is that the number of carriers in the MOSFET
channel fluctuate randomly because of charge trapping and detrapping. The Hooge
model hypothesis is that the mobility in the MOSFET channel fluctuates randomly
because of interactions between the carriers and the silicon lattice. In most silicon
MOSFETs 1/f noise can be attributed to a combination of carrier number and
mobility fluctuation. RTS noise in MOSFETs is generally attributed to carrier
number fluctuation due to trapping and detrapping of carriers at the silicon—silicon
dioxide interface.

Van der Ziel [19] showed that these low-frequency fluctuations can be math-
ematically modeled as a summation of Lorentzian random processes with an
exponentially distributed set of time constants. The key modeling difference
between 1/f and RTS noise is the number of terms in the spectral sum of Lorentzian
processes. Moreover, the power spectral density of 1/f noise can be modeled by:

= 2b
Sl/f(f)=ZWj:}m2 V —oo< f < oo, (8.38)

=1

where m, b;, and t; are constants. The power spectral density of RTS noise can be
modeled by:

Zbll’l

Srrs(f) = T o)y

—00 < f < o0. (8.39)

These models are both wide sense stationary and match measured data.
MOSFET 1/f noise is most often simulated using a simplified compact device
model [25-27]. In SPICE the NLEV3 gate referred noise voltage spectrum is

S, (f) = V 0< f < oo, (8.40)

Cox WL fAF

where KF is the a bias dependent constant, Cox the gate oxide capacitance per unit
area, W and L are the transistor width and length, respectively, and A F is a constant.
Clearly, this model is not wide sense stationary and has infinite total power. To
correct for these shortcomings we will combine the standard SPICE model and the
Van der Ziel sum of Lorentzians model for simulations and optimization in this
chapter, i.e.,

KF " b/’L’[
S, (f) = v - . 8.41
)= WL ; 1+ Qrfu)? o< f<oo s
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Note that both 1/f and RTS noises vary wildly from process to process and among
individual MOSFETSs. The only way to properly model 1/f and RTS noise in a
specific process is to measure many MOSFETSs under many different bias conditions
and then use the ensemble averages to estimate the various parametersin (8.41) [28].
Note that b; and 7; can depend on the size and bias of the of MOSFET.

8.2.4.3 Charge Transfer Noise

There are at least two possible causes for this phenomenon depending on the CIS
process and the sensor design. The first is incomplete charge transfer between the
photo-detector and the floating diffusion node, and the second is charge trapping
and de-trapping at the Si-SiO? interface.* Incomplete charge transfer results from
variations in thermionic emission and/or quantum mechanical tunneling from either
a potential barrier or a potential pocket between the photo-detector and the floating
diffusion node. Charge trapping also causes variations in the charge transferred to
the floating diffusion node.

In [29] it is shown that variations in charge transfer are very small in sensors
with low lag.’ If lag is significant then in steady state the dark current will fill the
photo-detector at the same rate as carriers are emitted over the barrier, and therefore
only the dark current will be seen as noise. Under transient conditions, i.e., when the
illumination level changes rapidly between light and dark, there will be an additional
transfer noise due to the uncertainty in the number of electrons emitted from the
photo-detector during each frame. Additional information on thermionic emission
from potential wells is discussed in [30,31].

Charge trapping and detrapping at the Si—SiO, interface is often the dominant
source of charge transfer noise in CIS. Specifically, as charge is transferred from the
photo-detector to the floating diffusion node it comes in contact with the Si-SiO?
interface near the floating diffusion node. In addition, while the transfer gate voltage
is held high electrons from the floating diffusion can interact with surface traps in
the transfer channel. Both of these mechanisms enable charge trapping and/or de-
trapping during charge transfer. In [29] it is shown that this noise can be modeled
as a sum of Lorentzian processes just like 1/f noise. It can also be shown that the
variance after CDS, given a single trap frequency v, is

o2 = ’MTN(l e, (8.42)

ct —

“It is also possible that charge trapping occurs in the bulk, but typically the density of bulk traps is
very low in modern CMOS processes.

STt may be helpful to point out that equations (1) and (4) in [29] contain typographical errors

which the authors would like to point out. Equation (1) should read P.(N + 1,¢ + dt|N,t) =
L —(N";;Vl)v“‘d' and equation (4) should read ﬁ = ;ZN—(NOQ_/ Af)v“‘
Uil pa N q pd

14eF0pd 14-eF0pd
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where py is the average number of traps in the transfer gate and ¢ is the on time of
the transfer gate. If v is exponentially distributed between v; and v, and ¢ is small
then the variance after CDS is approximately

1(va—vy)
2
ct X MN 2 (8.43)
Note that aczt is in units of e-2. For example, if uy = 1, vy = 10 transitions/s,
v, = 107 transitions/s, and 7 = 1 s then 62 = 0.72 e->. As this noise occurs at
the input of the sensor it is critical to minimize the charge transfer time and/or the
density of traps in the transfer gate.

8.2.4.4 Capacitive Reset Noise

This noise source, also called kTC reset noise, is just another manifestation of
thermal noise when a capacitor is reset to a fixed voltage through a resistor. Although
this phenomenon can be thought of in many ways, the simplest is again based on
thermodynamics, i.e., the energy of a system at thermal equilibrium is equal to k7' /2
per degree of freedom in the system. A capacitor has one degree of freedom, i.e. the
voltage across it, and therefore

S =5 o =— (8.44)

Under nonequilibrium conditions capacitive reset noise can be reduced below k7' /¢
and many methods have been developed including soft reset [3,4] and active reset [5,
32]. Soft reset can achieve a factor of 2 in noise power reduction and active reset
can achieve more than a factor of 10 in noise power reduction. These techniques can
be used to directly reduce reset noise in CIS, but they are even more useful when
performed in conjunction with CDS.

8.2.5 Correlated Temporal Noise Sources

Correlated noise is more objectionable than uncorrelated noise in imagery because
it is easy to detect at very low levels. For example, correlated noise sources must
be about ten times lower, RMS, than the uncorrelated noise sources in the sensor to
be unobservable. Correlated noise is perceived as a set of vertical and/or horizontal
lines that move from frame to frame. These lines are clearly visible in both still
and video imagery under low illumination levels. Clearly, it is very important to
understand the causes of correlated noise and how to reduce it.

Correlated noise is not a fundamental physical process associated with the sensor.
It is typically caused by design flaws either at the system or the sensor level. At the
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system level these flaws include level poor power supply regulation or bias control,
coupling between power supplies, and ground bounce. At the sensor level correlated
noise is caused by poor power supply rejection of the analog circuitry, weak bias
signals to the analog circuitry, weak power or ground distribution networks, and
general bad design practices.

8.3 Amplification and Bandwidth Control

Photon counting performance in a CIS is achieved through a combination of
amplification, bandwidth control, device optimization, and good design practices.
There are three possible places in the readout hierarchy where amplification can be
performed, the pixel, the column, and the output of the chip. To achieve the lowest
noise performance signal amplification needs to be implemented as close to the
photo-detector as possible. In this section we will focus on pixel and column level
amplification in a CIS.

In addition to amplification, the signal bandwidth needs to be controlled to
minimize unwanted high- and low-frequency noise sources. In most sensor designs
the signal bandwidth is limited by the row readout rate, which is typically between
100s of nanoseconds and 100s of microseconds. In this section we discuss how the
signal bandwidth can be controlled in a CIS.

8.3.1 Amplification

Amplification at the pixel level is always the best way to improve sensor low light
performance, but often it is difficult to implement because of other constraints such
as fill factor and/or quantum efficiency. Pixel-level amplification in MOS image
sensors has been around since the late 1960s [33,34], but it only became practical
in the early 1990s because of CMOS process scaling [35]. In the literature there are
three well described techniques for implementing pixel level amplification. These
include source follower buffering, floating diffusion capacitance minimization, and
capacitive trans-impedance amplification [36]. The ubiquitous technique of adding a
source follower transistor to the pixel, i.e., the active pixel sensor (APS), allows the
floating diffusion node to be isolated from the bit line capacitance. This increases
the gain because the effective conversion capacitance for the photo-generated charge
is much smaller. Moreover, the voltage sensed by the column amplifier is ¢ /cgq, and
if c¢gq is reduced by a factor of 10-100 then the pixel gain is much higher in an
APS than in a passive pixel sensor (PPS), i.e., a pixel with only one transistor that
connects the photo-detector to the bit line [37]. Figure 8.10 shows a IT passive
pixel with a surface diode, a 4T APS with a pinned photo-diode, and a 4T capacitive
trans-impedance amplifier (CTTA) pixel with a pinned photo-diode.
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Fig. 8.10 Pixel architectures

After the addition of a source follower transistor, the next step is to increase the
voltage gain at the pixel by minimizing the floating diffusion capacitance. As the
voltage at the input of the source follower is approximately

Via = q/¢xa, (8.45)

where ¢y is the floating diffusion capacitance of the pixel, the input referred
noise can be made insignificant if c¢fy is made small enough. For example, if
ctg = 1.6 x 107'°F then each electron will cause a 1V change at the input of
the source follower. The continued scaling of CIS processes, and their associated
parasitic capacitances, allows for smaller values of cgg and higher gain at the pixel.
For example, modern cell phone camera sensors often have a floating diffusion
capacitance of less then 1 fF. Unfortunately, smaller floating diffusion capacitance
also leads to lower full well capacity. A sensor with a 1fF floating diffusion
capacitance will typically have a full well capacity of <6,250 electrons, assuming a
maximum 1 volt swing at the input of the source follower transistor.

Another method for increasing gain at the pixel is by using a capacitive trans-
impedance amplifier (CTIA) as shown in Fig.8.10. In this circuit the feedback
capacitance ¢y, controls the gain. The voltage at the output of the amplifier is
approximately ¢/c s,, assuming the voltage gain of transistor M3 is much greater
than the ratio of cga/c sp.

The column amplifier is the next stage in the signal amplification chain. Column
amplifiers have been used since the early 1990s to improve the performance of CIS
but only in 2003 were they used to achieve a read noise floor of 2e— RMS [8].
There are many different column level amplifier architectures but only a few are
commonly used. Figure 8.11 shows three commonly used column amplifier circuits.
The first is a single stage capacitive column amplifier, the second is a two-stage
capacitive column amplifier, and finally the third is a pair of single stage capacitive
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Fig. 8.11 Column amplifier architectures

amplifiers [12]. The single stage amplifier is the most common architecture for
CIS. It is composed of a either a single ended MOS amplifier or a differential
MOS amplifier, with at least two capacitors and a reset switch across the feedback
capacitor ¢ y. Although, the single stage column amplifier typically has the lowest
noise it often suffers from limited gain bandwidth and higher power dissipation than
a two-stage amplifier.

The two stage capacitive amplifier is often used in sensors that require higher gain
and/or bandwidth than a single stage amplifier can achieve. It is composed of two,
lower gain, single stage capacitive amplifiers. This architecture usually achieves the
lowest power dissipation for a given bandwidth, but it requires more silicon area.
Its noise performance can be optimized to be similar to a single stage capacitive
amplifier, but in general the lowest noise performance is achieved by using the
fewest active components.

The pair of single stage column amplifiers is used in situations where high- and
low-gain amplification is required simultaneously to maximize the sensors dynamic
range. It is composed of two single stage capacitive amplifiers operated in parallel.
One amplifier is high-gain and other is low gain. The high gain amplifier reduces
noise, and the low-gain amplifier maximizes the effective full well capacity of the
sensor. It requires almost twice the power dissipation of a standard single stage
capacitive column amplifier.

In Fig. 8.12 three typical single ended MOS amplifier architectures are shown.
The main tradeoffs between the different amplifiers are open loop voltage gain
and output swing. Moreover, the simple two transistor amplifier has the lowest
gain but the largest output swing, the NMOS cascode amplifier has moderate gain
and moderate output swing, and the complete cascode amplifier has the highest
gain but the smallest output swing. In Fig.8.13 three typical differential MOS
amplifier architectures are shown. They have the same trade-offs as the single
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Fig. 8.13 Differential MOS amplifier architectures

ended amplifiers. The differential amplifiers have better power supply rejection than
single ended amplifiers and can operate in either inverting or noninverting modes.
Single ended amplifiers always have lower noise and larger swing than differential
amplifiers for the same amount of silicon area and/or power dissipation.
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In most CIS, signal amplification is distributed between the pixel and the column.
The exact architecture is a balance among all of the design requirements including
read noise, dark current, fill factor, quantum efficiency, full well capacity, die size,
and/or cost.

8.3.2 Bandwidth Control

As shown in (8.33), both amplification and bandwidth control are necessary to
minimize noise in a CIS. The bandwidth of the signal path is controlled at the high
end by low pass filtering in the amplifier chain and at the low end by correlated
double sampling.

Although it is possible to construct a multipole low pass filter in the signal
path, it is not typically done because of the added circuit complexity, and limited
noise improvement.® Therefore, most designs place a simple single pole low pass
filter at the output of column amplifier just before correlated double sampling. The
frequency domain transfer function of the column amplifier can be modeled by

1

Hump(f) = 156G/ /o)

(8.46)

where f is frequency in Hz, i = V-1, and fo is the bandwidth of the low pass
filter. fo is usually set between 2 and 10 times the row readout rate to minimize the
high frequency thermal noise in the system. Moreover, if fj is set too low then the
column amplifier will not settle during the sampling period, and if f; is too high
thermal noise will not be minimized in the system. To enable multiple line rates
some designs allow fy to be programmable by adjusting the size of a capacitor at
the output of the column amplifier [13].

Correlated double sampling (CDS) is the process of measuring the reset voltage
on the floating diffusion node and then transferring charge to the floating diffusion
node and subtracting the two samples. This process removes both the kTC noise
generated by resetting the floating diffusion node and the capacitors in the column
amplifier. The CDS process can be modeled in the time domain by

a(t) = y@)— &y — Ar), (8.47)

where a(t) is the CDS data, y(¢) the column level amplifier output, Az the
difference in time between the CDS samples, and £ is the CDS efficiency factor.
& must be very close to 1 otherwise the CDS operation will not remove all of the
KTC noise. For example, if kT = 4.16 x 1072 C*/F, ¢ = 4 fF, and £ = 0.98 the

5The maximum reduction in noise power by using a multipole filter vs. a single pole filter is only
/2.
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residual kKTC noise will be 0.51e— RMS. It can be shown that the frequency domain
transfer function for the CDS operation described in (8.47) is

Hugs(f) = (1 — ge™2m/80), (8.48)

Moreover, CDS reduces kTC noise power by a factor of (1 — £)? and also high pass
filters the 1/f and RTS noise from the MOS transistors in the signal path. Note that
CDS increases the thermal noise power by a factor of two.

CDS can be performed in either the analog or the digital domain, and sometimes
it is done in both. Low-noise CIS typically uses simple track and hold circuits to
perform analog CDS. Figure 8.14 shows three typical CDS circuits. The first is a
differential track and hold circuit. It tracks the output of the column amplifier, while
S1 and S2 are high, and then stores the amplifier output when each switch is turned
off. The difference between V), and V), is the CDS signal. This circuit adds

kT kT
—— 4+ — + 202 (8.49)
Cp  Cm

additional voltage noise power to the output signal, where o is the input referred
noise of the unity gain buffer. The differential circuit topology improves the
common mode noise rejection, but the unity gain buffers add a fixed offset to
the signal. The second CDS circuit is single ended, and samples the reset level of
the column amplifier while S is high and then subtracts this value from the signal
when S is low. This circuit adds

KT,
e 0,
cr B

(8.50)

additional noise to the signal. The unity gain buffer adds a fixed offset to the signal,
but this offset is on average V2 less than in the differential CDS circuit. The
final CDS circuit is also single ended and operates similar to the last circuit, but
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it removes the transconductance amplifier offset. Note that the transconductance
amplifier is often used as the first stage of a comparator in a column level ADC.
The complete transfer function for the column amplifier and CDS is

_ 1— %—e—ZnifAt
HOD =T

This transfer function is bandpass and by controlling f; and At the noise bandwidth
can be optimized, and the total read noise of the sensor can be minimized.

(8.51)

8.4 Architectures

In this section we present two CIS architectures for low light applications. The
first architecture uses a source follower to read out the pixel and the second uses
a CTIA. For each architecture, the operation is explained and then gain and noise
characteristics are derived. In the remainder of this section the transconductance,
body effect conductance, and output conductance of the MOS transistor MX will be
denoted g,.x, gmbx, and gox, respectively. In addition, the gate to source capacitance,
gate to drain capacitance, and channel noise current of the MOS transistor MX will
be denoted ¢y, Coax, and Iy, respectively.

8.4.1 4T Pixel with Pinned Photodiode Column Level
Amplification and CDS

The most common low-noise CIS architecture is the 4T pinned photodiode pixel
with column level amplification and CDS. A schematic of the circuit we will analyze
in this section is shown in Fig. 8.15. It contains a 4T pixel with a pinned photodiode,
a single stage capacitive column amplifier, and a CDS sampling circuit. The output
of the CDS circuit can be digitized either on or off chip.

The operation of the circuit starts with enabling the row select transistor M4
of the first row in the sensor. Then the floating diffusion node is reset through
transistor M2 to Vrd while the column amplifier is also held in reset. After reset
is complete RST is lowered turning off M2 and storing kTC reset noise from the
floating diffusion node onto the column amplifier across the input capacitor cjy.
Then ARST falls bringing the column amplifier out of reset. After the column
amplifier settles the reset signal is sampled onto ¢,, by S1. Note that this also stores
the kTC reset noise from the column amplifier onto ¢,,. Then TX1 is pulsed high
and charge from the pinned photo-diode is transferred to the floating diffusion node.
After the column amplifier settles again the data signal is sampled onto ¢, by S2.
This completes the read out of the first row of the sensor. Now the second row is
read out in a similar fashion, and each row in sequence is read out until the frame is
complete. This mode of operation is called rolling shutter.
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Fig. 8.15 4T pinned photo-diode pixel with single stage capacitive column amplifier and CDS,
and timing waveforms

The noise performance of this circuit can be evaluated using a linear systems
model assuming the noise amplitude is small in comparison to the swing of the
circuit and all of the noise sources are wide sense stationary. Figure 8.16 shows a
small signal model of the 4T pixel and column amplifier. In this model we have
assumed that the resistance of transistors M4, M9, M10, M11, M12 and the bit line
are insignificant. Assuming that the gain of the column amplifier is high then its
input, Vi, is a virtual ground. Therefore, we can independently analyze the pixel
and column circuitry.” It can be shown that the transfer function between the source
follower channel noise /,3 and its source voltage Vj is

"Note that this assumption is necessary to limit the noise bandwidth, because we have assumed
that several resistive components in the circuit can be neglected.



8 Single Photon CMOS Imaging Through Noise Minimization 183
Cga |—_|
L] I I =

@Ih %CM =l= q),m,w.,d)gm. D.n, %;;n,

fa

\0

Cin [~
1 |
v

| .
+=m " qDM ¢ % +

Fig. 8.16 Small signal model for 4T pinned photo-diode pixel with single stage capacitive column
amplifier, and CDS

Ve 1
—(f) == . (852
In3 (] 27Tf)(cgs3 + Cb) + Zo3 + 8o5 + &mb3 + gm3(1 - :31)

where ¢;, ~ cpi + cin, and B = m The transfer function between input

current /;, and source voltage Vj is

Vs —1
— = — (8.53)
Iin (f) (]Zﬂf)(cfd + Cgs3 + ng3)
x 8gm3
((jz”f)(cgﬁ + Cb) + 803 + 805 + &mb3 + gm3(1 - :31)) '
Note that at low frequencies
VS _Asf
— ~ — , (8.54)
I /) (G270 f)(cta + €gas + coe3(1 — Agp))
where g
Ay = m3 (8.55)

8gm3 + 8mb3 + 8o3 + 8o5

is the DC source follower voltage gain. Therefore, the source follower acts like a
charge integrator with a gain of

quf
. (8.56)
Cid + Cga3 + Cg3(1 — Agp)
It can also be shown that the column amplifier transfer function is
|74 i Cr—
o Bo((@27f e 1u = 8s) 557

Vo' TGS )@ + craBa) + gms(L— B2) + oa
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where 8, = ¢in/(cin+Cra), ¢/ = 1 +cm +¢p/2, and g, is the output conductance
of the column amplifier. The transfer function between the column amplifier noise
and the output is

1
(jZﬂf)(Ct + Cfu,BZ) + ng(l - ,32) + 8oa ’

Vo
I_.(f) = (8.58)

The complete signal transfer function is just the product of the source follower and
the column amplifier transfer functions, i.e.,

Voo Ve Vo
T =730, (8:59)

At low frequencies when g,,3 >> gup3 >> €03 > Zos5 and g8 >> g3 then the
conversion gain cg of the sensor is

quf Cin
cg =

~ —. (8.60)
(Cfd + Cgd3 + Cgs3(1 - Asf)) Cfa

Note that cg is in units of volts per electron. For example, if c¢tg = 0.81F, ¢c;¢ =
0.21fF, cin = 1pF, c¢fo = 0.1pE ¢; = 5pF, gu3 = 861S, gmpz = 21.5uS,
803 = 0.86 S, g5 = 0.1 S, gos = 0.01 uS then the sensor conversion gain
is approximately 0.78 mV per electron. The complete output referred noise power
including CDS is

RPN ’
o = /_ |: I—3(f)7(f)Hcds(f) S15(f)
2
) Ha() Slm(f)] ar+ L5 wen
na Cp Cm

Finally the input referred noise, in units of electrons RMS, is o, /cg. Extending
the previous example, if we assume a white noise limited sensor, i.e., Sy,(f) =
2kTgums and Sy, (f) = 2kTgms, ms = 860 1S, goq = 0.01 LS, Ar = 10 s, and
£ = 1 then 02 = 92.4n V? and the input referred sensor noise is 0.39e— RMS.

8.4.2 4T CTIA Pixel with Pinned Photo Diode Column Level
Amplification and CDS

A 4T CTIA pixel integrates an additional gain stage next to the photo-detector,
theoretically enabling lower noise operation than a standard 4T CIS. A schematic
of this circuit is shown in Fig.8.17. It contains a 4T CTIA pixel with a pinned
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Fig. 8.17 4T CTIA pinned photo-diode pixel with single stage capacitive column amplifier and
CDS, and timing waveforms

photo-diode, a two-stage capacitive column amplifier and a CDS sampling circuit.
The output of the CDS circuit can be digitized either on or off chip.

The operation of the circuit starts with enabling the row select transistor M4
of the first row in the sensor. Then the floating diffusion node is reset through
transistor M2 to a voltage controlled by the threshold of M3 and the bias voltage
Vep while the column amplifier is also held in reset. After reset is complete RST is
lowered turning off M2 and storing kTC reset noise onto c¢ s,. The kKTC reset noise
stored on ¢z, is sampled by the column amplifier on the input capacitor c¢;,;. Then
ARSTI1B rises and the kTC reset noise from the first stage column amplifier is stored
on the second stage column amplifier’s input capacitance cjp;. Then ARST2 falls,
bringing the column amplifier completely out of reset. Note that the reset sequence
for the column is necessary to minimize noise and maximize voltage swing. After
the column amplifier settles the reset signal is sampled onto ¢, by S1. This stores
the residual kTC reset noise from the column amplifier onto ¢,,. Then TX1 is pulsed
high and charge from the pinned photo-diode is transferred to the input of the CTIA.
After the CTIA and the column amplifier settle again, the data signal is sampled onto
¢, by S2. This completes the readout of the first row of the sensor. Now the second
row is read out in a similar fashion, and each row in sequence is read out until the
frame is complete.
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Again, the noise performance of this circuit can be evaluated using a linear
systems model assuming the noise amplitude is small in comparison to the swing of
the circuit and all of the noise sources are wide sense stationary. Figure 8.18 shows
a small signal model of the 4T pixel and column amplifier. In this model we have
assumed that the resistance of transistors M4, M12, M13, M14, M15 and the bit
line are insignificant. Assuming the gain of the column amplifiers are high then the
inputs, i.e., V, and V), are virtual grounds. Therefore, we can independently analyze
the pixel and column circuitry. It can be shown that the transfer function between
the source follower channel noise /3 and its drain voltage Vj is

Vo .1
1Y) = @)
1
. (V18m3 + o3 + o5 + (cvit + Cint + (¢ 1p + coa3) (1 —y1))(§27f))

(8.62)
The transfer function between in the input current and the CTIA drain voltage is

gms — (Cpp + cga3) (G270 f)
(J27f ) (cgas + cpp + Cra + Cgs3)
1
) (V18m3 + o3 + o5 + (Coic + int + (¢fp + cgaz)(1 — 1)) (27f))’
(8.63)

Vi o
I_m(f)_
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where
Crp+ Coq
1= fp T %¢ . (8.64)
Cfd + Cgs3 + Crp + Cgd3
Ve —cra1(j2
_(f) = _ 8mé6 cfal(] Hf) : (865)
Va G27f ) (Y28m6 + o6 + &o8 + (ci1 + crar(1 — ¥2)) (27 1))
where ¢ at
=—JT 8.66
2 C fal ~+ Cin1 ( )

The noise transfer function between the output of the first stage of the column
amplifier and node V is

V. 1
() == . . (8.67)
Lis G27f ) (Y28m6 + o6 + gog + (ci1 + cra(1 — ¥2))(27f))
The voltage transfer function between node V. and V;, is
Vs —Cra2(2
20(f) = = 8mll Cfaz(l f) : (8.68)
Ve (G271 ) (y3gmit + o1 + goo + (cr2 + cra2(1 — ¥3)) (27 f))
where C a2
= —I= 8.69
v Cfa2 + Cin2 ( )

Finally, the noise transfer function between the last stage of the column amplifier
and V, is

Vs 1
7 (f) =+ - . (8.70)
nil G270 f ) (y3gmi1 + got1 + &oo + (cr2 + craa(1 — ¥3)) (271 ))
At low frequencies, if g,,3 >> g,3 + g5 then the sensor conversion gain is
cgrn — L Cint Cin2 (8.71)

Crp + Cgd3 Cfal Cfa2
For example, if ¢, = 0.81F, cgy3 = 0.21F, ¢jny = 1pF, cpo1 = 0.33pF, iy =

1 pF, and ¢.r,> = 0.33 pF then the sensor conversion gain is ~1.5mV per electron.
The complete output referred noise power including CDS is

=[]

Ve Vo
+ m(f)vc(f)Hcds(f)

2
S1s(f)

Va Ve Vo
I_Iﬁ(f)vd(f)vc(f)Hcds(f)

2

(Slnﬁ(f) + SInS)]df
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[ A S0 () + S (S
kT KT (8.72)
Cp Cm

Extending the previous example, if we assume a white noise limited sensor, i.e.,
Sia(f) = 2kTgms, Si,o(f) = 3kTgme, S (f) = 3kTgmi1, Sie(f) =
%kTgmg and S;,,(f) = %kTgmg, and g,,3 = 86 LS, g,3 = 0.86 LS, g,5 = 0.1 S,
gme = 860 WS, go6 = 0.43 1S, gng = 86 S, gos = 0.043 1S, gmo = 86 S,
809 = 0.043 S, g1 = 860 S, go11 = 0.43 S, cqg = 0.8fF cvie = 2pF,
cn = 1pF ¢» = 20pF, ¢, = 1pF, ¢, = 1pF, At = 10ps, and § = 1 then
02 = 178n V? and the input referred sensor noise is 0.29e— RMS.

8.4.3 Architecture Comparison

Although the read noise performance of both architectures is similar, does either
have a clear theoretical advantage over the other? To answer this question we will
compare the relative input referred noise performance of the source follower and
CTIA pixel circuits. The column amplifier and CDS circuitry are not included in
this analysis because in principle they can be designed such that they will not affect
the sensor’s read noise performance. The relative noise performance of the source
follower pixel is

175 (0)?
2, (8.73)
% (0)]

and the relative noise performance of the CTIA pixel is
174(0)?
. (8.74)
¥2(0)]

If we assume the same transistor size for M3 in both circuits and we divide (8.74)
by (8.73) we find

0)4(0)|? ~ ?
17 @72 O =(1+#) S 1 (8.75)
L= OP Cus € + cu

This implies that the CTIA pixel has a slight disadvantage over the source follower
pixel because (8.75) is always greater than 1. This difference is small but it shows
that any additional capacitance in the pixel can reduce the input referred read noise.
On the other hand, if the noise in the column amplifiers is significant then this small
advantage will be lost to the higher gain of the CTIA pixel.
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8.5 Low-Noise CMOS Image Sensor Optimization

In the pursuit of photon counting it is important to optimize both the electrical
and optical properties of the detector. In general, the optimization process for
low light CIS is a nested pair of loops. The inner loop is a sequence of analysis
steps switching between electrical and optical, and the outer loop is a sequence of
analysis, implementation, and measurements steps. In this section we discuss the
inner loop.

8.5.1 Electrical

The key electrical parameters that must be optimized in a low light CIS are read
noise, dark current, full well capacity, signal to noise ratio, and linearity. Read noise
is defined as the electrical noise in the sensor when the integration time and input
illumination are set to zero. Therefore, shot noise from photons and/or dark current
is not included in read noise. Dark current is carrier leakage from the photo-detector,
the transfer gate, or the floating diffusion node that is measured by the sensor.
Dark current is measured at a fixed temperature in units of electrons per pixel per
second. Dark current is a strong function of temperature and this fact can be used
to determine its origin and to minimize it [38, 39]. Full well capacity is the number
of the carriers that can be collected by the photo-detector and read out by the sensor
without saturating. Signal to noise ratio is defined as the number of collected signal
carriers divided by the total input referred RMS noise, i.e.,

Npn

vV Nph + Ndc +U§1

Linearity is how close the sensor response, as a function of total collected photons,
matches a straight line least squares fit. Linearity is critical in systems that are trying
to quantitatively measure the number of collected electrons.

The first step in electrical performance optimization is the selection of an
appropriate readout architecture, such as the two we discussed in the previous
section. This selection is a function of the CIS process technology, the pixel size,
and the application of the sensor. It is likely that several architectures will need to
be investigated in parallel to determine the best choice for a specific sensor design.
The next step in the design is determining the gain and bandwidth of each stage
in the readout chain. Typically, the gain at the pixel level must be in the range of
30-300 | V/e— and the gain at the column must be between about 5 V/V and 30 V/V.
The gain should be adjusted such that noise from all of the circuitry other than the
first transistor connected to the float diffusion is <1/10 of the total read noise power.
In general the higher the gain the lower noise, but there are diminishing returns and
higher gain also leads to smaller full well capacity and peak SNR. Moreover, since

SNR = (8.76)
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the voltage swing Viying in a CIS is limited by the power supply voltage, typically
between 1.2 and 3.3 Volts in most modern CIS processes, the full well capacity is
bounded by power supply voltage divided by the conversion gain of the sensor. This
gives us an upper bound on the conversion gain of the sensor, i.e.,

¢g = Viwing/FWC < Vdd/FWC. (8.77)

As the peak SNR of the system is then bounded by the square root of the full well
capacity this gives us another way to bound the conversion gain, i.e.,

¢g < Viwing/SNR?. (8.78)

The bandwidth of the final low pass filter before CDS must be about 2-10 times
the bandwidth of the row readout rate and the period between CDS samples cannot
be more than the line rate. This bounds the noise bandwidth of the sensor readout
chain.

Read noise performance of the sensor architecture can be minimized using
many different methods, but in this section we will use nonlinear programming
techniques [40]. Most math software packages include routines to perform nonlinear
programming. For example, Octave, a free software package available on the web,
includes the routine sqp. In this chapter we will use Octave and sqp to demonstrate
the effectiveness of this methodology. Although it is possible to optimize the
performance of the sensor across all of the circuit parameters, i.e., lengths, widths,
and bias points of each MOS transistor, capacitor sizes, and CDS sampling period,
it is typically more effective to reduce the search space and focus on the pixel
electronics. Assuming that the column amplifier has already been designed and the
read noise is limited by the pixel readout transistor, then the sensor read noise can be
optimized by adjusting the size and bias conditions of this transistor. For example,
using (8.61) divided by (8.60) squared as the performance function to minimize,
with a set of appropriate constraints, we can optimize the input referred read noise
of the sensor using sqp. In (8.61) we assume that the output referred current noise
power spectral density of M3 is

4 KFg2 m 2bi1
S =—kT " m3 s 879
m(f) = 3kTg 3+COXW3L3;1+(2NTIf)2 o

where m = 11,271 = 107 s, b; = 1, KF = 2.45 x 10726 V2 F/s, and W; and
L5 are the width and length transistor M3, respectively . The transconductance of

M3 is
[, W .
8&m3 = 2L_jcoxﬂnld3s (8.80)

where Cox = 4.9 x 1077 F/cm? is the oxide capacitance of transistor M3, u, =
510cm?/(s—V) the electron mobility of transistor M3, and iq; is the drain current
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Fig. 8.19 Read noise performance surface as a function the length and width of transistor M3

of M3. We set cgq3 = 200388 0oy = CoeW3107°, kT = 4.16 x 10721, gyp3 =
0.2gm3S, 803 = ia3107%/L3 S, g,5 = ig31072 S, and ¢y = 10~"° F. The noise from
the column amplifier is

4
S1,(f) = ngkTgms, (8.81)

where gmg = 1.6 x 1073 S. We set cpy; = 2pF, ¢y = 10pF, ¢, = 10pF, ¢; =
20pF, gou = 4 x 1077S, ¢i;n = 1pF, ¢y, = 40fF, Ar = 25ps, and § = 1.
We assume the following constraints on the optimization parameters, 1 LA < ig <
S5uA,0.3pum < W3 < 2pm, and 0.35um < L3 < 2 um. Finally, we set the initial
values for ig = 2.5 1A, W3 = 1.5um, and L3 = 0.5 um. After six iterations sqp
returns a minimum read noise of 0.17e— RMS with parameters, i = 5pA, W3 =
0.434 pwm, and L3 = 0.35 wm. Using these circuit parameters the sensor conversion
gain is 2.5mV/e—, and assuming a 1.5V swing at the output of column amplifier
the full well capacity is 600e—. Therefore, the sensor’s peak signal to ratio is <25.
Figure 8.19 shows the read noise performance surface as a function of W3 and Lj
assuming that ig3 = 5 WA. The total optimization time for this process on an Intel 2
Duo processor running at 2.4 GHz was about 1 min. The number of parameters and
constraints can be increased to explore a wider set of possible solutions, but at the
expense of increased search time.

After optimizing the read noise using the previously described method, the
circuit performance should be confirmed using SPICE simulation. After a few
iterations, read noise optimization using sqp and SPICE simulation to verify circuit
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performance, the design will converge.® The final step in the electrical design
process is to check for problems that could cause correlated noise in the sensor.
Typically, any power supply or bias that is distributed to the pixel and/or column
circuitry in parallel needs to be double checked. In addition, parasitic coupling
between power supplies and/or bias lines and the floating diffusion node needs to be
checked. Where possible it is always helpful to route power and bias signals to the
pixels vertically because this reduces correlated noise.

Assuming that the circuitry has been optimized, three key device parameters must
be investigated to determine if they will degrade the low light performance of the
sensor. These parameters are photo-detector lag, transfer noise, and dark current.
Lag is amount of charge left in the photo-detector after the charge transfer process.
Lag is caused by a potential barrier between the photo-detector and the floating
diffusion. The potential barrier is the result of poor transfer gate design, insufficient
voltage on the transfer gate, or insufficient transfer time. To mitigate the last two
causes it is important that the transfer gate voltage and transfer gate period can
be adjusted in the final sensor design. Transfer gate noise caused by traps can be
mitigated by pinning the transfer gate surface, i.e. forcing holes to the surface in an
NMOS gate, when the gate is not in use. This will also minimize any dark current
generated in the transfer gate. Note that this typically requires a negative voltage on
the transfer gate.

Dark current is usually the most significant device related problem for low-
light sensors. Reduction in dark current can be achieved by optimizing pixel
layout, but this is typically only a second-order effect. The primary causes for dark
current, discussed in the first chapter, are a function of the CIS process. Significant
reductions in dark current can only be achieved by improving the CIS process or
reducing the operation temperature of the sensor. Therefore, in most applications
the sensor should be designed to operate at the lowest temperature supported by the
SPICE models (usually around —40°C).

8.5.2 Optical

The QE can be optimized on a front-side illuminated sensor using a microlens and
a thick EPI layer, but it is difficult to achieve more than about 80%. Dielectric
reflections in the optical stack always limit the performance of front-side illuminated
sensors. In addition to reflection in the dielectric stack, front-side illuminated
sensors can also be limited by poorly designed micro-lenses, scattering, diffraction,
and/or improperly placed metal wires in the pixel. Optical design of a frontside illu-
minated pixel is typically done using ray tracing techniques [41,42] for pixels larger

8 At this point in the section the reader might ask why all of the optimization is not done in SPICE.
The answer to this question is that the hand analysis gives the designer much better intuition about
the circuit, and it is much faster than SPICE for searching the design space.
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than about 3.3 umx3.3 wm, and using finite difference time domain electromagnetic
wave simulation [43,44] for pixels less than 3.3 pmx3.3 pm. Design and analysis
of the optical stack and the EPI thickness are always required for a given sensor to
achieve the highest possible QE.

Backside illuminated sensors can achieve close to 100% QE, but this only
happens over a limited range of wavelengths. To achieve this performance an
antireflective dielectric coating that matches the index of refraction of air to silicon
needs to be deposited on the sensor. A typical antireflective coating, such as MgF,
and/or HfO, on a 10um thick EPI backside illuminated sensor can achieve a
peak QE between 90% and 95%. As the dielectric transmission 7 is a function
of wavelength and incident illumination angle, this implies that the sensor QE is
also a function of these parameters. Although backside illuminated sensors offer
the highest possible QE they typically have much lower MTF than a frontside
illuminated device, almost a factor of 2 sometimes, except when the EPI is fully
depleted [45]. Fully depleted sensors have much higher dark current than devices
that are only partially depleted.

MTF is optimized by reducing the EPI thickness and/or using a wider photo-
detector depletion layer. As shown in Sect. 8.2, QE and MTF are a tradeoff that
must be evaluated for each application.

8.6 Conclusion

At this point in the chapter the reader should ask “Do any CMOS image sensors
manufactured today achieve photon counting sensitivity?” The answer is no. Both
the read noise and the dark current are typically too high to achieve photon counting
sensitivity at room temperature. As the total noise power of a sensor is the sum of
the read noise power and dark current shot noise power, both of these components
must be very low to achieve photon counting.

The lower limit on read noise is typically determined by 1/f and RTS noise
sources. Both of these noise sources are caused by imperfections in the CMOS
sensor fabrication process. These imperfections typically occur at the silicon or
silicon dioxide interface. Although CMOS image sensor fabrication processes are
continuously improving it will likely be several more years before thermal noise
dominates the sensor performance.

In addition to read noise, dark current must also be reduced such that it does
not contribute any significant noise to the sensor. Dark current is caused by both
process imperfections, i.e., Shockley Hall Read leakage (SHR), and fundamental
device physics, i.e., diffusion leakage. Just as with 1/f and RTS noise, SHR leakage
current is continuously being improved by better and better process control, but
diffusion-based leakage current can only be controlled by temperature and the
diffusion constant of the minority carriers in the substrate. For example, researchers
have tried to use holes instead of electrons to reduce diffusion-based leakage current,
i.e., hole accumulation or PMOS pinned photodiodes [46,47].
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Single photon counting sensitivity in CMOS image sensors will be achieved
in the next few years. The cell phone camera market is the cash engine driving
development of new process technology for CMOS image sensors, and applications
such as night vision and 3D imaging are driving the demand for this technology.

In the pursuit of single photon imaging, we have presented a theoretical frame-
work for understanding, modeling, and optimizing low-noise CIS. This includes
both the electrical and optical parts of the sensor. We hope that these results will
contribute to the understanding, evaluation, and implementation of low-noise CIS.
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Chapter 9
Architectures for Low-noise CMOS Electronic
Imaging

Shoji Kawahito

Abstract This chapter discusses various types of signal readout architectures for
CMOS image sensors, implementing ultra-low-noise conversion of photo-generated
charge packets into digital output values. It is based on a detailed analysis of the
different noise sources in a CMOS imager, the noise responses of column noise
cancelling circuits using correlated double sampling (CDS) and correlated multiple
sampling (CMS) techniques and a noiseless signal readout technique using a precise
digitizer. Finally, a practical example for the design of a CMOS image sensor
with single-photon resolution is presented, and the technological requirements for
meeting the condition for room-temperature readout noise of significantly less than
1 electron are discussed.

9.1 Introduction

For single photon imaging, efforts toward achieving both high quantum efficiency
which is ideally unity for visible light and noiseless signal reading will be necessary.
The materials, geometrical structures, and optical characteristics of above and inside
of photo detectors determines the quantum efficiency. In CMOS imagers, on the
other hand, many different types of noise are superimposed on the photo signal.
The total noise, which is usually expressed as an input-referred noise, or expressed
as the number of noise electrons, depends on the pixel devices and circuits, entire
signal readout architectures and types of signal processing and noise cancelling
methods. This chapter focuses on the low-noise signal readout architectures and
circuits. Fundamentals on the low-noise signal readout in CMOS image sensors are
described in Chap. 8. Chapter 9 discusses types of signal readout architectures from
photo-electron to digital, the noise responses of the column noise canceling circuits
using correlated double sampling (CDS) and correlated multiple sampling (CMS)
techniques, a noiseless signal readout technique using a precise digitizer, and finally
a possibility of a CMOS single photon image sensor and a technological requirement
for meeting the condition for the single photon counting.

P. Seitz and A.J.P. Theuwissen (eds.), Single-Photon Imaging, 197
Springer Series in Optical Sciences 160, DOI 10.1007/978-3-642-18443-7_9,
© Springer-Verlag Berlin Heidelberg 2011
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Fig. 9.2 Signal readout architecture Type II (column parallel ADC)

9.2 Signal Readout Architectures

S. Kawahito

Signal readout architectures of active pixel CMOS imagers are classified into
three types as shown in Figs. 9.1(Type I), 9.2 (Type II), and 9.3 (Type III) where
analog-to-digital converters (ADCs) are located at pixels, columns, and imager

outputs, respectively.
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Fig. 9.4 Signal chain for the Type III
A diagram to explain the total input referred noise of the Type-III is shown

in Fig.9.4. From this diagram, the input referred noise of this mostly analog
implementation is given by

2 _ 2 2 2 2
Viin = Voa1 T 73 Vaar T G2 G2 Viazt G2 G2.G2 Vi.ADC
1Y 42 1YV

9.1)

wherev; vz . andv; ,; are input-referred noise power (mean square voltage) of
an in-pixel amplifier A1, column amplifier A2 and output amplifier A3, respectively,
and G 41, G 42, and G 43 are gains of the Al, A2, and A3, respectively.

In CMOS image sensors, a source follower is used for the in-pixel amplifier
whose gain G4 is ideally unity. Usually, the output amplifier is a unity gain buffer.
Assuming G4 = G43 = 1, (9.1) is simplified to

- 1 1
Vﬁ, = Vn ot Vn ot G2 Vi, A3 + =5 G2 5,ADC 9.2)
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Fig. 9.5 Input-referred noise
of the Type III as a function
of the column amplifier gain

log Gao

Fig. 9.6 Dynamic range and
input-referred noise as a
function of the column
amplifier gain for Types II
and III

Noise Amplitude
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Figure 9.5 shows a typical curve for the input-referred noise of the Type III
as a function of the column amplifier gain. Wideband output amplifiers and A/D
converters have usually large noise level because of their wideband thermal noise.
In low-gain region, the gain has a significant noise reduction effect to the wideband
output amplifier and A/D converter by a factor of G 4,. With a relatively large gain,
the noises added at the output of the column amplifier is sufficiently suppressed
by the gain, and the resulting dominant noise components are due to the thermal

noises of the in-pixel amplifier and column amplifier. As to be explained in (9.4),

v2 ,, andv? ,, are not independent of G 4, and have a component which is inversely

proportional to G 4, because of a bandwidth limiting effect. In this region, the input-
referred noise is reduced by 1/+/G 4. For a very large gain of the column amplifier,
however, the noise reduction effect of G 4, is limited by a noise component such as
a 1/f noise of the in-pixel source follower which does not much depend on the gain.

An advantage of the readout architecture using a column-parallel ADC is to
eliminate the wideband output amplifier and wideband A/D converter. If the column
ADC can be designed to be sufficiently low noise, a relatively low input-referred
noise can be realized with an only low column amplifier gain. This leads to a better
dynamic range in the Type II at low-gain region as shown in Fig. 9.6 when compared
with that of the Type III.

In the Type I where an ADC is located in each pixel, the number of noise sources
can be minimized. In this sense, the Type I is attractive for implementing very low-
noise imagers. Because of the limitation of pixel area, however, only a very simple
amplifier and ADC can be implemented. An efficient in-pixel ADC architecture has
been proposed using multiple channel bit serial (MCBS) circuits [1]. By sharing
an ADC for four pixels, the number of transistors per pixel in the MCBS is only
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six transistors. A difficulty of very low noise design of the pixel level ADC is the
bandwidth limiting of the in-pixel amplifier and A/D converter. To implement these
circuits in a practical pixel size, only a very small capacitance is available. The
development of a new circuit architecture for reducing both thermal noise spectrum
and noise bandwidth without large capacitance is necessary.

9.3 Correlated Samplings and their Noise Responses

9.3.1 Correlated Double Sampling and Correlated Multiple
Sampling

As explained in the previous section, a large gain in the column amplifiers has a
significant effect for reducing the readout noise of CMOS imagers. On the other
hand, column readout circuits need to have a function of cancelling fixed pattern
and kTC or reset noises generated in the active pixels. To accommodate the noise
cancelling to the amplification, two types of sampling schemes can be used. One is
CDS with pre-amplification and the other is CMS.

The timing diagrams and analog circuit implementations are shown in Figs. 9.7
and 9.8, respectively.
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Fig. 9.7 Correlated Double Sampling (CDS) and Correlated Multiple Sampling (CMS)
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Fig. 9.8 Analog CDS and CMS circuits

In the CDS with pre-amplification, the output V, as a function of time ¢ is
expressed as:
Vou(®) = G (Vin(t) — Vin(t — To)) , 9.3)

where n is an integer, Ty time difference of the two samplings, and G is a gain of
the pre-amplifier.

In the CMS, reset and signal levels of the pixel output are sampled M times with
an interval of Tj and the sampled signals are added up in an integrator. In Fig. 9.8b,
the integrator is expressed as a sample-and-hold (S/H) circuit with a feedback to
the input. In Fig. 9.7, T, is a gap between the two groups of samplings for the reset
and photo signal. If Ty, = N Ty, where N, is an integer, the CMS process can be
written as:

M—1
VounTo) = D {Vio((n = K)To) = Via(n =k = M = Ng + Do)}, 9.4)
k=0

The CDS and CMS can be entirely or in part performed in digital domain.
Figure 9.9 depicts a digital CDS (Fig. 9.9a), a digital CMS with an analog integration
and digital differencing (Fig. 9.9b), and a fully digital CMS (Fig. 9.9c).

The fundamental property of the digital-domain processing to the temporal noise
reduction effect is not much different from the analog-domain counterpart. The
significant effect of the digital domain processing is found in cancelling column-
wise fixed-pattern noise (FPN). The column-wise FPN is also called vertical FPN
(VFPN) because the VFPN appears as vertical lines on the reproduced image. The
sources of the VFPN are mainly due to analog circuits such as offsets of amplifiers
and charge injections of switches. The use of differencing in digital domain almost
perfectly cancels the VFPN because the analog signal paths for the reset and signal
levels are the same. CMOS imagers employing the digital CDS have very small
VEPNs below 0.5¢7[2-4].
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Fig. 9.9 Digital CDS and CMS circuits

9.3.2 Response of CDS and CMS to Thermal and 1/f Noises

9.3.2.1 Modeling of CDS

A model of noise canceling circuits is shown in Fig. 9.10. The current flowing in RC
circuits is given by:

) 1 dvpp(t
i = () —wplr)) = € 200 ©5)
The function of the CDS is expressed as:
veps (1) = vep(r) — vip(r — To). 9.6)

Using Laplace transform, the transfer function of the CDS is given by [5]

1

_ a=To
1+sCR(1 e ) Vs(s). 9.7

Veps(s) = Vip(s) — Vin(s)e™ =
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Fig. 9.10 Model of CDS circuits

9.3.2.2 Response of CDS to Thermal and 1/f Noises

The noise spectrum including the thermal and 1/f noises is expressed as:

N .
Su(f) = S + 7’ (9.8)

where S, 1 is the thermal noise spectrum and N is a 1/f noise coefficient. Using a
transfer function derived from (9.7), the mean square noise power is calculated with

% Ny 1 A
Vi cps = / (Sn,lh + —f) — |1 —e /D24 f (9.9)

— o0 f 1+ (w/wc)2
= /OO (S + &) ;4 sin?(wTy/2)d f (9.10)
oo UM ) T (/@) ER T

where . = 1/CR is a cutoff angular frequency of the CDS circuits. With x =
wTy/2, x. = w.Ty/2, the above equation is expressed as:

N Sn,th/“’ 4sin® x Y /°°1 4sin® x q ©.11)
1% = X — = dXxX. .
eS0Ty Joo T4 (6/xe)? Tl X1+ (/xe)?

The first and second terms of the left-hand side of the above equation correspond to

the thermal (Vi,th,CDS) and 1/f (vi’ ﬁCDS) noises, respectively. The integral of the first
term is calculated as [6]: ‘

/°° 4sin® x d X, R (—2x.)) ©9.12)
—————dx = — (1 —exp(—2x.)). .
0 T (r/x)? 4 P

If a sufficient settling of the CDS circuit is assumed, e.g., w.Tp > 5, the mean square
thermal noise after the CDS operation is given by:

Sy e Sp. @

Vimeps =~y — (1= Xp(=2x)) > == (9.13)

As the mean square thermal noise of a RC circuit is expressed as S, . /4, the CDS
operation has an effect of doubling the thermal noise at the input.

This integral of the second term of the left-hand side of (9.11) is expressed as
[6-8]:
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Fig. 9.11 Waveform of the CDS

/°°1 4sin’ x d 5 2 +/°° X COS X d 9.14)
—_——dx = nzx — <~ Sax,, .
0o X1+ (/) y T Ty

where y is Euler constant and y = 0.577215.... Assuming w7y is > 5 for sufficient
settling, the third term of (9.14) can be ignored, and the following useful formula
for the response of the CDS to 1/f noise is obtained.

Ve ops = 2Np(y + InwTp). (9.15)

Figure 9.12 shows the comparison between (9.14) and (9.15). For w.Ty > 1,
(9.15) is a good approximation of (9.14).

9.3.2.3 Response of CMS Circuit to Thermal and 1/f Noises

From (9.4), the transfer function of the CMS can be calculated with the Z-transform

as:
1— Z_M 1 _Z—M—Ng+l
HCMS(Z) = ( )1(_ Z_l ), (9.16)

where z = exp(jwTp). The noise power (mean square noise voltage) after the CMS
process can be calculated with
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Fig. 9.12 Response of CDS circuit to 1/f noise (Comparison of (9.14) and (9.15))
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Fig. 9.13 Response of CMS to thermal noise

o

- 1 oTo
vi,CMS:/Sn(f)W‘HCMS(e] T)|2df. (9.17)
0

If N, = 1, it is expressed as:

- (™ 1 4sin*(wM Ty/2)
VieMs = /_oo S”(f)l + (w/w)?  sin®(wTy/2)

daf. (9.18)

Figure 9.13 shows numerically calculated results of the response of the CMS to
thermal noise using (9.18) and S,(f) = S,.n. The noise power after the CMS
process is normalized by M S, . /2.
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Fig. 9.14 Response of CDS 3.5
and CMS to 1/f noise
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For w.Tp >> 1, the thermal noise power with the CMS is approximated as

MS o
V2 hoMs = 2'“ - (9.19)

The input referred thermal noise power of the CMS, given by v,  «ys/M?, is
inversely proportional to M . '

The response of the CMS to the 1/f noise is numerically calculated with (9.18)
and S,(f) = N,/f. Figure9.14 shows calculation results of the response of the
CMS to 1/f noise [9]. The noise power after the CMS process is normalized with
2Ny, where N is the spectral density of the 1/f noise at unit frequency. N, of 1 is
assumed. In Fig. 9.14, M of 1 corresponds to the CDS. w is the inverse of the time
constant of the sampling circuits in the CMS. Because of the slewing behavior of
the pixel source follower for a large signal and sufficient settling for precise CDS
operation, . T must be chosen to be large enough, e.g., w.Tp > 5.

For a large M the normalized noise power converges to In4 ~ 1.39. The CMS
with the large M has a higher noise reduction effect to 1/f noise than that of the
CDS, e.g., the noise power of the CMS is half of the CDS if w. T, = 10.

9.4 Noise in Active-pixel CMOS Image Sensors Using Column
CMS Circuits

The column CDS and CMS circuits can be implemented using a switched-capacitor
(SC) amplifier and SC integrator, respectively. A typical column CDS amplifier
is shown in Fig.8.15 in Chap. 8. Detailed noise analysis of the readout circuits
including in-pixel source follower and high-gain column amplifiers are given in
Chap. 8. In this section, the noise reduction effect of the CMS circuits using the SC
integrator is analyzed.
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The column CMS circuit using an SC integrator is shown in Fig. 9.15 together
with an 4Tr. active pixel circuit. The CMS circuit has two phases as shown in
Fig.9.16. In the sampling phase (¢; =“1"), the pixel output is sampled at the
capacitor Cj, and the sampled charge is transferred to the feedback capacitor C,
in the charge transfer phase. This operation is repeated for M times if a gain of M
is needed. The outputs of the SC integrator for the reset and signal levels of the pixel
output are sampled and held at capacitors Css and Csg, respectively.

Figure 9.17 shows the equivalent circuit of the in-pixel source follower with a
capacitor connected at the output which includes C; of the CMS circuits and other
parasitic capacitances. The gate input of the source follower, which is connected
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Fig. 9.17 Equivalent circuit
of the source follower with
the CMS in sampling phase
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to a floating diffusion, has a very small capacitance Cgpo. Because of this, gate-
to-source capacitance Cgs positively feeds the output signal back to the input by a
factor given by:
Cas
Bsk = ————
Crpo + Cas

An equivalent circuit of the source follower with the positive feedback is shown
in Fig.9.18. This shows that internal noise of the source follower is amplified by the
gain of

(9.20)

Gsr
Gysp=——F7—5— (9.21)
71— GsePsr
where Ggr is a source follower gain given by:
Ggp = —m! (9.22)
gml + go

The output conductance g, contains the drain conductance of M1 and M2 and a
mutual conductance of M1 due to a body-bias effect (see Sect. 8.4 for more details).

Another effect that increase the thermal noise of the in-pixel source follower
is an excess noise factor. Thermal noise spectrum of an MOS transistor with a
submicrometer channel length is given by:

Sy.nmos = 4kgT i, (9.23)

8m

where £ is the excess noise factor [10], and g,, the transconductance of the MOS
transistor. The excess noise factor is a function of the channel length (L), and it takes
~ 2/3 for L > 2 um, and increases as the channel length decreases.
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Thermal noise spectrum of the source follower S, s s is given by:

Syse = GlipdkpT fsr , (9.24)

gml

where £gp is an excess noise factor of the source follower given by:

Esp =& + %&, (9.25)

ml

where & and &, are excess noise factors and g,,; and g, are transconductances of
M1 and M2, respectively.
The 1/f noise spectrum of the source follower is expressed as:

Nfzgzz Nfl 2 Nfl
S, rse(f) = G? (1 + mi) -~ G —-, (9.26)
n.f n,SF Nflgyznl f n.SF f

where Ny and Ny, are the spectral density at unit frequency of M1 and M2,
respectively, and Ny, is much smaller than Ny because the transistor M, is
common for each column and the size can be chosen much larger than that of M;.

In the sampling phase of the CMS, the thermal noise power of the pixel source
follower sampled in C; is given by:

- Su.h.SFWc SF
V2 sk = "T (9.27)

where w, sF s the angular cutoff frequency of the source follower and it is given by:

gml

— (9.28
(Cy + C1)Gysp )

W SF =

where C, is the parasitic capacitance of the vertical signal line. Using (9.24) and
(9.28), the thermal noise power of the pixel source follower can also be expressed

as:

——— _ ksT&srGy sk

2 ,

= — 9.29
Vn,lh,SF CV + Cl ( )
In the transfer phase, the noise charge C,v, y s is transferred to C,, and noise
voltage (C1/C2)v,msF appears at the integrator output. The process of sampling
and transfer is repeated M times for integration. To perform the CMS, the integrator
outputs for the reset and signal levels are sampled and held at Csg and Css

and the difference of the two outputs are taken. This doubles the above noise

power and the total output-referred thermal noise power is given by 2M vﬁ’lh,SF =
M S, 1 srwe sk/2. This is identical to (9.19) for calculating the thermal noise after
the CMS process using transfer functions if w. 7Ty > 5.

In transfer phase, the noise power due to an amplifier (v , ) is added. This can
be calculated if the amplifier circuits and values of capacitances (C;, C,, Csg, and
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Css) are known [11]. The total noise power referred to the integrator input or the
source follower output is given by:

2 2
2 o nansE + Vitha

n,th,in M (930)

For 1/f noise, the transistor M1 of the in-pixel source follower is the dominant
noise source because of the very small size. The input referred noise power if
M >>1is given by:

v;21,f,in =2In 4G£,SFN.)"1 (9.31)

The total noise includes the thermal and 1/f noises of the in-pixel source follower
and column CMS circuits and the other noises such as an ADC noise which is added
at the output of the CMS circuits. The total noise as a function of the number of
samplings M, which has a same effect of the gain in the column amplifier(G 4,),
behaves as shown in Fig.9.5. For a very large value of M, the total input referred
noise is dominated by 1/f noise of the source follower because the other noise can
be sufficiently small by the large M .

The input-referred noise as the number of noise electrons is expressed as
the r.m.s. noise at the source follower output divided by the charge-to-voltage
conversion gain of the pixel source follower G, given by:

qGsr

G =
Crpo + Cgs(1 — Gsr)

(9.32)

Example 9.1. For C, = 1pF, C; = IpFE, C; = IpF, Gs = 0.85, Crpo = 2fF, Cgs =
2fF, El = 19 SZ - 07, and ng/gml = 05,
Vi thsF = 64.3 W Vims

and for M =32,
Vn thin = 16.1 MVrms

if the noise added at the transfer phase is ignored. As the conversion gain G is
calculated to be 59.2 WV /e, the input-referred thermal noise using the CMS with
M of32is 0.27 e™.

9.5 Possibility of Single Photon Detection

9.5.1 Single Photon Detection Using Quantization

In active pixel CMOS image sensors, photo electrons generated by the absorption
of photons are detected by a floating diffusion amplifier using a small capacitance
in the pixel, and the resulting voltage signal is read out through a source follower
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and the following readout circuitry. If there is no influence of noise, the signal level
read through the circuitry must be discrete, and if a circuitry like a analog-to-digital
converter exactly measure the voltage as a digital number, noiseless detection of
photo signal electron is possible [12, 13].

The principle of electron counting is shown in Fig.9.19. An electron is trans-
ferred to the floating diffusion (FD), a voltage step ¢/ Crp will appear, where q is
elementary charge, and C is the FD capacitance. Since the electron has negative
charge, the voltage step is negative. If the voltage is amplified by a gain of —G 4 and
n electrons are transferred to the FD, the signal voltage that appears at the amplifier
output is given by:

P £ Y Vsignal = nGACLFD (9.33)
The amplifier output is quantized by a precise A-to-D converter, or quantizer. The
quantization step Vy is chosen exactly as ¢G4/ Crp. The threshold level of the
quantizer is chosen as (n — 0.5)Vy, (n =0, 1,2,...) as shown in Fig.9.20. Note
that, the horizontal axis of Fig. 9.20 is normalized by Vj and it shows the number
of signal electrons.

If there is no influence of noise, the quantizer outputs an exact digital code
that equals to the number of signal electrons. The existing noise during the signal
detection causes the miscounting of the number of electrons to be measured. If the
noise is a white noise like a thermal noise, the influence of the noise in electron
counting can be easily analyzed.

The probability density function of the thermal noise amplitude p,, ¢ (x) normal-
ized by V; follows a Gaussian distribution, and is given by:

1 x2
pﬂ,lh(x) - \/E(O_W/Vq) exp (_2(Un/Vq)2) ’ (934)

where o, is the r.m.s. amplitude of the thermal noise.
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Fig. 9.21 Influence of noise in electron counting

If the number of signal electrons is p, the noise power caused by the miscounting
topu+1is qu. From Fig. 9.21, the possibility of miscounting is obviously given by:

1.5
/ Pnan(x)dx. (9.35)
0

.5

A miscounting to i — 1 also has a noise power increase of qu. The miscounting
to i + 2 leads to a noise power increase of (2 Vq)z. For calculating the total noise
power due to the miscounting, note that the number of signal electrons cannot be
negative.

The total noise power after quantization can be calculated as:

n=l Litos o0 j+0.5
P =23 [ pava s 3 [ pan (6 + i)V
—Jj—05 = )i
(9.36)
The thermal noise power before quantization P,, is given by:
oo
Py = / 02 pnm(x)dx = o7 (9.37)
—0o0

Figure 9.22 shows the calculation results using (9.36) for u of 1,3,5, and 7. The
noise power after quantization is normalized by the noise power before quantization
P,o. The horizontal axis is the number of noise electrons N, that is the input-
referred noise amplitude before quantization is divided by the conversion gain of an
electron charge to voltage. If 1 is large enough and the number of noise electrons is
much larger than unity, the quantization does not contribute to the noise reduction.
For small u, the quantization reduces the noise power by half for N,. >> 1 because
of the fact that the number of signal electrons cannot be negative. For N, ~ 0.4,
the quantization rather increases the noise power. In this region, the miscounting
caused by the noise can be larger than the average noise of ~0.4. For N, < 0.4, the
noise power with quantization abruptly decreases as Ny, decreases. For N, <0.1,
the noise power after quantization can be considered to be zero. In this region,
noiseless detection of signal electrons or true photo electron counting is possible.
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For Ny <0.1, the possibility of miscounting becomes very small because of the
small noise amplitude.

This photo electron counting technique is useful for a noise-free digital signal
accumulation. Figure 9.23 shows the equivalent number of noise electrons with
quantization (v/P,/ Vqy=0nq/Vy) and digital domain accumulation of 100 and
10,000 times. The accumulated noise in digital domain accumulation for 10,000
times without quantization is also shown in Fig.9.23. Without quantization, the
noise increases to ten electrons for the digital accumulation of 10,000 times even
if the readout noise is 0.1 electron, while the noise remains zero for the digital
accumulation of 10,000 times if the quantization technique is applied for the 0.1-
electron readout noise.

9.5.2 Condition for Single Photon Detection

For noiseless electron counting using quantization, the readout noise must be
<0.1e™. This section discusses what condition is necessary to achieve 0.1e™ noise
level using the column CMS.
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If the thermal and 1/f noises equally contribute to the total noise and the two
noise components are independent to each other, both the thermal noise and the
1/f noise must be smaller than 0.07¢™. As shown in Ex. 9.1, the thermal noise can
be sufficiently small by using a large number of samplings in the CMS. To reduce
the noise to be less than 0.07e™, Cppgp = Cgs of 0.5fF is required assuming the
other parameters are same as in Ex. 9.1. This small capacitance with the source
follower gain of 0.85 corresponds to the conversion gain of 237 wV/e™, which
is not surprisingly large. High conversion gain pixels in CMOS imagers such as
200wV /e  [14] and 190 WV /e~ [15] have been reported.

From (9.31) and (9.32) the number of noise electrons generated by the 1/f noise
can be expressed as:

Vn, fin 2Gn,SF\/m
Nup=-6 = G (9.38)

The 1/f noise in MOS transistors originates from the channel conductivity
fluctuations caused by a channel carrier number fluctuation or channel carrier
mobility fluctuation due to traps in the gate oxide. In n-channel MOS transistors
often used in active pixels in CMOS imagers, the carrier number fluctuation is
believed to be the dominant mechanism. The spectral density at unit frequency due
to the channel carrier number fluctuation is expressed as [16]:

2
q°No
Nf = CZ—Ag’

ox

(9.39)

where Ag = LW is the channel area of the MOS transistor and N,;[cm™2] is the
effective trap density. More general and physically exact models exist to explain the
mechanism of the 1/f noise, which is beyond the scope of this chapter [17].

In order to minimize the number of noise electrons, the size of the transistor must
be optimized. A large A reduces the 1/f noise spectral density, while increasing the
noise gain factor. The minimum can be found for the condition Cgg equals to Cgpy.
This is obvious because G, sp/G. in (9.38) is expressed as (Crpo + Cgs)/q from
(9.21), (9.20), and (9.32) and N/ is inversely proportional to Cgs if the gate to
source capacitance of the MOS transistor operating in saturation region is expressed
as (2/3)C,xAg. Then the N, r is expressed as:

8
N, 5~ gy/lHZNU,AG ~22+N, Ag. (9.40)
Example 9.2. For N,; = 10%¢cm™2 and Ag = 0.5 pm?,
N, r=1.6e"

Equation (9.40) suggests us an interesting strategy to a low-noise design of
CMOS imagers. The use of a small size transistor leads to a low input- referred
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1/f noise. The 1/f noise is believed to be reduced by increasing the transistor size
as (9.39) predicts. The input-referred 1/f noise of the pixel source follower as the
number of noise electrons, however, can be reduced by choosing a small transistor
size and meeting the condition Cppy = Cgs, because of the increased conversion
gain. Using (9.32) in (9.40), the noise expressed as a function of the conversion gain
is given by:

Gsr qNo
2— GSF Cax GC .

Ny =272 (9.41)

Figure 9.24 depicts the relationship between the N, r and G. with N,, as a
parameter. C,, = 5fF/um? and Gsg = 0.85 are assumed.

In the present CMOS technology, N,, takes values in the range of 10’-10%cm™2.
If N,y = 107, G, of > 3.5mV/e™ is required for achieving N, s of smaller than
0.07e".

A CMOS single-photon imaging or a noiseless photoelectron counting is theo-
retically possible. However, a charge detector with very high conversion gain (more
than 20 times higher than the state of the art), or a process technology with very low
N, (more than 20 times smaller than the state of the art) is required.

It should be noted that earlier discussion is based on the mean value of noise
over the pixels of CMOS imagers, and it can be reduced by the small transistor size
and the resulting high conversion gain. The use of a small-size transistor in each
pixel, on the other hand, may increase the occurrence of anomalously large random
telegraph signal (RTS) noises [18]. The development of a strategy for reducing the
pixel-wise mean random noise while suppressing the anomalously large RTS noise
is necessary for true CMOS single-photon imaging.
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Chapter 10

Low-Noise Electronic Imaging
with Double-Gate FETs

and Charge-Modulation Devices

Yoshiyuki Matsunaga

Abstract Virtually complete charge transfer can be achieved with charge coupled
devices (CCDs) in the buried channel configuration because the buried channel CCD
introduces no transfer noise. However, conventional charge detectors incorporated
into CCDs have a comparably large noise, which consists of thermal noise and 1/f
noise from MOS transistor in the output charge detectors.

Highly sensitive double gate charge detectors are presented in this chapter to
show the ability of CCD low noise performance of less than 1 electron rms at room
temperature and at video frequency.

The concept of double gate charge detection can alternatively be implemented in
a pixel incorporating a charge modulation device (CMD), reaching also an effective
readout noise level of less than 1 electron rms. In practice, the CMD shows larger
fixed-pattern noise behavior, necessitating supplementary signal processing efforts.

10.1 Introduction

Charge coupled devices (CCDs) have achieved virtually complete charge transfer
by using the buried-channel configuration, resulting in charge transfer inefficiencies
of less than 107°. Also, the buried-channel CCD operation introduces no transfer
noise. However, conventional charge detection circuits employed in CCDs have a
comparatively large noise, which consists of thermal noise and 1/f noise from
metal oxide semiconductor (MOS) transistors in the charge detectors [1]. The
detector noise sources degrade the CCD performance significantly.

In this chapter, highly sensitive double-gate charge detector devices are presented
to exploit the ability of CCD lownoise performance which is one of the most impor-
tant characteristics for image sensor applications. Low leakage current CCD sensors
with a low-noise charge detector will ideally be almost noiseless photosensors

In addition, a new charge-modulation image pixel is presented for applications
of the double-gate detectors.

P. Seitz and A.J.P. Theuwissen (eds.), Single-Photon Imaging, 219
Springer Series in Optical Sciences 160, DOI 10.1007/978-3-642-18443-7_10,
© Springer-Verlag Berlin Heidelberg 2011
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10.2 Double-Gate FET Charge Detector

The primary parameter dominating the noise performance of a charge detector is the
effective capacitance at the gate of the first transistor, as explained for example in the
first chapter of this book. For this reason, a successful strategy for the realization of
ultra-low-noise photosensors is the design of charge detectors with very low sensing
capacitance, preferentially below 1 fF. The double-gate FET structure is very useful
for this purpose because of both its high sensitivity due to low sensing capacitance
and its low noise due to complete charge transfer in the charge detector. The double-
gate FET can be implemented either as a floating well or as a floating surface device.

10.2.1 Floating Well Type

A new high-sensitivity CCD output amplifier called “double-gate floating well
detector” has been fabricated and evaluated. At room temperature, the new detector
achieves a charge/voltage conversion gain of 76 L V/electron and a noise equivalent
signal of 1.2 electrons rms over a 3.58 MHz video bandwidth.

This detector consists of an n-type buried sensing channel and a P-type bulk
channel detection transistor crossing underneath the sensing channel, representing
the doublegate FET. This structure is very useful for a CCD image sensor which
handles a small signal charge of a few thousand photogenerated electrons or holes.

10.2.1.1 Device Structure

Almost all charge detectors for CCD image sensors are floating diffusion detectors.
Figure 10.1 shows the top view of the detector incorporated into the end of a CCD
register. Signal charges are clocked along the CCD register and transferred out into
a CCD sensing channel. Sensing channel potential is modulated by signal charges,
and a modulated potential is sensed by the detection MOS transistor’s gate. The
output voltage signals are buffered by double stage source followers. The detection
sensitivity is determined by the conversion gain for signal charges to the output
voltages, that is, by the effective sensing capacitance.

However, the sensing capacitance of the conventional detector cannot be suffi-
ciently small for the following reasons: First, the sensing channel has a compar-
atively large area because it inevitably has a contact hole. Second, the detection
transistor gate capacitance must be added to the sensing capacitance. Third, the
detector suffers from large kTC noise, corresponding to charge fluctuation in the
reset gate OFF period due to reset gate channel thermal noise in the ON period.

The newly developed charge detector has low sensing capacitance and a structure
that is free from kTC noise. The principle is a combination of an n-type buried
sensing channel and a P-channel detection transistor across it, as shown in Fig. 10.2
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[2, 3]. Figure 10.3 shows a cross-sectional view of the detection transistor across
the sensing channel. A shallow p-well with a sensing channel in it and source/drain
p+ regions are formed on an n-type substrate. The hole current in the P-channel
detection transistor is made to flow not along the silicon—silicon dioxide interface
but rather underneath the sensing channel. As a result, suppression of 1/f noise
which is caused by silicon—silicon dioxide traps can be expected. Charge packets
clocked along the CCD channel are transferred into the sensing channel. The charge
packets directly modulate the channel conductance in the detection transistor.

The sensing capacitance for the detection transistor can be smaller than that for
the widely used “floating diffusion detector.” The small sensing capacitance has
been achieved by the smaller sensing region, in which the sensing channel and the
P-type channel for the detection transistor are crossed. Moreover, a “double-gate
structure” is introduced for smaller sensing capacitance. In this structure, a 1,000 nm
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thick oxide is employed for the detection transistor’s gate oxide. A flat potential
plate (FPP), which is floating electrically, is inserted under the detection transistor
gate (G). The FPP suppresses the two-dimensional effect which causes a potential
pocket in the sensing channel. The transfer loss induced by a potential pocket results
in transfer noise in the detector.

Figure 10.4 shows a practical output amplifier for detecting the charge (electron)
packets transferred in a three-phase linear CCD which is fabricated in a shallow p-
well on the n-type substrate of 45 Q2cm resistivity. The potential control gate (G) area
with the thick gate oxide layer measures 5 x 5um?, and the thin gate layer under
the FPP is 93 nm thick. To form the P-type channel for the detection transistor, a
local deep boron implantation the sensing channel is required. Figure 10.5 shows
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the potential profiles along the direction perpendicular to the surface. The solid
line and the dotted line are those under the FPP and under the output gate (OG),
respectively. The abrupt potential profile under the sensing channel is essential for
the signal charge in the sensing channel to modulate the detection transistor channel
conductance effectively. The source and drain regions of the P-channel detection
transistor are made by self-alignment with the output gate (OG), reset gate (RS)
and the FPP. The source is connected to the P-channel load transistor made by a
junction-type FET incorporated into the same chip. The junction FET is superior
for suppressing 1/ f noise compared to a MOS-FET [4]

A charge (electron) packet transferred into the sensing channel through the output
gate (OG) is converted to a voltage signal, using the firststage source-follower
which consists of the detection transistor and the load transistor. An output signal is
generated using the second stage source-follower constructed with n-channel MOS
transistors. To remove the charge (electron) packet from the sensing channel region
into reset drain (RD), a positive pulse is applied to the reset gate (RS). Then the
sensing channel is completely depleted in a so-called “transfer operation.” Thus, the
detector has no reset noise [5-7].

10.2.1.2 Device Simulation

A two-dimensional device simulator was utilized for designing the detector. In a
conventional detector, an effective sensing capacitance is determined approximately
by the gate oxide capacitance of a detection transistor [2,3]. For high sensitivity, low
sensing capacitance has been achieved by employing a 1 jum thick gate oxide for the
detection transistor. Figure 10.6a shows a simulated potential profile for electrons
in the detecting section. A potential pocket is observed at the edge of the output
gate (OG). The potential pocket causes not only charge (electron) transfer loss
but also transfer noise. To eliminate the pocket, the FPP has been inserted under
the potential control gate (G). The potential profile in the new detector with the
FPP is shown in Fig. 10.6b. The potential pocket vanishes, which enables the new
structure to obtain reduced transfer loss sufficient for the realization of a low-noise
detector.
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10.2.1.3 Evaluation

The detector was evaluated at a 7.16 MHz clock frequency, corresponding to twice
the NTSC color subcarrier frequency. The signal duty defined by the signal output
period in the clock cycle was approximately 70%, which was determined by a 40 ns
positive pulse supplied to the reset gate (RS). The charge/voltage conversion gain
of the detector was measured by injecting a series of charges in a packet into the
CCD from an injection diode having a capacitance of about 1 fF. The size of the
charge packet was calculated from the reset drain current. The resultant output
amplitude was observed through an oscilloscope. The output signal bandwidth is
20MHz under 7 pF capacitance load. The results of the measurements are shown
in Fig. 10.7 The relation between injection charge quantity and output voltage is
linear over a range of charge packets from 40 to 2,000 electrons/packet, with a
responsivity of 76 pV/electron. The output noise of the new detector was measured
using a spectrum analyzer. Figure 10.8 shows the noise spectra of the detector, both
in reset operation and in transfer operation. In the reset operation, residual charge
in the sensing channel includes reset noise (kKTC noise), charge due to thermal
noise generated in the channel region of the reset gate (RS). Conversely, in the
transfer operation, no noise charge exists, because the signal charge in the sensing
channel is completely transferred into the reset drain by applying a positive pulse
to the reset gate. The 1/f noise below 2 MHz, which is observed in the noise
spectrum for the transfer operation, is generated by the detection transistor. The
overall RMS noise value in the transfer operation, within the frequency range of
10kHz-3.58 MHz, was 64 |LV rms at room temperature. The value for the “floating
surface detector” with the FPP structure, which is fabricated on the same substrate
for comparison and is described below, was 84 LV rms under the same measuring
conditions. The difference in the noise values is caused by the 1/f noise due to
silicon—silicon dioxide interface traps. As shown in Fig. 10.7, the new detector with
a charge/voltage conversion gain as high as 76 p'V/electron, a noise level as low as
64 1V rms and a 70% signal duty ratio, achieves an effective readout noise as low
as 1.2 electrons rms.
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10.2.2 Floating Surface Type

An alternative low-noise and wide dynamic range charge detector called “double-
gate floating surface detector” differs from the floating well type in that the
P-channel FET current flows at the silicon—silicon dioxide interface. An advantage
of this type is its high conversion gain due to the small sensing area compared
to the floating well type. The device achieves a charge-to-voltage conversion gain
of 220 pV/electron and a dynamic range of 79dB at 3.58 MHz video bandwidth
and at room temperature. This detector shows an effective readout noise of only
0.5 electrons rms, so that it can be used as an electron counting detector and the
evaluation can be done by directly observing the discrete levels corresponding to
the number of signal electrons. The 79 dB dynamic range is sufficient for a CCD
image sensor detector.

10.2.2.1 Device Structure

The developed charge detector has low sensing capacitance and a structure which
is inherently free of kTC noise. The principle is a combination of an n-type
buried sensing channel and a P-channel surface detection transistor across it [5—
7]. Figure 10.9 shows a cross-sectional view of the detection transistor across the
sensing channel. A shallow p-well with a sensing channel in it and source/drain
p+ regions are formed on an n-type substrate. The shallow p-well under a sensing
channel is completely depleted. The P-type channel for the detection transistor lies
at the silicon—silicon dioxide interface. The charge packets modulate the channel
conductance in the P-channel detection transistor.

S G D
Q o
FPP |
p+ © p+
© © 0o
p-well ~ Sensing channel
n-sub

Fig. 10.9 Crosssection of floating surface detection transistor
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Figure 10.10 shows a practical output amplifier for detecting the charge (electron)
packets transferred in a three-phase linear CCD, which is fabricated in a shallow p-
well on the n-type substrate of 45 Q2cm resistivity. The potential control gate G area
with the thick gate oxide layer measures 4 x 4 pm? which is smaller than that of
the floating well type. The thin gate layer under the FPP is 120 nm thick which is
slight thicker than that of the floating well type. To form the P-type channel for
the detection transistor, a local deep phosphorus implant on the sensing channel
is required [3,7]. A charge (electron) packet is transferred into the sensing channel
through the output gate (OG) at the fall time of a ¢ 1 clock voltage applied on the last
transfer electrode of the CCD. Subsequently, it is converted to a voltage signal using
the first-stage source-follower, which consists of the detection transistor and a load
transistor. The drain of the detection transistor is grounded, and the source voltage
of the load transistor is 15 V. The voltage applied to the potential control gate G is
adjusted between 30 and —80 V. An output signal is generated using the second-
stage source-follower constructed with n-channel MOS transistors. To remove the
charge (electron) packet from the sensing channel region into the reset drain (RD), a
positive pulse is applied to the reset gate (RS). This completely depletes the sensing
channel in a so-called “transfer operation.” As a consequence, the detector has no
reset (KTC) noise [5, 6].

10.2.2.2 Device Simulation

A two-dimensional device simulator, handling both signal electrons in a bulk poten-
tial well and hole current along the silicon—silicon dioxide interface simultaneously,
has been newly developed to analyze the floating surface detector. The simulations
were done along the signal electron transfer direction. Figure 10.11a,b shows the
potential distributions for no signal charge and for 3600-electron signal charge,
respectively. The potential level at y = 0 in Fig. 10.11 indicates the surface potential.
The first maximum potential level along the y axis indicates the buried-channel
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potential. As shown in Fig. 10.4b, the surface potential in the detector section is
lowered by signal charge, compared to that for no signal charge. The sensing
capacitance is calculated with the amount of signal charge and the difference in the
surface potentials between Fig. 10.11a,b which corresponds to the charge/voltage
conversion gain of the detector. The resultant sensing capacitance is 0.22 fF/pum
per FPP length.

10.2.2.3 Evaluation

The device is evaluated at a 7.16-MHz clock frequency, which is twice the NTSC
color subcarrier frequency. The signal duty, which is the signal output period to
the clock cycle time ratio, is approximately 75%, which was determined by a 35 ns
positive reset pulse. The measured charge-to-voltage conversion gain of this detector
is shown in Fig.10.12 as a solid line. It was measured by injecting a series of
charge packets into the sensing channel. The conversion gain is linear over a charge
packet range from 20 to 4,500 electrons/packet, and it is as high as 220 p V/electron.
The measured conversion gain is higher than that obtained from the simulated
sensing capacitance value by about 20%. A three-dimensional device simulation
may be needed for more accurate estimation, because the difference between the
measurement and the calculation can be due to potential distribution perpendicular
to the signal electron transfer direction.

The output noise of the new detector was measured using a spectrum analyzer.
Figure 10.13 shows noise spectra for the device, both in the reset operation and in
the transfer operation. In the reset operation, residual charge in the sensing channel
includes reset noise (kTC noise) charge due to the thermal noise generated in the
reset gate (RS). Conversely, in the transfer operation, the reset noise is completely
suppressed, because no residual charge exists in the sensing channel. The overall
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rms noise value, within the frequency range of 10kHz-3.58 MHz, is 84 .V rms at
room temperature.

The noise level of 84 LV rms and a signal duty ratio of 75% result in an effective
readout noise of as low as 0.5 electron. Thus, the dynamic range is as wide as 79 dB.

In the signal range below 20 electrons, charge generation by photoelectric
conversion effect in the CCD with weak incident light through a neutral density
(ND) filter is induced to evaluate the detector, as shown in Fig. 10.14. Injection
packet size in the sensing channel is known in advance by this method. A signal
packet of ten electrons is made by inserting a 1072 ND filter in the light path. The
light intensity is set so as to generate 1,000 electrons/packet, which is measured
using the current meter in the figure. Figure 10.15a shows waveforms of the RS
input pulse, a ¢1 input pulse, and the resultant output signal. Figure 10.15b is a



230 Y. Matsunaga

h»  <20electrons
L=t
On~-chip ~=3
amplifier ND Filter
20=4500
A electrons
ISR
b b s
-3 LML 746 MH2

AC Amplifier ,f, DC Amplifier oeciiioscope

Fig. 10.14 Evaluation circuit

a 50ns b 10ns
- [P N=10electron

RS(5V/div)

@ 1(5Vidiv)

Output
(200mV/div)

Fig. 10.15 Charge/voltage conversion characteristics. (a) RS, ¢l input, and resultant signal
output. (b) Amplified output voltage around ten signal electrons

photograph of the signal voltage amplified by an external circuit when the average
number of electrons in a signal packet is 10. The amplified signal is processed
through a 3.58 MHz low-pass filter to remove worthless high-frequency noise.
Discrete voltage levels corresponding to around ten electrons are observed. Output
levels, which correspond to other than ten electrons, are caused by fluctuation of
the incident light. The charge-to-voltage conversion characteristics obtained by
observing the discrete levels are shown in Fig. 10.16. The conversion gain above
10 electrons in Fig. 10.16 is approximately the same as that in Fig. 10.12. The
conversion ratio under ten electrons shows less linearity. However, high responsivity
is still maintained in the small signal region.
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10.2.2.4 Discussion

The detection transistor is the P-channel surface transistor with the sensing channel
as the buried gate. Here, the gate electrode structures in the transistor are discussed.
Figure 10.17a—c shows source-follower diagrams using the double-gate transistor, a
thin-gate-oxide transistor, and a thick-gate-oxide transistor, respectively. The oxide
thicknesses of the transistors are 120 and 1,000 nm, respectively. The same voltage
as the RD voltage is applied to the buried gate by switching the neighboring RS
gate on. Figure 10.18 shows the buried-gate voltage versus the output voltage of the
source followers. The source-follower gains are obtained by the slopes of curves
(a)—(c) in the figure. They are 0.78, 0.31, and 0.49, respectively. In the buried-gate
voltage range of 13—15V, the output voltages of types (a) and (b) are saturated.
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This shows that the sensing channels are completely depleted. On the contrary, the
saturation is not observed in type (c). The source-follower gain of type (c) is smaller
than that of type (a) in spite of the thick gate oxide, since the P-type channel is also
not flat and the transistor characteristics are degraded.

The sourcefollower gain gl is represented as Cpc/(Cpc + Coc), where Cpc
and Cgc are buried-gate transistor channel capacitance and gate oxide capacitance,
respectively. However, the charge-to-voltage conversion gain g2 is proportional to
(1/Cgc+1/Cgc) x Cpe/(Cpc + Coe) = 1/ Coe, because the depletion-layer depth
under the sensing channel reaches to 15 pwm, and the capacitance between the buried
gate and the substrate is negligibly small. So, the relationship between g1 and g2 is
described by the following equation:

g2 = {gl/(1 — g1)}Cgc. (10.1)

Equation (10.1) shows that the charge-to-voltage conversion gain g2 strongly
depends on the source-follower gain gl, g2 increases dramatically if gl is close
to 1. Especially, the charge-to-voltage conversion gain rapidly decreases in the
small-signal region. The conversion gain increases seven times by using the double-
gate structure compared to the thin-gate-oxide transistor. The conversion gain ratio
of the double-gate to thick-gate-oxide transistors is 220:31 = 3.55:0.50, in good
accordance with the g1/(1 — gl) ratio of 3.55:0.45. It is clear from the above
discussion that the double-gate structure can realize superior high conversion gain
detectors.
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10.3 CCD Image Sensor with Double-Gate FET
Charge Detector

The pixel size of the CCD image sensor has been made smaller to reduce chip size
for small optical assembly and to realize megapixel sensors for HDTV cameras.
It is not acceptable, however, to compromise the sensor performance for a smaller
cell size, and in particular, the sensitivity and the dynamic range remain high [1].
In contrast, the buried-channel charge-coupled device achieves complete charge
transfer with no transfer noise. Therefore, almost all solid-state image sensors utilize
low-noise buried-channel CCD for scanning circuits.

In the following we describe a 1/3-in interline transfer CCD area image sensor
with 94-dB dynamic range and 1.0-electron rms noise floating surface detector.
With capacitance-coupled negative-feedback configuration, the saturation level of
the detector is successfully extended by a factor of 5, maintaining the superior low-
noise characteristics. Moreover, 1/f noise in the output signal, which is a very
conspicuous streak noise in the reproduced image in spite of its low-noise power, is
successfully suppressed with a novel so-called alternate gain inversion (AGI) signal
processing technique.

10.3.1 Sensor Construction

Figure 10.19 shows photographs of the fabricated device chip and the detection
transistor. The chip size is 7.1mm (H) x 5.1mm (V), and the image size is
4.8mm (H) x 3.6 mm (V), which is suitable for a 1/3-in lens format. The device
is the most popular interline transfer CCD configuration at present, which consists
of photodiodes, vertical CCDs (V-CCDs), and a horizontal CDD (H-CCD). For
low leakage current noise, the buried photodiode structure, which has a high
concentration pT-layer on the n-type storage region, is adopted [7, 8]. The charge
detector at the end of the H-CCD is a double-gate floating surface detector with an
effective readout noise of 1.0 electron rms. A dynamic range of 94 dB is obtained by
returning the inverted voltage signal onto a feedback gate. The saturation number
of electrons is extended to 5 x 10* electrons, which corresponds to the saturation
charge of the photodiode.

The device is fabricated in a shallow p-well on an n-type substrate of 47 Q2cm
resistivity with 1.0 um fine pattern design rule. Two ion-implantation processes
are added to the conventional CCD fabrication process. One is a high-energy
phosphorous implantation for the sensing channel, and the other is a source/drain
boron implantation for the P-channel detection transistor.
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10.3.2 Feedback Charge Detector

Figure 10.20 shows the detector structure. The signal charge (electron) packets
are clocked along the H-CCD, and transferred into the detection transistor signal
sensing region under the FPP. The detected charges are moved out into a reset drain
(RD) by applying a positive pulse on a reset gate (RS). The signal charge in the
sensing region modulates the P-channel conductance in the detection transistor. An
output signal is generated using two source-follower stages, constructed with n-
channel MOS transistors. An inverted signal voltage is applied to the feedback gate
of the detection transistor. The feedback amplifier is an inverter and its noise is
designed to be much smaller than that of the source followers in order not to add
extra noise by the feedback loop. The capacitance-coupled feedback loop allows the
dynamic range to be extended. The oxide thickness between the feedback gate and
the FPP is approximately 1.0 um.

Figure 10.21 shows the increase in the saturation charge by the negative feedback
operation. Signal charge Qs is converted into voltage signal Vs by the very low
sensing capacitance Ce in the case of the open loop as shown in Fig. 10.21a. On
the contrary, in the feedback operation, the effective sensing capacitance increases
n times by the inverted signal voltage, which is applied to the feedback gate, so that
the output signal voltage is compressed, as shown in Fig. 10.21b, and the saturation
charge increases by a factor of n, as shown in Fig. 10.21c. The parameter n is equal
to the well-known feedback formula (1 + kA), where k and A are the feedback
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coefficient and the feedback amplifier gain, respectively. In this detector, k is equal
to Cg/(Cg + Cc), where Cg and Cc are the gate capacitance of the detection
transistor and the diffusion capacitance of the n-type sensing channel under the
FPP, respectively. It is derived from the partition ratio of the Cg and Cc series
capacitances.

Noiseless signal charge is converted into the voltage signal S, while the detector
noise is N in the open-loop charge detector. By applying the inverted output signal
onto the feedback gate, not only the voltage signal but also the detection noise is
compressed, and they result in S” and N’. Signal-to-noise ratio S’/ N’ is equal to
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S/N, as well known from the negative-feedback theory. Thus, the superior noise
performance of the detector is maintained.

10.3.3 Evaluation

Figure 10.22 shows the surface-channel potential of the detection transistor versus
the feedback gate voltage. The surface-channel potential is measured using the test
device of the detection transistor fabricated on the same chip as the image sensor.
The feedback coefficient k, which corresponds to the slope of the line in the figure,
is approximately 0.4. In the practical detector, n is determined to be 5, taking the
photodiode saturation into consideration. Accordingly, the feedback amplifier gain
A is set to 10. The equivalent input noise voltage of the feedback amplifier is
approximately 10 WV rms at 3.58 MHz bandwidth which is significantly smaller
than the 80 WV rms of the source followers.

The H-CCD (¢H1, $H2) and the reset gate RS were driven at a 7.16 MHz clock
frequency, which is twice the NTSC color subcarrier frequency. Figure 10.23 shows
the RS and ¢H1 input pulses, and the output voltage signals. Figure 10.23a,b shows
the output voltage signal of the saturation level without the feedback loop and the
compressed voltage signal by the negative feedback, respectively. The waveform
X in the figure is not the clock noise, but a feedthrough voltage of a part of
the inverted signal from the feedback gate. Figure 10.23c is the saturation signal
with the feedback loop. The noise voltage is also suppressed 14 dB. Figure 10.24
shows the measured charge-to-voltage conversion characteristics and the noise
levels of the detector. The charge-to-voltage conversion gain is linear within 5% over
a range of charge packets from 200 to 10,000 electrons/packet. The charge/voltage
conversion gain, the noise voltage, and the saturation voltage of the detector without
the feedback loop are 100 pwV/electron, 80 WV rms, and 1.0V, respectively. The
saturation charge of 10,000 electrons/packet and the noise equivalent signal of
1.0 electron rms are obtained from these values, taking a signal duty 7/ T} into
consideration, where T and Tj are the effective output signal period and the clock
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cycle of the horizontal CCD driving pulse, respectively. With the capacitance-
coupled feedback loop, the saturation charge level is increased by a factor of 5, and
the dynamic range is improved to 94 dB, maintaining the effective readout noise of
1.0 electron rms.

The characteristics of the image sensor with the new detector are shown in
Table 10.1. The very low dark current is realized by the buried photodiode structure
and the pinned operation of the V-CCD. In the pinned operation, the surface
emission under the transfer electrodes, on which the low-level voltage of transfer
pulse is applied, is suppressed because holes are accumulated there.

10.3.4 Signal Processing

The output signal includes the large 1/ f noise generated by the MOS transistors of
the on-chip detector. Figure 10.25 shows the noise spectrum of the on-chip detector
without the feedback loop. The 1/ f noise generates a very conspicuous streak noise
in the reproduced image in spite of its small noise power. The 1/f noise should
therefore be suppressed to realize a low-noise image sensor. A noise reduction signal
processing technique called alternate gain inversion (AGI) is proposed to solve the
problem. This processing is able to suppress not only the 1/ f noise but also the kTC
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Fig. 10.24 Charge/voltage
conversion characteristics of
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Table 10.1 Characteristics

! Image area 4.8 (H) x 3.6(V)mm? (1/3in.)
of image sensor Chip size 7.1 (H) x 5.1(V) mm>
Number of pixels 398 (H) x 492(V)
Sensitivity 100mV/L x (2,856 K)
Saturation voltage v
Noise (detector) 20w Vrms

Dark current (20°C)  2pa

reset noise, which is the main noise generated by the conventional floating diffusion
detector. Figure 10.26 shows the input pulses $H1 and RS, the output signal OS,
and the waveform SP after the AGI processing. Here, the OS has a constant noise
+ N, as shown in the figure. In the AGI processing, the OS waveform between times
tr and fg is inverted. The noise + N is inverted into —N in this period. The times
tr and fg are the intermediates of the reset gate ON period Tr and the OFF period
Tw, respectively. The clock cycle Ty is the sum of 7r and Tw. The noise —N in
the feedthrough period cancels the noise 4+ N in the signal output period by mixing
the noises +N and —N through a low-pass filter. The transfer function 7' (w) of the
AGI processing is shown in Fig. 10.27 It is given by:

sin(wTy/4)

T(w) = Z -sin(wTy/4) - wTo/d

: (10.2)

where Z is a constant. The second term denotes the transfer function of the
well-known correlated double sampling (CDS). In the CDS signal processing,
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the output is obtained by subtracting the noise in the feedthrough period from
the CCD output signal. Therefore, the transfer function of the CDS is expressed
as a formula of sin(Y) [8]. The last term corresponds to the Fourier transform of
the aperture function of 7y/2. The frequency region under /Ty is the effective
signal band. The noise in the low-frequency region can be suppressed significantly.
The high-frequency aliasing noise is much smaller than that of the conventional
CDS processing, because no sample-and-hold circuit is used in the AGI circuit [8].
Figure 10.28 shows a schematic diagram of the AGI circuit employed at this time.
Emitter followers Q;Q;, and Q3 reduce the impedance to drive the following stages.
The voltage gain of the complementary amplifier B is set to 4. The AGI circuit
is constructed with the balanced modulator MC1594 (Motorola). Input pulses P,
and P; (bar) control the inverted period in the AGI output waveform. P; is the
same as the horizontal CCD driving pulse ¢H1. The offset levels of the inverted
period and the noninverted period in the AGI output signal are adjusted with the
variable resistances R1 and R2. Figure 10.29a,b shows photographs of the noises of
the reproduced images before and after the AGI signal processing, respectively. The
1/ f noise, which is a very conspicuous streak noise in Fig. 10.29a, is reduced to the
level shown in Fig. 10.29b. With this processing, the 1/ f noise decreases 1/8 times
at 100kHz. The reproduced image of a RETMA chart processed with the AGI is
shown in Fig. 10.30.

10.4 Charge-Modulation Image Pixel Application

The charge-modulation-type image pixel sensor, which has P-type sensing area and
n-type detector transistor, has been proposed by Nakamura et al. proposed with an
annular MOS gate transistor [9]. In the MOS transistor, photogenerated charges are
stored in the surface depletion layer under the MOS gate, resulting in a change of
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Fig. 10.28 Circuit diagram of AGI

Fig. 10.29 Reproduced imaged of noises of device. (a) Before AGI processing. (b) After AGI
processing

the gate voltage. Drain-to-source current is modulated by this voltage change, and
an amplified signal is obtained which is dependent on the light intensity. However,
this sensor is not as sensitive as a CCD image sensor. The reason is low optical gain
due to large charge sensing area.

As a consequence, a “double-gate floating surface phototransistor” is introduced
for high sensitivity image sensor comparable to a CCD image sensor. In the photo-
transistor cell, the gate area has been divided into two parts, a large accumulation
section and a small detection section, to realize a low-input capacitance for a high
optical gain. A new readout operation, called “line potential modulation operation,”
is also introduced.
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Fig. 10.30 Reproduced
image of RETMA chart. (a)
Before AGI processing. (b)
After AGI processing

Fig. 10.31 Schematic
structure of floating-surface
phototransistor. (a) Layout.

(b) Cross-sectional structure.

(c) Potential profiles under
accumulation gate and
detection gate
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Conventional phototransistors have only one annular-type gate [4, 9], whereas the
new phototransistor has two gates, an accumulation gate and a detection gate. The
accumulation gate is formed in a large area for a large light aperture, and the
detection gate is in a small area for small input capacitance. Figure 10.31a,b shows
the schematic top and a cross-sectional view of the device. The unit cell consists of
two separation gates, an accumulation electrode and a sensing transistor. The unit
cell size is 13 x 13 wm?. The fabrication process is similar to that of a CCD image
sensor. The device was fabricated using 2 um pattern rule process technology. The
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accumulation electrode is a thin poly-Si with 60 nm thickness for higher optical
efficiency. Figure 10.32a illustrates the cross-sectional view of the sensing transistor
adjacent to the accumulation gate. The transistor is formed in a depleted shallow
p-well on a 45 Qcm n-type substrate. The sensing channel of the transistor, which is
deeper than the n-type diffusion channel under the accumulation electrode, is made
by higher energy phosphor local implantation. As shown in Fig. 10.32b, the small
input capacitance Cs has been realized by a double-gate structure. This structure
consists of an FPP floating electrically, and a potential control gate (G) over the FPP
through a thick gate oxide. The potential control gate area is 4 x 4 um? with 1.0 pm
thick gate oxide and 120 nm thin gate oxide under the FPP. The input capacitance
is estimated to be 0.8 fF. The FPP suppresses the generation of a potential pocket
between the accumulation gate and the detection gate, which will be mentioned
later. This pocket causes random noise due to the residual charge fluctuation in it.
The source and drain regions are made in self-alignment with the accumulation
electrode, the separation gate, and the FPP. The shallow p-well under the sensing
channel is completely depleted, and its potential is higher than that of the surface
potential. Therefore, the source and drain regions are separated from each other.

10.4.2 Operation

The operation of the device is very different from that of a conventional MOS image
sensor. In the MOS image sensor, photogenerated carriers stored in the diffused
source region are destructively read out by switching the MOSFET on.

In contrast, the incident light that passes through the thin accumulation electrode
generates signal electrons in the present pixel. The electrons are collected in the
accumulation bulk channel. Subsequently, they are transferred into the sensing
channel by applying a negative pulse to the accumulation electrode. The principle
of a floating surface sensing transistor is a potential modulation of a floating surface
P-type channel formed along a Si/Si0, interface above an n-type sensing channel.
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Fig. 10.33 Potential diagrams in LPM operation. (a) Photoconversion and accumulation. (b)
Electron transfer and hole injection. (¢) Amplified hole readout. (d) Signal electron reset

The sensing channel acts as a buried gate in the transistor. That is made possible
by an abrupt potential profile of the detection gate in the surface region, shown in
Fig. 10.31c. The n-type channel potential of the detection gate is higher than that
of the accumulation gate, though the surface potential of the detection gate is lower
than that of the accumulation gate. The potential profiles are realized by the deeper
sensing channel structure mentioned above.

Figure 10.33 shows the potential diagrams in the line potential modulation
(LPM) operation. The sensing transistor source is connected to a P-channel readout
transistor and to the capacitance Cp =0.9pF corresponding to the vertical line
capacitance. In Fig. 10.33a, the photogenerated signal electrons are stored under
the accumulation electrode. In Fig. 10.33b, the signal electrons are transferred into
a sensing channel and modulate the surface potential. Holes are injected into the
line capacitance Cy. through a modulated surface potential barrier by the fill-and-
spill method. In Fig. 10.33c, the amplified holes in the line capacitance are read out
by switching on the readout transistor. A significant charge gain Ag is obtained by
the following equation:

Ag = C/Cs. (10.3)

In Fig. 10.33d, the signal electrons are expelled into the substrate by applying a
negative pulse on the potential control gate G. There is no thermal noise in the
sensing transistor, because the sensing channel is completely depleted after the reset
operation. In addition, the spatial separation of electrons and holes in the transistor
enables us to operate the device in a nondestructive readout mode.
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Fig. 10.34 Simulated potential profiles in the sensing transistor. (a) Sensing transistor with
1.0 pm-thick gate oxide. (b) Sensing transistor with FPP

10.4.3 Simulation

A two-dimensional device simulation was carried out to verify the FPP effect. For
higher sensitivity, a lower sensing capacitance has been realized by adopting a
1.0 wm thick gate oxide for the detection transistor. Figure 10.34 shows simulated
potential profiles. The solid lines are the surface potentials for holes along the
Si/SiO, interface, and the dotted lines are those for electrons in the sensing
channel. In Fig. 10.34a, potential pockets for electrons are observed at the edges
of the accumulation and separation electrodes, where the sensing channel potential
is significantly influenced by applied voltages on these electrodes. The potential
pockets result in sensitivity degradation, because a small number of signal electrons
are stored in these pockets and signal electrons cannot directly modulate the lowest
surface potential. On the other hand, with the FPP being inserted under the potential
control gate G, the pockets disappear as shown in Fig. 10.34b. The FPP flattens the
channel potential in the detecting section through the thin gate oxide under it. Signal
electrons directly change the lowest surface potential on which the holes are flowing.

10.4.4 Results

The sensing transistor and the readout circuit were evaluated at 7.16 MHz clock
frequency. Figure 10.35 shows the experimental circuit. The signal gain of the
sensing transistor was measured not by using the photogenerated electrons but by
externally transferring a series of electron packets into a sensing channel from
the accumulation region. Figure 10.36 shows applied input pulses and a resultant
output signal waveform in the LPM operation. At the start of a reset-read cycle, the
positive transistor pulse (1) was applied to the accumulation electrode to receive test
electrons in the accumulation channel through the adjacent separation gate. Under
this condition, the P-type surface channel of the sensing transistor was pinched off.
Subsequently, a negative transfer pulse (#2) was applied for transferring the test
electrons into the sensing channel of the transistor. By applying a short positive
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Fig. 10.35 Experimental circuit

injection pulse (¢3) to the source, holes were injected into the line capacitance Cy..
This set the capacitance voltage to the modulated surface potential by skimming
the holes in the capacitor. The amplified charge (hole) was read out and removed by
switching on the readout transistor with the readout pulse (¢4). Refreshing the signal
electrons was carried out by applying a negative pulse to the potential control gate
G. The relation between the input test electrons and the amplified holes was linear
over an input charge packet range of 20 to 4,500 electrons/packet with a conversion
gain of 1,100, as expected from (10.3). The output noise was measured using a video
noise meter. The overall rms noise value within the 10 kHz-3.58 MHz band was 880
holes/packet. Almost all noise is caused by charge fluctuation in the capacitance
CL due to the readout transistor channel thermal noise in the LPM operation. The
thermal noise of the external amplifier is negligible. The signal gain of 1,100 and
the noise of 880 holes correspond to an equivalent input noise of 0.8 electrons. The
electric field in the gate oxide under the FPP is as small as 0.8 MV/cm. Therefore,
the leakage current resulting in the FPP charge-up is too small to be measured. No
operation point drift due to the FPP charge-up was observed during actual operation.

Figure 10.37 shows the photoresponse of the device, given as a function of
illumination with the integration time of 16 ms for a standard NTSC field. The
saturation exposure and amplified charge were found to be 1.11x and 5 x 107°
holes/packet, respectively. The noise level exposure is calculated to be 2 x 107*1x
from the rms noise of 800 holes measured at 7.16 MHz operation frequency. This
results in an illumination dynamic range of 75 dB.

10.4.5 Applications of Area Sensor

The described phototransistor has several problems for area imager application. The
most serious problem is fixed pattern noise (FPN) in the dark condition. The FPN is
caused by dark current and by the detection transistor surface potential variations.
The dark current is at the same level as in conventional CCD image sensor. The
FPN due to the surface potential variations is suppressed by the clamping and
sampling circuit introduced in reference [4]. The photoresponse nonuniformity
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(PRNU) resulting from the detection transistor gain variations will be less than
+5%, because the oxide thickness between the potential control gate G and the
FPP, which determines the conversion gain, is flat within 5% variation in a 5-in
wafer. Blooming is suppressed by the vertical overflow under the accumulation
gate. Arranging this phototransistor in the transversal signal line (TSL) layout can
sufficiently reduce the smear. To improve the signal-to-optical-shot-noise ratio, the

saturation level can be raised by increasing local phosphorus implantation dose
under the FPP.
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10.5 Conclusions

Buriedchannel CCDs achieve virtually complete charge transfer with no transfer
noise. One of the most effective means for the realization of single photon image
sensors is to suppress noises of the CCD output charge detectors under the one-
electron level. The double-gate charge detectors have achieved such subelectron
noise performance. As a consequence, this structure can be applied to amplified
MOS image pixel as chargemodulation configuration.
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Chapter 11
Energy-Sensitive Single-Photon X-ray
and Particle Imaging

Christian Lotto

Abstract Energy-sensitive detectors perform asynchronous arrival detection of sin-
gle X-Ray photons and particles. Their ability of measuring the detected particles’
energy improves the performance of the particle counting applications and enables
spectroscopic applications. In such detectors, either a semiconductor layer for direct
conversion or a combination of a scintillator and a semiconductor sensing device
for visible photons is used for generation of an electrical charge pulse per absorbed
particle. This charge amount, which represents the particle energy, is detected by
an asynchronous charge pulse detecting circuit. The noise of such circuits defines
the lowest discrimination threshold of counting systems and the energy resolution
of spectroscopic applications. Therefore, low noise, low power consumption, and
low area are requirements for charge pulse detecting circuits used in segmented
energy sensitive particle detectors with a high number of pixels. Choice of a sensing
device, definition of the charge pulse detecting circuit’s topology, and analysis of
interdependences amongst the above performance parameters are covered and a
context with employed readout schemes, processing circuits, and target applications
is established in this chapter.

11.1 Introduction

Energy-sensitive single-photon or particle imaging systems are able to detect and
count single high-energy photons or particles. In addition to detection such systems
can also determine the energy of the detected photons or particles. Such imaging
systems usually employ semiconductor detectors which sense electrical charge
pulses created by the absorption of the photons or particles in an absorbing material.
The particles or photons arrive erratically and the imaging system, therefore,
needs to perform asynchronous detection of the resultant discrete charge pulses.
The detection of these charge pulses gives only part of the required information,
however, as the energy of each particle must also be measured. This energy
measurement is performed by determining the amplitude of each of the charge
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pulses, hence the effective energy resolution depends on the accuracy of the charge
measurement.

This chapter is organized as follows: The remainder of Sect.11.1 gives key
application examples and introduces the basic topology of energy-sensitive single-
photon and particle imaging systems, Sect. 11.2 gives a brief overview of particle
sensing devices, Sect. 11.3 describes various architectures of asynchronous charge
pulse detecting circuits with an emphasis on noise analysis, and, finally, Sect. 11.4
covers the subjects of voltage pulse processing circuits and information readout
schemes.

The quanta of electromagnetic radiation, the photons, can be considered to be
particles with rest mass zero. For the sake of readability, the term particle will
therefore include the particular case of X-ray photons, unless distinction is made
explicitly.

11.1.1 Applications

Existing and emerging applications of energy-sensitive single-photon and particle
imaging can be found in a variety of fields including security, material science and
inspection, medical imaging, or particle physics research. A nonexhaustive selection
of examples is given here.

Absorption X-ray imaging uses radiation sources with a relatively broad spec-
trum. X-ray photons transmitted through a sample are detected. In conventional
detectors, optoelectronic charge generated by a high number of detected photons
is integrated during an exposure time in order to produce a transmission intensity
image. The integration process implicitly performs a weighting of the detected
photons by their energy. As the probability of absorption in the sample generally
decreases with increasing photon energy, weighting by energy results in a loss
of contrast. Photon-counting detectors avoid weighting by photon energy and
can, therefore, inherently achieve better contrast than charge-integrating detectors.
Energy-sensitive detectors furthermore allow restriction of the counting to a selected
energy window. Spectral ranges having poor absorption can, therefore, be discarded
for further contrast enhancement. Generally speaking, energy-sensitive detectors
allow selection of a narrow spectral range even if a wide-spectrum source is
used. They may, therefore, allow use of X-ray tubes for applications which have
previously been reserved for use with synchrotron sources.

The method of X-ray absorption spectroscopy determines the X-ray absorption
properties of a sample as a function of the photon energy. For this purpose a
radiation source of a tunable narrow spectrum is used. Photon counting in a narrow
energy window achieves good precision of this spectroscopy method by suppressing
detection in nonrelevant energy ranges.

In X-ray fluorescence experiments a sample is irradiated by primary X-ray
photons of high energy. Subsequent electron excitation and relaxation results in
emission of secondary X-ray photons of lower energy. The energy of secondary
photons is a characteristic of a material’s atomic and crystalline structure [1].
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Fig. 11.1 Functional block diagram of a detector pixel for energy-sensitive particle imaging

Suppression of primary photon detection and energy discrimination of secondary
photons are requirements that make energy-sensitive single-photon imagers ideal
candidates for this application.

11.1.2 Basic Topology

Energy-sensitive X-ray and particle imagers are segmented detectors consisting
of one- or two-dimensional arrays of detector channels or pixels. Because of the
potentially high number of pixels the electrical power available per pixel is usually
restricted. A single pixel circuit, as shown in Fig.11.1, generally contains the
following three building blocks:

Sensing device: A transduction device which absorbs particles in the target range
of energies and produces an amount of charge that corresponds to the energy of
the absorbed particle.

Electronic charge pulse detecting circuit:  An asynchronous electronic circuit
able to detect a charge pulse generated by the sensing device and to produce a
voltage pulse of an amplitude proportional to the detected amount of charge at
any time a charge pulse is created.

Voltage pulse processing circuit:  An electronic circuit able to process information
of incoming voltage pulses. Depending on the application, required function-
alities include: peak amplitude detection, energy-windowed pulse counting
or multithreshold binning, pulse width detection, and storage and readout of
detected information.

11.2 Particle Sensing Devices

Sensing devices for energy-sensitive particle imaging need to meet a specific set of
requirements. First of all, they need to be able to absorb particles of their application
to a sufficient degree. In addition, the process of absorption and charge collection
needs to take place in a period significantly shorter than the maximum particle hit
rate of a detector pixel in order to avoid charge pile-up' from consecutive particle

'The term “pile-up” denotes accumulation of signal information of consecutive particle detections.
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absorptions. Furthermore, as will be explained in Sect. 11.3, meeting the stringent
specifications of power consumption and noise in charge pulse detecting circuits
require low capacitance of the sensing device.

Sensing devices that fulfill the outlined requirements can be classified according
to their principle of operation, i.e., direct conversion vs. scintillator-based, and by
the type of their manufacturing and assembly, i.e., monolithic integration vs. hybrid
manufacturing.

11.2.1 Direct Conversion Sensing Devices

Direct conversion sensing devices are based on mobile charge carrier generation
by absorption of high-energy photons or multiple scattering of massive particles
in semiconductor materials. Application of a bias voltage across a p-i-n conver-
sion layer depletes the semiconductor and allows for virtually recombination-free
separation of mobile electrons and holes generated by the ionizing events. The
degree of absorption for a particle of a given energy and the resulting number
of created electron—hole pairs generally depends on the thickness and material
of the conversion layer. Silicon is a convenient conversion material, as it enables
economic fabrication of sensing devices as well as detecting and processing circuits
in the same material. However, the thickness of a silicon conversion layer for high
particle energy can be quite high. Semiconductors with higher atomic number,
such as cadmium telluride or germanium, can provide more efficient absorption
properties. Thicknesses of conversion layers range from tens to several hundreds of
micrometers and bias voltages for depletion may be as high as several kilovolts.

11.2.1.1 Monolithic Detectors

In the case of monolithic detectors, a direct conversion layer is fabricated on the
same substrate as the detector electronics. The conversion layer may be a part of
the substrate used for fabricating the electronics, which is either monocrystalline
or epitaxially grown. This approach is limited in practice to silicon and germanium
direct conversion layers. The alternative method of growing or depositing direct
conversion layers on the detecting circuit substrate gives access to a wider choice of
semiconductor materials.

11.2.1.2 Hybrid Detectors

Hybrid detectors consist of a direct conversion layer and an integrated detector cir-
cuit that are manufactured on two different substrates. The substrates are assembled
using bump bonding or flip-chip technology with one bonding connection per pixel
[2,3]. Manufacturing technology for the detector electronics may be chosen without
any restrictions concerning the substrate characteristics. Besides a bond pad on the
topmost metal layer, the entire area of a pixel may be covered by the electronic
circuit.
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11.2.2 Scintillators Coupled to Sensing Devices
Jor Visible Light

Scintillator materials are luminescent in response to ionizing radiation such as
massive particles or photons of sufficient energy. A scintillator flash, i.e., a pulse of
photons of, in most cases, visible wavelength is produced as a result of an ionizing
particle interacting with the scintillator. The exact mechanism of this process
depends on the type of scintillator material and ionizing particle. The emission of
visible-wavelength photons can occur within a fraction of a nanosecond in the case
of a fluorescence effect. In the case of phosphorescence or delayed fluorescence,
the scintillator flash consists of one or several superimposed decays of longer decay
times of up to microsecond length. Depending on the application, suitable solid-
state scintillator materials include inorganic and organic crystals, glasses, polymers,
and powders.

A particle sensing device is created by optically coupling a scintillator layer to
a suitable semiconductor sensing device for visible-wavelength photons emitted by
the scintillator. Besides being sensitive to the corresponding wavelength, selection
criteria for such a sensing device include short response time and low capacitance
at a dimension matching the application. Sensing device dimensions for X-ray and
particle imaging applications are typically larger than for conventional visible light
imagers, e.g., several tens to a few hundred micrometers for medical X-ray imaging
to date. The following subsections give a short overview of the most common
visible-light sensing device types that may be used in conjunction with scintillators.

11.2.2.1 p-—n Photodiodes

p—n photodiodes consist of a junction between a p- and n-type semiconductor to
which a reverse bias voltage is applied. Mobile holes and electrons generated by
absorption of a visible-wavelength photon are separated by the resulting electrical
field in the depletion zone. The charge collection time of p—n diodes is generally
negligible when compared to the width of the visible light peak provided by
typical scintillators. Despite their good response time, p—n diodes suffer from
relatively high sensing device capacitance as the latter is proportional to the sensing
device area.

11.2.2.2 Photogates

Photogates are Metal>-Oxide-Semiconductor (MOS) devices in which the appli-
cation of a bias voltage between the semiconductor and the metal electrode

2Note that, the top electrode of MOS devices is made from polycrystalline silicon in most
manufacturing processes.
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creates a depleted zone with an electrical field in the semiconductor where
absorption-generated mobile holes and electrons are vertically separated. A p-n
junction, biased at a lower electron potential energy than the semiconductor—
oxide interface, is adjacent to the MOS structure. Charge carriers that have drifted
vertically to the semiconductor—oxide interface diffuse laterally to this p—n junction
called the sense node. The sensing device capacitance of a photogate corresponds to
the sense node capacitance and is practically independent of the photogate MOS
capacitance. Photogates, thus, have a sensing device capacitance which is area-
independent and generally low. The response time of the conventional photogate is
limited by the process of lateral diffusion transport and may be excessive for many
applications.

Lateral drift field photogates are photogates with a voltage difference applied
between two edges of the top electrode. The resulting electrical lateral field at
the semiconductor—oxide interface causes drift transport of mobile charge toward
the sense node [4]. This method allows overcoming the response time limitations
experienced with conventional photogates.

11.2.2.3 Buried Photodiodes

Buried photodiodes® are, in many ways, similar to photogates. The fundamental
difference being the creation of a depletion zone by the use of a vertical stack of
p- and n-type implants in a p-type substrate instead of an MOS structure [5]. The
vertical position of minimum electron potential energy, where generated electrons
drift to, is buried at a certain distance below the semiconductor surface. An MOS-
type transfer gate is available for clocked charge transfer from the buried photodiode
to a p—n junction-type sense node. For asynchronous detection of charge pulses, the
transfer gate is continuously active. Diffusion transport is responsible for lateral
movement of charge carriers onto the sense node. The use of buried photodiodes is,
therefore, restricted to applications where long sensing device response times and
relatively small pixel areas are acceptable. Besides low sensing device capacitance,
an important advantage of buried photodiodes is their availability in modern CMOS
manufacturing processes that allow fabrication of high-performance charge pulse
detecting circuits.

11.3 Asynchronous Charge Pulse Detecting Circuits

Every pixel of an energy-sensitive particle imager contains an analog circuit able to
convert electronic charge pulses into voltage pulses. Destruction of optoelectronic
charge after detection, commonly referred to as charge reset, is a further task
performed by the detecting circuit. Asynchronous detecting circuits may have

3Buried photodiodes are also referred to as pinned photodiodes.
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continuous, i.e., asynchronous, or clocked, i.e., synchronous, charge reset function-
ality. Clocked reset operation generally introduces a dead time, where signal charge
pulses are destroyed without being detected. From the following analysis it can
be understood that clocked reset is a particular case of continuous reset operation.
Therefore, the analysis of this chapter only considers the case of continuous reset.
The requirements for charge-pulse detecting circuits suitable for energy-resolved
particle detecting pixel circuits are summarized qualitatively in the following list:

* Low electronic noise

¢ Low power consumption

* Low semiconductor area

* High charge-to-voltage conversion factor

* High linearity of charge-to-voltage conversion

Sections 11.3.1-11.3.3 discuss three different topologies of charge-pulse detect-
ing circuits used for energy-sensitive particle imaging.

11.3.1 Charge Sensitive Amplifier

The charge sensitive amplifier (CSA) is employed in many particle detectors, in
particular for two-dimensional arrays with small pixel circuits [6]. Its invention
dates back to the days of discrete circuits.

As illustrated in Fig. 11.2, a CSA consists of an operational transconductance
amplifier (OTA), a feedback capacitor, a feedback resistor Ry in parallel with the
feedback capacitor for continuous reset, and a load capacitance C; on the output of
the OTA. The sensing device is connected to the virtual ground node of the circuit.
The overall capacitance Cj, of the virtual ground node is approximately equal to the
sum of sensing device capacitance and OTA input capacitance.

Ay
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Det :1 B o Vow
out

T T ™

Fig. 11.2 Left: Circuit topology of a charge sensitive amplifier (CSA). Right: Single-branch folded
cascade transconductance amplifier
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Fig. 11.3 Normalized CSA response to a Dirac input current pulse

Due to feedback operation, a pulse of optoelectronic charge is quickly transferred
onto the feedback capacitor and creates a step of the output voltage, as illustrated in
Fig. 11.3. The voltage difference across the feedback capacitor is slowly discharged
by the feedback resistor. An asymptotic decay, therefore, follows an output voltage
peak and brings the detector back to its equilibrium operating point.

The transimpedance function Z,, which relates the CSA output voltage Vo to
sensing device current /4y, is given by (11.1) and illustrated in Fig. 11.4.

Ry (1 _ SCf/gm)
1+ (Rfo + _ClgnCin) + 52 (C\Cyy, + C,Ct + CiuCy) g

Zge = (11.1)

For sufficiently high transconductance of the OTA, the transimpedance function
possesses real dominant and nondominant poles at 1/R¢C¢ and g,,/(C; + Ci, +
C1Cin/ Cy), respectively. The effect of the high-frequency zero at g,/ Cy is usually
negligible. The useful frequency span of a CSA is found between the dominant
and the nondominant pole frequencies, where the transimpedance function takes an
approximate value of 1/sCy. Signal charge pulses shorter than the CSA decay time
of R¢C; are thus converted into output voltage pulses with a conversion factor of
approximately the inverse feedback capacitance. The use of small feedback capaci-
tance, therefore, achieves high output voltage for low input charge independently of
the input capacitance. The rise time of the output voltage pulse is governed by the
nondominant pole.

Low feedback capacitance and large load and input capacitances require high
OTA transconductance in order to keep the nondominant pole frequency sufficiently
high for the conversion factor to be governed by the feedback capacitance.
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Fig. 11.4 Normalized signal transimpedance function and amplifier noise power spectral density
of a CSA for several values of input capacitance

Accordingly, high OTA power consumption is the consequence of high sensing
device capacitance.

Furthermore, the combination of high input capacitance and low feedback
capacitance results in low values of the CSA’s voltage feedback factor. Therefore,
loss of conversion factor due to finite amplifier gain is observed if the OTA’s open-
loop voltage gain is not sufficiently high. This open-loop gain is defined by the
product of the OTA transconductance and the OTA’s output resistance in parallel
with the feedback resistor. In case the feedback resistor is lower than the OTA’s
output resistance, undesired lowering of the open-loop gain can be avoided by
inserting a source-follower type buffer between the OTA output and the feedback
resistor [7]. However, very high voltage gain, i.e., high OTA output impedance, is
still required in cases of sensing device capacitances several orders of magnitude
larger than the feedback capacitance. For this reason, regulated cascode amplifiers
have been suggested for such applications [8]. For more moderate ratios of input
capacitance over feedback capacitance, single-branch folded cascode OTAs, as
shown in Fig. 11.2, are good candidates thanks to their low power supply voltage
requirement, decent output signal swing, and low parasitic capacitance in parallel
with the feedback capacitor [9—11].

The noise of the detector circuit is a fundamental limit of the energy resolution
and, therefore, needs careful consideration in the design of particle detectors. In the
following analysis the noise generated in the amplifier* and in the feedback resistor

4 Amplifier noise is also referred to as series noise in literature.
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is investigated. Both noise sources are analyzed separately. Furthermore, Poisson
noise of the sensing device leakage current is considered.’

11.3.1.1 Feedback Resistor Noise of CSAs

The principal noise source in the feedback resistor is thermal noise. The power
spectral density (PSD) Sif of the voltage noise on the CSA output node contributed
by the feedback resistor is given in (11.2):

Ci 2
AKTYR: |1 + 55
2, = 5. (112)
|15 (RiCi 4+ S£60) 4 2 (C1C + GCr + CuCi) &

The thermal noise excess factor y needs to be considered if the feedback resistor
is actually implemented by use of an MOS transistor. Note that the poles of the
feedback resistor noise PSD are equal to the poles of the signal transimpedance
function. The frequency of the zero is always higher than the dominant pole
frequency in the case of a CSA properly designed for reproducible and high
conversion factor. Therefore, the equivalent noise charge (ENC), as given in (11.3),
can be approximated by the integral of a first-order noise voltage PSD at a bandwidth
defined by the dominant pole, divided by the ideal conversion factor.

Gng ~ VKT yCt. (11.3)

Tuning of the feedback resistor has no influence on the ENC, because opposite
effects are affecting the spectral density and the bandwidth. For a chosen value of
feedback capacitance the feedback resistor noise is constant and defines a limit for
the CSA noise performance.

11.3.1.2 Amplifier Noise of CSAs

The MOS-transistors of the OTA exhibit thermal noise and flicker noise. The
analysis presented here is restricted to thermal noise, which is a valid assumption for
a wide range of applications and manufacturing processes. The analysis of flicker
noise can be extended from the analysis for thermal noise and is described in [12].
The major component of electronic noise in well-designed OTAs is contributed by
the input transistors. The output noise PSD, as given by (11.4) and illustrated in
Fig. 11.4, is found from a simplified analysis, neglecting the noise of the remaining
transistors.

SFeedback resistor noise and sensing device leakage current shot noise are also referred to as
parallel noise in literature.
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Besides two poles equal to those of the signal transimpedance function, a
zero at 1/ Ry (Cr + Cj,) causes peaking of the amplifier noise PSD in the useful
frequency range. The effect increases with decreasing voltage feedback factor, i.e.,
with increasing Ci,/Ct. At a given OTA transconductance, the noise bandwidth is
reduced with increasing total input capacitance. Despite this partial compensation,
the amplifier ENC increases with Cj,, as illustrated for an example design in
Fig. 11.5.

A simple approximation of the amplifier ENC is given by (11.5) and suggests a
square-root dependence on Ciy,:

CC;
Gna ~ kTy%. (11.5)
1

This result illustrates that, as opposed to feedback resistor noise, no fundamental
limit exists for amplifier noise. By choice of high load capacitance the amplifier
noise can always be reduced to a level below feedback resistor noise. High load
capacitance and high input capacitance requires, however, very high transconduc-
tance for keeping the nondominant pole at a sufficiently high value. Considering the
implications on circuit area and power consumption, it is obvious that CSA-based
highly segmented particle imagers with good energy resolution require low sensing
device capacitance.
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11.3.1.3 Sensing Device Leakage Current Poisson Noise in CSAs

Besides signal charge pulses, sensing devices generally contribute leakage current
to the detector circuit. In particular, some direct conversion sensing devices suffer
from relatively high leakage.

The leakage current’s Poisson noise® power spectral density, of 2q [k, 1S
multiplied by the square of the signal transimpedance function, |Zsig|2, in order
to obtain the output noise PSD. Besides a difference in high frequency zeros, the
Poisson noise displays the same spectral shape as the feedback resistor noise, i.e.,
the noise power is confined to the low-frequency region below the dominant pole
frequency of the CSA. The input referred noise charge due to sensing device leakage
Poisson noise is described by the simple approximation of (11.6):

/1
QH,Poisson ~ ERfoqlleak‘ (1 16)

The impact of sensing device leakage Poisson noise is negligible if its current
PSD 2¢ 4 is significantly below the feedback resistor current PSD of 4k Ty / Ry.

11.3.1.4 Sensing Device DC Current Compensation

DC input current flowing to the detector circuit consists of leakage current of the
sensing device and signal current due to constant background light if not avoided
in the operating setup. In a conventional CSA, of the type illustrated in Fig. 11.2,
the described DC current components flow across the feedback resistor and create
a DC shift in the CSA output voltage.” This can lead to poor performance of the
subsequent voltage pulse processing circuit or, in extreme cases, saturation of the
CSA output voltage.

A CSA with DC current compensation, as illustrated in Fig. 11.6, has been shown
to be an effective solution to the problem [6, 13].

The functionality of the feedback resistor is implemented by the differential pair,
since the small signal drain current of the left-side MOS transistor, injected into the
left-hand plate of the feedback capacitor, is proportional to the small-signal output
voltage.

A low-frequency high-gain feedback path is provided by the right-side drain-
current output of the differential pair, a current source, a compensation capacitor
Ceomp, and a common-source transistor Mcs. Thanks to its high transconductance,
the resulting two-stage transconductance amplifier can deliver significant DC
current to the sensing device at very low changes of its input voltage, i.e., the
CSA output voltage. The compensation capacitor is chosen such that the bandwidth

SPoisson noise is also referred to as shot noise.

7In literature the DC shift of the output signal is also referred to as baseline shift.
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Fig. 11.6 CSA with sensing device DC current compensation

of the high-gain feedback amplifier is orders of magnitude below the dominant
pole frequency of the CSA. Therefore, the feedback amplifier does not influence
the detection and processing of the charge pulses. There is, however, additional
noise associated with the feedback amplifier. Thermal noise of the common-source
transistor Mcg is the predominant component of this noise, and it is of the same
order of magnitude as the noise of the equivalent feedback resistor. Note that the
maximum compensated positive and negative DC currents are not equal. The circuit,
as shown in Fig. 11.6 is particularly suited for compensating positive current. For
negative DC current, the complementary circuit made from p-type transistors is
advantageous.

11.3.2 Charge Sensitive Amplifier with Shaper

The noise performance of CSAs is limited by thermal noise of the feedback
resistor. The feedback resistor’s noise power is confined to the spectral range
below the dominant pole at 1/R¢Cy, as stated by (11.2). The useful frequency
span of the circuit and the relevant content of the signal is found above the
dominant pole of the CSA. Charge sensitive amplifiers with shapers make use of
this spectral separation in order to reduce feedback resistor noise by filtering without
compromising the signal [10, 14—17].

Although the basic topology of a CSA used in conjunction with a shaper circuit,
as illustrated in Fig. 11.7, is identical to the topology of a nonshaped CSA the design
criteria for minimized noise are somewhat different.

The shaper circuit generally is a band-pass filter with a high-pass filtering
frequency of fn, and a low-pass filtering frequency of fi,. Shapers are most usually
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Fig. 11.7 Topology of a CSA-shaper circuit

CR-RC" filters, i.e., a combination of a first-order high-pass function and an nth
order® low-pass function. The generic shaper transfer function is thus given by
(11.7) and illustrated in Fig. 11.8 for the example of a first-order shaper with unity

gain:
s/ (27 fp) '
1+ s/ (Zﬂfhp)) (1 + S/ (27Tflp))n

The resulting signal transimpedance function of a CSA-shaper circuit is given by
(11.8).

Hshaper = Ashaper( (11.7)

Hiaper (Rt (1 — 5Ci/gm))
1+s (Rfo + _ClgnCin) + 52 (C\Cyy, + CCt + CiyCy) g

Zgo = (11.8)

The useful frequency span, where the signal transimpedance function is approx-
imately equal to 1/sCy, is now defined by the pass-band of the shaper circuit. The
transimpedance function corresponds to the output signal spectrum of the CSA-
shaper circuit, stimulated by a Dirac unity current pulse from the sensing device.
The shaped pulse at the output of a CSA-shaper circuit will, therefore, display a
decay time governed by fy, that will generally be shorter than the decay time of the
CSA. Thanks to the use of the shaper, pulses occurring within a short time interval
will thus be discriminated more easily by the voltage pulse processing circuit. The
rise time of the output pulse is governed by fi,.

The loss in amplitude of the voltage pulse on the shaper output compared to
the CSA output’ is called the ballistic deficit of the detector. It is a function of

85 is also referred to as the shaper order.

A ballistic deficit may even be observed on the CSA output if the spacing between the
nondominant and dominant poles is poor or if the response time of the sensing device is longer
than the reset time constant.
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Fig. 11.8 Normalized shaper transfer function and shaped signal transimpedance function
in case of first-order shaping with pole-zero cancellation(PZC) (dotted lines) and without
PZC (solid lines). Signal transimpedance function without shaping (dashed line) for reference

the deviation of the transimpedance function in its useful range from the ideal
capacitance impedance 1/sCy. A significant ballistic deficit can be caused by too
narrow a bandwidth of the shaper filter, low spectral spacing between the dominant
pole frequency and f;p, or low spectral spacing between fi, and the nondominant
pole frequency of the CSA.

As the output signal spectrum has a peak at nonzero frequency, the corresponding
time-domain response displays some harmonic content, i.e., a signal undershoot, as
illustrated in Fig. 11.9. If the signal undershoot would disturb correct operation of
the voltage pulse processing circuit, the method of pole-zero cancellation (PZC)
can be employed [7, 16, 18-20]. The basic concept of the method is to compensate
the dominant pole of the CSA by a matched zero in the shaper transfer function,
as given by (11.9). The resulting signal transimpedance function, and hence the
output signal spectrum, therefore has a band-limited flat spectrum, as illustrated in
Fig. 11.8. The corresponding time-domain response is a well-damped undershoot-
free output signal.

Ashaper 2”Rfcffhp (1 + SRfo)

s/ @) (145 @afy))

On one hand, a shaper circuit reduces feedback resistor noise and, under some
conditions, amplifier noise of a CSA, as discussed in the following sections. On
the other hand, a shaper circuit also generates additional noise that should be taken

Hshaper,PZC = ( (11.9)
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Fig. 11.9 Normalized CSA-shaper output response to a Dirac input current pulse with
PZC (dashed line) and without PZC (solid line). CSA response (dotted line) for reference

into account when evaluating the overall performance of the charge pulse detecting
circuit. The amplitude of shaper circuit noise depends on many properties and
parameters of the shaper. Noise analysis for various shaper architectures can be
found in literature, e.g., in [16]. The analysis presented here will be limited to the
noise components of the CSA.

11.3.2.1 Feedback Resistor Noise of CSA-Shaper Circuits

A shaper circuit can reduce the input referred noise charge of the feedback resistor
below the +/kT C¢ limit found for CSAs without shapers. The feedback resistor
noise power spectral density, as illustrated in Fig. 11.10, corresponds to the product
of the noise power spectrum at the CSA output (11.2) and the square of the
amplitude of the shaper transfer function (11.7).

For a shaper high-pass frequency significantly higher than the frequency of the
CSA dominant pole, shaping has two major effects on the feedback resistor noise
spectrum. First of all, the relevant bandwidth of the feedback resistor noise is
increased from the dominant pole frequency to the high-pass filtering frequency.
Secondly, the relevant noise power spectral density is attenuated by the square
ratio of high-pass filter frequency over the dominant pole frequency. The input
referred noise charge is, therefore, reduced approximately by the square root of the
mentioned frequency ratio, as expressed by (11.10):
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Fig. 11.10 Normalized output noise power spectral densities of the feedback resistor noise and
the amplifier noise of a CSA with a first-order shaper

(11.10)

1/ 2nRCy) \/ kTy

n,f,shaped ~ kT Cf = .
ntter \/ ’ Jip 27 Ry frp

It becomes apparent that a high frequency spacing between the CSA dominant
pole and the high-pass filter frequency is a key factor for low-noise CSA-shaper
detectors. It has to be considered that the maximum possible value of the high-pass
filter frequency is constrained by the finite width of charge pulses delivered by sens-
ing devices, as well as by power consumption, which increases with required circuit
bandwidth. Therefore, the reduction of feedback resistor noise requires reduction
of the dominant pole frequency, i.e., increase of R¢C;. Although an increase of
the feedback capacitor lowers the output noise voltage, no reduction of the input
referred noise charge is observed, due to the corresponding decrease of conversion
factor. For these reasons, noise optimization of CSAs used in combination with
shaper circuits involves the design of very high feedback resistance, in particular if
a high conversion factor is achieved by use of low feedback capacitance.

As outlined in Sect. 11.3.1, the spectrum at the CSA output created by sensing
device leakage Poisson noise is very similar to the feedback resistor noise spectrum.
The analysis of feedback resistor noise in CSA-shaper circuits can, therefore, easily
be extended to sensing device leakage Poisson noise and yields an input referred
noise charge equal to the square root of g /icak/ (47 fup)-

A pole-zero-canceling shaper offers less noise attenuation in the frequency range
below the zero’s frequency than a shaper without PZC. The PZC-shaped noise
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spectrum is, therefore, flat in the frequency range below the zero, instead of having
a first-order roll-off. The noise increase due to PZC, which is already included in
the approximation of (11.10), is relatively low in the case of well-designed systems
with a high ratio of high-pass frequency over dominant pole frequency.

11.3.2.2 Amplifier Noise of CSA-Shaper Circuits

Besides the significant reduction of feedback resistor noise, the use of a shaper
circuit has an impact on amplifier noise as well [21]. The amplifier noise PSD at
the shaper output is given by the product of the square amplitude of the shaper
transfer function (11.7) and the amplifier noise power spectrum at the CSA output
(11.4). The resulting amplifier noise spectrum, as illustrated in Fig. 11.10, shows
that shaping does not change the relevant noise power spectral density. Unlike in
the case of CSAs without shaper, the noise bandwidth is now limited to a frequency
generally below the nondominant pole frequency of the CSA. In the case of a first-
order shaper, the amplifier noise component of the ENC can be expressed by the
simple approximation of (11.11):

2 1
{n,a,shaped ~ (Cf + Cin) kT]/g_fp (1111)
v m

A comparison between the ENC calculated by considering the full spectrum and
approximation of the full spectrum (11.11) is given in Fig. 11.11 for a constant OTA
transconductance. The amplifier ENC deviates from the simple approximation, as
the nondominant pole moves closer to the low-pass filtering frequency for increasing
input capacitance.

For CSA-shaper detectors the ENC is reduced for increasing transconductance,
because the noise PSD is reduced while the noise bandwidth is kept constant
by the shaper. However, increased power consumption and wider input MOS-
transistors are required in OTAs with increased transconductance. This results in
a higher total input capacitance Cj, that, in turn, leads to increased amplifier ENC.
Increasing the current density of the OTA input transistor is often not a good option,
since the thermal noise excess factor y is increased when going from moderate to
strong inversion operation region. An optimum trade-off between increased g, and
increased Cj, is found as a function of the remainder of the total input capacitance,
i.e., the sensing device capacitance [22,23].

Despite the outlined limitation, the possibility of trading power for amplifier
noise without increasing Cj is a valuable property of CSA-shaper circuits. Never-
theless, the need for low input capacitance for low-noise, low-power performance,
as already found in the case of the CSA, equally applies to the CSA-shaper detector
circuit.
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Fig. 11.11 Normalized ENC of the amplifier noise component vs. input capacitance of the CSA
with first-order shaping (solid line) and simplified model of the amplifier noise ENC (dashed line)

11.3.2.3 Feedback Resistor Implementations

The use of very high feedback resistance achieves excellent noise performance in
CSA-shaper detectors. In most cases the required value of resistance cannot be
practically implemented by the use of linear resistor elements available in CMOS
process technologies, such as polysilicon resistors. MOS transistors are, therefore,
used for the implementation of feedback resistors in most cases.

The nonlinearity of the resulting resistance causes distortion of the output pulse.
If the distortion affects the peak amplitude, a nonlinearity of the detected particle
energy is observed.

Feedback resistance decreasing with signal pulse amplitude generally results in
an increase of the ballistic deficit, because the dominant pole is temporarily shifted
closer to the high-pass filter frequency of the shaper.

If the feedback resistance increases with pulse amplitude, the ballistic deficit is
reduced for high pulses. In this case, very low energy nonlinearity can be achieved
if the nominal ballistic deficit at low energy is designed to be very low. Conversely,
pile-up of signal charge at high detection rates is more likely to occur for such a
feedback resistor.

Two examples of feedback resistor implementations using MOS transistors,
as illustrated in Fig. 11.12, are introduced and briefly discussed in the following
paragraphs.
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Fig. 11.12 Implementations of feedback resistors. Left: Feedback transistor in triode region.
Right: Common-source transistor in weak inversion region

Feedback Transistor in Triode Region

An MOS transistor connected in parallel with the feedback capacitance, operated in
triode region, is used in many applications [9, 11]. When using constant gate bias,
threshold voltage variation of the feedback transistor My, and offset of the OTA lead
to significant resistance variations that can be reduced by a tracking gate biasing
circuit, as suggested in [7] and shown in Fig. 11.12. Nevertheless, the nominal gate
bias excess voltage needs to be chosen with a certain margin in order to avoid high
variation of the transistor’s on-resistance due to the remaining mismatch between
the biasing circuit and the feedback transistor plus the OTA. Practically achievable
values of feedback resistance are, therefore, limited despite using a transistor with a
long and narrow geometry.

A feedback transistor in triode region shows nonlinear behavior. Consequently
increasing pulse height lowers the on-resistance in the case of electron detection
and might, therefore, increase the ballistic deficit. If the charge carriers delivered by
the sensing device are holes and the feedback transistor is a p-channel device, the
on-resistance increases for high signal pulses. In this case the n-well of this transistor
can be connected to the CSA output in order to improve linearity. The diode formed
between the n-well and the transistor drain connected to the CSA virtual ground
node will be increasingly forward biased for high negative output voltage pulses
and will compensate for the increase of the MOS transistors on-resistance [19].

Common Gate Stage in Weak Inversion Region
A common gate transistor operated in the weak inversion region, such as illustrated

in Fig. 11.12, can achieve very high effective feedback resistance [8]. If the gate bias
voltage Vg is chosen sufficiently high compared to the input voltage of the OTA,
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the feedback resistance, i.e., the transconductance of the common-gate transistor, is
controlled by the bias current source independently of OTA input offset.

In the described configuration the quiescent output level is different from the
virtual ground potential and is set by the bias current /;,s as well as the gate voltage
of the common-gate feedback transistor My,.

The transconductance of the common gate transistor increases with the output
pulse amplitude. Quick return to the baseline and high maximum detection rate are,
therefore, achieved at the price of possibly distorted energy detection.

As the additional noise of the bias transistor Moy has the same order of mag-
nitude as the common-gate transistor noise, this component should be considered as
well for the analysis of the feedback resistor noise.

11.3.3 Voltage Buffer with Shaper

As an alternative to CSA-shaper detector circuits, buffer-shaper circuits, are excel-
lent candidates for highly segmented energy-sensitive particle detectors. The buffer-
shaper topology allows very simple implementations with low power consumption
and low area expense. Furthermore, excellent noise performance, i.e., very high
energy resolution, can be achieved [24,25].

For this circuit topology the sensing device is connected to the input of an open-
loop unity-gain buffer, such as a source-follower circuit. The output of the buffer
is filtered by a shaper circuit, very much like in the case of CSA-shaper detectors.
As the buffer circuit is a unity gain amplifier without any feedback network, signal
charge pulses are converted to voltage steps on the input capacitance Cj,. A reset
resistor R.continuously removes charge from the input capacitance during a slow
decay following a voltage step.

Figure 11.13 shows an example of a buffer detector circuit with a first-order
shaper without PZC. The shaper implementation is a cascade of a passive CR high-
pass-filter and an active low-pass filter consisting of a source-follower with a load
capacitor.

The signal transimpedance, as given in (11.12), is found under the assumption of
exact unity gain of the source followers as well as neglecting parasitic capacitance
of the buffer output and the intermediate node of the shaper circuit. The high-
pass filtering frequency fy, of the shown implementation is equal to 1/27 RppChp,
whereas the low-pass filtering frequency fi, corresponds to g, 1p/ 27 Cyp. The signal
transimpedance takes an asymptotic value of 1/s5Cj,, which illustrates that the
conversion factor is governed by the input capacitance.

R, 5/27Tfhp
1+ sCinR: (14 s/27fip) (14 5/27fp)

Zgo ~ (11.12)
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Fig. 11.13 Implementation example of a buffer-shaper detector circuit with first-order shaping

11.3.3.1 Noise Analysis of Buffer-Shaper Circuits

The reset resistor is implemented as an MOS transistor with a constant gate—
source bias voltage. As opposed to feedback resistor biasing of CSAs, the biasing
of such a reset resistor is not affected by offsets and variations of the buffer
circuit. The biasing of the recharge device is, therefore, simplified and the reduced
resistance variation allows for choosing of higher nominal values of resistance. In
this configuration the recharge device can be operated in triode region, but even
weak inversion operation is possible without a bias current flowing across the
recharge device.

The expression of the ENC due to feedback resistor thermal noise, as given by
(11.13), is analogous to (11.10). The reset resistor noise of buffer-shaper circuits can
ultimately be lower than the feedback resistor noise of CSA-shaper circuits because
of the fact that higher resistance values can practically be achieved without any need
for a bias current source that generates additional noise.

1
4n,r,shaped ~ kT m (1 1.1 3)

The resistance implementation, as depicted in Fig. 11.13, displays a maximum
current slew for large pulses of input charge. On one hand, the corresponding
increase of the recharge resistance results in low ballistic deficit for high pulses,
i.e., low pulse height distortion. On the other hand, limited detection rate has to be
accepted.

The ENC due to the buffer thermal noise is given by (11.14). Note that the
expression is similar to the amplifier noise of CSA-shaper circuits (11.11), despite
the fundamental difference of the topologies. In the case of buffer-shaper detectors,
the input capacitance has no influence on the noise voltage PSD. The important
impact of Cj, on the ENC is, however, explained by the dependence of the
conversion factor.



11 Energy-Sensitive Single-Photon X-ray and Particle Imaging 271

4n.b,shaped ~ Cin (1114)

For an identical given value of transconductance, the input capacitance of a
buffer circuit is significantly lower than the input capacitance of an OTA. The input
capacitance of an OTA mainly consists of the sum of gate—source capacitance and
gate—drain capacitance of the input transistor. The input capacitance of a source-
follower, however, is not much higher than the gate—drain capacitance of the input
transistor, because the impact of gate—source capacitance is greatly reduced by the
effect of noninverting near-unity gain. The low ratio of total input capacitance
Ci, over buffer transconductance g, nur results in a significant noise advantage
of buffer-shaper circuits over CSA-shaper circuits at their respective optimum
transconductance and gate dimensions. Furthermore for low total input capacitance
Ciy, of the order of magnitude of the CSA feedback capacitance Cy or lower, a buffer-
shaper benefits from a systematic advantage over a CSA-shaper, which is illustrated
by comparing the capacitance terms in the noise expression of (11.14) and (11.11).

The ENC contribution of a shaper circuit with a given input referred noise voltage
is inversely proportional to the conversion factor. If the advantageous buffer noise
and reset resistor noise performance is not to be compromised by self-generated
noise of the shaper, a high conversion factor is required. As the conversion factor
of buffer-shaper detectors is governed by the total input capacitance, low sensing
device capacitance is a key parameter. This requirement is, however, in harmony
with the general requirements of low-power, low-noise particle detectors. Buffer-
shaper circuits with photogate sensing devices and total input capacitance of <10 fF
currently reach an equivalent noise charge as low as 10-20 electrons [24].

11.4 Voltage Pulse Processing Circuits

Voltage pulse processing circuits are used in order to extract relevant information
from the output signal of the charge pulse detecting circuit. Depending on the
application, extracted information comprises pulse arrival time, pulse detection rate,
or spectroscopic energy information. Voltage pulse processing circuits are generally
part of each pixel in a segmented detector with further processing hardware possibly
being shared among several pixels.

Readout circuits selectively transfer information from pixel circuits to shared
processing hardware. Given the erratic nature of the particle arrival and the
potentially huge amount of information collected by a segmented energy-sensitive
detector, pixel-level data storage and data readout are a challenging aspect of
systems design.

Voltage processing circuits are generally quite specific for the application of
the detector. Classification is possible according to the applied method of energy
discrimination, as discussed in Sect. 11.4.1. Different approaches to data readout
are discussed in Sect. 11.4.2.
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11.4.1 Energy Discrimination Methods

Voltage pulse processing circuits for energy-sensitive particle imaging can be
classified into two general groups. Counting circuits with energy criteria, such
as single or multiple threshold discriminating counters, retrieve detection rate
information. Spectroscopic detectors, such as amplitude detectors or time-over-
threshold detectors, generally provide more precise particle energy information,
whereas detection rate information is often discarded.

11.4.1.1 Multiple Threshold Discrimination

Multiple threshold discriminators are used to count particle arrivals in one or several
energy bins. Several comparators with different thresholds and one or more digital
counters are used to implement such a processing circuit [6]. The output of the pixel
circuit is, therefore, digital with the binning precision being a function of the charge
pulse detector circuit’s noise performance.

11.4.1.2 Amplitude Detection

Amplitude detection methods aim at precise particle energy measurement for
spectroscopic applications. Analog amplitude detecting or peak detecting circuits
are used to detect and hold the peak value of the voltage pulses from the charge pulse
detecting circuit. Asynchronous peak detecting [9] or oversampled synchronous
peak detecting circuits [17] can be used for this purpose. The energy resolution of
the amplitude detection directly depends on the noise of the charge pulse detecting
circuit.

11.4.1.3 Time-Over-Threshold Detection

Time-over-threshold detection is an alternative spectroscopic method based on the
fact that the absolute pulse width above a constant threshold is proportional to the
pulse height, i.e., the input charge for a linear charge pulse detecting circuit. A clock
counter can be used in order to generate a digital output that represents the time-
over-threshold [26]. This method requires linear charge pulse processing circuits, as
nonlinear feedback or reset resistors could heavily distort the time-over-threshold.

11.4.2 Information Readout

Pulse counting applications usually involve counting pulses over a defined exposure
interval. Furthermore, digital storage of the count numbers in the pixel circuits is
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possible. Synchronous readout is, therefore, an adequate solution of low complexity
for counting applications. The asynchronous nature of pulse arrival and the difficulty
of storing energy information for many detected particles in a pixel makes readout of
spectroscopic information more challenging. Synchronous readout usually involves
discarding a considerable number of detected particles. Self-triggered readout is
an interesting, but more complex readout method for spectroscopic voltage pulse
processing circuits.

11.4.2.1 Synchronous Readout

Synchronous readout involves information storage in each detector pixel as well as
sequential readout and reset of information using synchronous timing. Each readout
circuit is shared and sequentially used by many detector circuits. For spectroscopic
energy discrimination, which generates either digital multi-bit or analog information
for each detected particle, the amount of information stored in a pixel is usually
restricted to one detection. If a synchronous readout scheme is to be used, the
information corresponding to the first or last particle arrival in the observation period
is usually read out. Information of remaining detections between two consecutive
readout operations is, therefore, discarded.

11.4.2.2 Self-Triggered Readout

In segmented detectors with self-triggered readout, readout circuits are shared row
wise or column wise by several detector circuits, as in the case of synchronous
readout. The voltage pulse processing circuits are able to deliver a readout trigger
signal upon detection of a particle. The trigger signal is used to select the relevant
detector circuit and read its information as soon as the corresponding readout
circuit is available. Self-triggered readout is not sequential which makes the storage
and further processing of the read information more complex. As opposed to
synchronous readout, self-triggered readout avoids reading of pixels where no
detection has taken place and naturally allocates the readout bandwidth to pixels
with nonzero detection rates [27].
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Chapter 12
Single-Photon Detectors for Time-of-Flight
Range Imaging

David Stoppa and Andrea Simoni

Abstract We live in a three-dimensional (3D) world and thanks to the stereoscopic
vision provided by our two eyes, in combination with the powerful neural network
of the brain we are able to perceive the distance of the objects. Nevertheless, despite
the huge market volume of digital cameras, solid-state image sensors can capture
only a two-dimensional (2D) projection, of the scene under observation, losing a
variable of paramount importance, i.e., the scene depth. On the contrary, 3D vision
tools could offer amazing possibilities of improvement in many areas thanks to
the increased accuracy and reliability of the models representing the environment.
Among the great variety of distance measuring techniques and detection systems
available, this chapter will treat only the emerging niche of solid-state, scannerless
systems based on the TOF principle and using a detector SPAD-based pixels. The
chapter is organized into three main parts. At first, TOF systems and measuring
techniques will be described. In the second part, most meaningful sensor archi-
tectures for scannerless TOF distance measurements will be analyzed, focusing
onto the circuital building blocks required by time-resolved image sensors. Finally,
a performance summary is provided and a perspective view for the near future
developments of SPAD-TOF sensors is given.

12.1 Introduction

We live in a three-dimensional (3D) world and thanks to the stereoscopic vision
provided by our two eyes, in combination with the powerful neural network of the
brain we are able to perceive, in real-time, the distance of the objects. Nevertheless,
despite the huge market volume of digital cameras that are nowadays ubiquitous
in everyday life (e.g., mobile phone, security, and digital still cameras), solid-state
image sensors can capture only a two-dimensional projection (2D), or intensity
map, of the scene under observation, losing a variable of paramount importance,
i.e., the scene depth. This 2D representation of the world is often not sufficient to
build the sophisticated models required by automatic systems capable of analyzing
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and interpreting the environment, emulating the capability of the human brain. On
the contrary, a 3D vision tool could offer amazing possibilities of improvement in
many areas like security and surveillance, cultural heritage preservation, industrial
control, automatic production, cinema industry, virtual reality, gaming, etc., thanks
to the increased accuracy and reliability of the models representing the environment.
Contactless measuring techniques suitable to estimate the target distance exploit
micro-, ultrasonic-, or light-waves [1,2]. However only the latter technique allows
achieving good angular resolution performance, in a compact measuring setup,
as required for a 3D-imaging system [3]. Active optical measuring techniques
using light-waves can be further classified in three main categories,! namely:
interferometry, triangulation, and Time-of-Flight (TOF) [4, 6]. The best precision
performance can be obtained by means of interferometry, which reaches resolution
far below the wavelength of the light source used to actively illuminate the target [4].
Moreover, by using multi-wavelength techniques the distance range can be extended
up to several meters [7, 8]. However, interferometric systems require bulky and
precise optical setup making them suitable in specific applications where the cost
and the complexity of the instrument are not an issue [9, 10]. Active triangulation
techniques (e.g., laser triangulation) offer precision performance in the order of tens
of micrometers, but the maximum depth range is limited since it is determined by
the triangulation baseline length [5]. Many interesting triangulation systems, using
a sheet of light to probe the target, have been proposed [11-13]. These systems,
thanks to a full custom detector allowing for a fast localization of the light spot onto
the pixel array, are capable of high spatial resolution range maps and high frame
rates. Nevertheless, laser triangulation-based sensors require scanning mechanisms
for the scene illumination, thus making difficult the integration in low-cost, and
compact systems. On the contrary, TOF techniques exhibit much better performance
in terms of measurable distance, which can range from a few centimeters up to
several kilometers, but the precision is poorer in comparison to interferometry and
triangulation [5, 6]. However, although scanner TOF systems are available on the
market for top-class 3D-measurement apparatus [9, 14, 15], there has been in the last
decade an emerging interest to develop scannerless and all-solid-state TOF cameras,
where flood illumination, instead of a collimated light beam, is used to avoid light
scanning. Many full-custom detectors have been developed for this specific class of
systems. They can be mainly classified in three categories:

(a) Intrinsic photon mixing devices. This approach exploits photo-demodulators, in
which the photogenerated charge is mixed on two or more collection electrodes
thus achieving an intrinsic demodulation effect.

(b) Standard photodiodes coupled to dedicated processing circuitry. This approach
exploits the extensive use of electronics (either in the pixel or at the periphery)
to recover the distance information from the current photo-generated by the
photodiode.

"More detailed and broader overviews over optical ranging principles can be found in the
references [1-5].
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(c) Avalanche Photodiodes (APDs) or Single-Photon Avalanche Diodes (SPADs)
coupled to proper processing circuitry. With respect to (b), an avalanche diode,
operating in Geiger regime to achieve sensitivity to individual photons, is used
to collect the light echo and coupled to a readout and processing electronics
aimed at extracting the TOF information.

Sensors belonging to (a) represent the most mature solution, and most of the
scannerless 3D cameras available on the market are based on this concept [16—-18],
although different solutions have been adopted to implement the photo-demodulator
device. The main advantage of this approach is the read-out channel simplicity,
which results in a small pixel size; the problems are the sensitivity to the ambient
light due to reduced geometrical fill factor, and the cost of nonstandard technologies
(e.g., CCD/CMOS, modified CMOS, high resistivity substrate, etc.), that are often
required. Sensors based on (b) are characterized by large pixel pitch due to the
extensive use of electronics used to properly process and accumulate the photo-
generated charge. Moreover, they typically have lower precision with respect to
sensors based on (a) because of the noise contribution introduced by the transistors
introduced in the signal path. On the other hand they exhibit an excellent immunity
to continuous background light [19-21], which makes this approach the best suited
for outdoor operation such as automotive and security. Finally, sensors based
on category (c) have been widely used in high-performance single-point scanner
systems since the 80s, using avalanche photodiodes (APDs) fabricated within
dedicated technologies coupled to discrete-components read out and processing
electronics or measurement instruments [22-25]. Only recently, the possibility of
implementing good performance APDs/SPADs in CMOS technologies, opened the
way to the realization of range image sensors based on this approach. The great
advantage of this solution is the extremely high sensitivity of the photodetector,
capable of detecting down to single-photon, and the intrinsic low-noise performance
that allows operating at the shot-noise limit. Among the great variety of distance
measuring techniques and detection systems above mentioned, this chapter will
treat only the emerging niche of solid-state, scannerless systems based on the TOF
principle and using as, a detector, SPAD-based pixel array. The chapter is organized
into three main parts. At first, TOF optical systems and measuring techniques
will be described, highlighting the most critical aspects and the main demands
of these systems. In the second part, the main application fields of TOF range
systems and their relative requirements will be summarized. In the third part, most
meaningful sensor architectures devoted to scannerless TOF distance measurements
will be described and compared, focusing onto the circuital building blocks required
by a time-resolved image sensor suitable for TOF. Finally a performance summary
is provided and a perspective view for the near future developments of SPAD-
TOF sensors will be given, analyzing the main challenges to be faced and briefly
describing on-going, most promising research lines in this field.
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12.2 Time-of-Flight Measuring Techniques and Systems

TOF measuring technique relies on the measurement of the round-trip time needed
by a light pulse to travel from the measurement system to a target and back again.
The first TOF measuring system has been set up by the French physicist Armand
Hippolyte Louis Fizeau in the 19th century, to estimate the speed of the light
propagating through the air [26]. The ingenious apparatus he built consisted of a
light source, a mirror target, and a rotating toothed wheel used as a mechanical
light shutter. Knowing the distance between the wheel and the mirror, the number
of teeth on the wheel, and the rate of rotation, Fizeau estimated the speed of light
with an excellent accuracy for the time, but the most interesting thing is that modern
TOF range instruments are based on the same conceptual scheme as explained in
the next subsections.

12.2.1 Time-of-flight System

A typical TOF measuring setup is sketched in Fig. 12.1. It consists of five main
components:

Modulated light source: LASER or LED typically in the infrared part of
the spectrum to make the illumination unobtrusive. LASER diodes allow higher
modulation frequencies and typically higher optical power, LEDs on the other hand
are cheaper and more suitable to make the system compliant with eye-safety rules.

Optical diffuser: in scanner-less TOF systems the emitted light is spread onto the
scene by means of an optical diffuser in order to achieve a flood illumination over a
wide field-of-view. This element is not needed if the illumination source has proper
angles of divergence along the two axis.

Collection lens: the light echo back-reflected by the target is gathered and
focused onto the sensor focal plane by means of an optical objective. An optical
band-pass, properly tuned onto the wavelength of the light source, allows improving
the background noise rejection.

Modulated/Pulsed
Light Source

Sensor Interface

e

h
L ITime-resolved
Photodetector pixel

Fig. 12.1 Scannerless TOF measuring system
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Solid-state range sensor: constitutes the core of the measuring system. In a
scanner-less 3D-imaging system it is composed of an array of photo-detectors
(pixels) capable of measuring, in a direct on indirect way, the TOF needed by the
light pulse to travel from the light source to the target and back to the sensor.

Sensor interface: providing to the sensor the power supply, required biasing
voltage/current signals, digital control phases, and reading out from the sensor the
data stream, which typically requires further minor processing to obtain the 3D
volume data. Finally, the sensor interface is responsible for the communication with
the external world (to a PC, or a processing unit).

12.2.2 Direct and Indirect Time Measuring Techniques

In a classical TOF measurement, referred in the following as Direct-TOF (D-TOF),
the detector system starts a highly accurate stopwatch synchronously with the
emitter light pulse generation. As the light echo from the target is detected, the
stopwatch is stopped and the roundtrip time trop is directly stored. The target
distance z can be estimated by means of the simple equation:

c
= 5 * TTOF, (12.1)

where ¢ = 2.9979 - 108 m/s represents the speed of the light propagating through
the air. D-TOF is commonly used for single-point range systems [22-25], but only
recently implemented in scannerless TOF systems, because of the difficulties in
implementing at a pixel level sub-nanosecond electronic stopwatch. In the following
sections the main noise limitation and a description of state-of-the-art systems based
on D-TOF will be described. An alternative solution to D-TOF is the so-called
Indirect-TOF (I-TOF), where the roundtrip trip time is indirectly extrapolated from a
time-gated measurement of the light intensity. In this case, there is no need of precise
stopwatch, but of time-gated photons counters, which can be implemented at a pixel
level with less efforts and silicon area. The operation principle of D-TOF and an
example of a four-gates I-TOF are illustrated in Fig. 12.2 considering both pulsed
and modulated light sources. Many other implementations of I-TOF are possible.
A particularly interesting one requires a single photon time-gated counter [27], or
photo-charge integrator [19,21], and the light echo is measured through several
consecutive time windows (see Fig. 12.3).

The timing of the first window (W1) is arranged in a way that the whole duration
of the pulses (7p) is collected for objects within the minimum and maximum
distance. Each of the following windows (W2, W3, ...) is shifted in time by Tsy
with respect to the previous one making a portion of the received pulses fall
outside the pixel integration window. Depending on the time of flight of the photons
reflected by the scene, pixels looking at close objects get their photons earlier than
pixels focused on farther details, so they lose a bigger part of the reflected pulse.
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Fig. 12.2 Pulsed, Modulated D- and I-TOF measuring techniques using four time-gated photon
counters
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Fig. 12.3 Consecutive time-window I-TOF using a single photon counter



12 Single-Photon Detectors for Time-of-Flight Range Imaging 281

The distance information, achievable from the generic window WK, can be easily
extracted by dividing the photons collected within each window by means of (12.2).

DKZE‘TTOF:%'[TP'(%_1)+(K_1)'TSH:|- (12.2)
Depending on the different distance intervals to be mapped, only one window
provides the best measurement accuracy. The main advantage of this technique is
that the measurable distance range is not limited by the modulation frequency of the
emitter. On the contrary, part of the light echo is wasted being acquired by a single
time-gated counter, and more cycles are needed making this approach relatively
slow. Although I-TOF can be used with pulsed light as described in the previous
example [19, 21], it finds its natural implementation with sinusoidal-modulated
emitters [28—32]. In this case, the target distance can be extracted from the phase-
shift ¢oF, of the received light echo with respect to emitted light by means of:

¢ tan 22— C1 (12.3)
= - arctan , )
47Tfm Cz — C4

Z

where f,, = 1/T, is the modulation frequency of the emitter and C;_4 the number
of photons detected within each time-gated window. The main advantages of this
approach with respect to the pulsed I-TOF are the good linearity of the distance
measurement and that it is more suited to generate high frequency light signals using
low-cost emitters. The main drawback is that the measurable range is limited by
the adopted modulation frequency causing ambiguities in the distance estimation.
Finally, pulsed techniques with a duty cycle «50% offer better immunity to
background light, the sensor being exposed to the light only in a short time window,
while in the modulated approach the sensor is on average always exposed to
continuous light.

12.2.3 Optical Power Budget

To better understand why single-photon detectors are needed in TOF range systems,
it is useful to estimate the amount of photons impinging onto each pixel after the
travel emitter-target-sensor. Let us consider that the emitter is characterized by a
total optical power Pg, and suppose this is uniformly spread over an angle (cone of
light) 6. After hitting the target, which can be modelled as a Lambertian reflector
[33] (scattered light varies along the observation angle as cos «), the light pulses are
then diffused back toward the sensor. The amount of light collected by the lens used
to gather light onto the sensor focal plane depends on the target distance and lens
characteristics, namely the focal length f and the diameter D, so that its “f number”
is F/# = f/D. The power P collected by the lens is a fraction of the power
impinging on the target Pr, dependent on the angle o1 of light rays intercepted by
the lens.
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Fig. 12.4 Optical flux P,
intercepted by the collection B & .
optics in case of Lambertian / Pr z :

target

>/
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By considering a rotational symmetry around the ¢ axis (see Fig.12.4), the
optical flux emitted in a cone having an angle 2¢;, can be calculated as:

oL
@ = // 1(0,¢) -sin(0)d0de = 27{/ Iy cos(0) sin(0)d6 = m 1 sin’(a).
0
(12.4)
So that the optical power collected by the lens can be extracted by considering the
light flux within the solid angle intercepted by the lens over the whole semisphere
solid angle as:

2 2 2
PL(z) = Pr-ky-sin®(ay) = Pr-ky- (2) = Prky- (i) (L) . (12.5)
2z z 2Fy

where ky; is the attenuation due to the propagation through the medium. The photon
flux collected by the lens is then focused onto the sensor focal plane array, which
typically has a rectangular or square shape. Let us consider a square focal plane
array having size L, and composed by pixels with a pitch p and fill factor FF. In
the optimal condition, the illuminator emission angle is matched with the lens field
of view, but to avoid dark corner in the image, the focused light spot circle has to
include the sensor array (see Fig. 12.5). The sensor field of view, FOV, is a function
of the lens focal length and the sensor size, accordingly to (12.6):

L
FOV = 2 arctan (7) . (12.6)

However, to fully illuminate the pixel array the illuminator divergence should be
slightly larger than the FOV (see Fig. 12.5), causing a loss of photons in the wasted
zones at the sensor corners. Using (12.4) and (12.5) it is possible to estimate the
number of photons N, (z) impinging onto each pixel at each light pulse as a function
of the target distance z:

1 2 2 A
Np(z)=ZPE-p-kE-kR-kil-(ZfF#) (ﬁ) -FF-%-TP, (12.7)
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where Pg is the optical power of the emitter, p the target reflectivity, kg and kg
the optical losses of the emitter and receiver optics, respectively, A the emitter
wavelength, FF the pixel fill factor, T}, the light pulse width and % is Planck’s
constant.

Example 1: To have a numerical estimation, we can consider as an example
the following TOF system parameters:

e Collection optics: focal length f = 6 mm, F number F# = 1.2, and lens losses
kR = 90%;

e Sensor: pixel pitch p = 10 pm, fill factor F'F' = 20%, sensor size Ls = 1.6 mm;

o Target: target reflectivity p = 70%, and propagation in air kyy = 1;

* Emitter: emitter wavelength A = 850 nm, pulse width 7, = 10ns, and diffusive
optics kg = 1.

Np(2) is plotted in Fig. 12.6 considering two values of the emitter light power.
It appears clearly that the intensity of the light echo impinging onto the pixel array
is only a minimal portion of the emitted light, requiring single-photon detection
capability in most of the target distance range. Another consideration, which is
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worth nothing, is that the detection system must be capable of a high dynamic range
to cope with the large signal variations along the target distance and reflectivity.

12.2.4 D-TOF and I-TOF Noise Considerations

Direct-TOF (D-TOF): The sources of error in this measurement are the statistics of
photon arrival, the dark count rate and the time resolution of the SPAD, background
light sources, electronic jitter, and laser pulse shape. In the following discussion, we
will consider only the contributions of photon arrival statistics and laser pulse shape,
in order to investigate the ultimate noise limit. However, typical dark-count rates of
SPAD are in the kHz range and can be neglected, while the effect of background
light sources can be strongly reduced by optical filtering. As far as jitter noise is
concerned, the SPAD time resolution is usually <100 ps, and the jitter noise of the
readout electronics has a similar value so that they can be neglected as well. The
number of photons incident on the photodetector during the pulse time 7p follows
Poisson statistics as long as Tp is much longer than the coherence time t. of the light
source [34]. If a constant Poissonian light with a photon flux of n,(z) photons per
second impinges on the active area of a SPAD, the detection of a photon after a time
¢t from an arbitrary starting time (r = 0) has an exponential probability distribution
[17]. The probability density function, f(¢), is given by:

@) = np(z) - e, (12.8)

In case of a light pulse having time width 7p, with 7p > 7., the light can still be
considered Poissonian, but n,(z) is a function of time so that (12.8) is replaced by:

Tp
S@) =np(z,t)-eXP[—/0 np(z, r)dr]. (12.9)

The probability that a photon is detected within each light pulse is given by the
integral of f(¢), F(Tp):

Tp

Tp
F(Tp) = f@dt =1- exp[ - /0 ny(z, t)dr]. (12.10)

0

We can distinguish two cases: if F(7p) < 1, for most of the pulses no photons
are detected. For a system working in this condition, a measurement is valid only
in the cycles in which a photon is detected, while the other measurements must be
discarded. The density function f(¢) is approximately equal to n,(z), and the time
resolution is linked to the width of the optical pulse, to F(7p) and to the number of
measurements N. If oy is the laser pulse width, the theoretical time resolution of
the system oy is given by:
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O

O N E(Ty)

where N - F(Tp) is the average number of photons detected during N measurement
cycles. The second limiting case is when F(7p) =~ 1. In this case a photon is
detected on average at every laser pulse and the time resolution of the measurement
is given by the standard deviation of f(). In the case of a rectangular pulse of n,(z)
photons/s-pixel having a duration 7p, the time resolution is given by:

(12.11)

1

Oy = np(z).

(12.12)

The mean of f(¢) is also equal to 1/n,(z) and determines an offset in the
measurement of the optical pulse arrival time. This offset, which depends on the
incident optical power, causes a systematic error that must be removed or at least
minimized to perform an accurate measurement. While time resolution can be
improved by averaging over a large number of measurements, the illumination-
dependent offset is more difficult to remove with a calibration. However, it can be
minimized by increasing the optical power and using SPADs with a high quantum
efficiency. As an alternative, very short laser pulses (<1 ns) can be used to fall in
the case where F(7p) < 1, thus obtaining an easy-to-calibrate offset independent
on illumination.

Indirect-TOF (I-TOF): To analyze the noise limitation of the I-TOF measuring
technique let us consider, for sake of simplicity, the case of two time-gated windows
only (see Fig. 12.4). The number of photons C; detected within the first time window
W1 after N light pulses is given by:

Ci =N -np(z)- Tp. (12.13)
While the number of photons detected within the second time window W2 is:
Cy = N -np(2) - (Tp + t10F — T5H). (12.14)

The time resolution o; of the measurement is related to the standard deviations o¢;
and o¢» of Cy and C,. As n,(z) follows a Poisson statistics, o is expressed by:

oc1 = /N -ny(2) - Tp. (12.15)

To simplify the notation let us define a parameter « so that C; = o - Cy, with
0 < a < 1. From (12.13) and (12.14) it can be seen that « is a linear function of
tror and o¢; can be expressed by the equation:

ocy = Jo- N -np(z) - Tp. (12.16)
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By means of (12.2) and applying error propagation, the time resolution of the

measurement is given by:
o+ (1
o, =Tp- a(C—j_a) (12.17)

ot reaches its maximum value for « = 1, which corresponds to the case tror =
Tsu. In this case the time resolution of the system is inversely proportional to
(np(z))l/ 2, while in the D-TOF approach (12.12) oy is inversely proportional to
np(z). This method, if compared to D-TOF, does not suffer from illumination-
dependent systematic errors, and is thus more accurate.

12.3 Single-Photon Sensors for 3D-TOF Imaging

A solid-state detector suitable for scanner-less, single-photon, TOF imaging is
generally composed of a two-dimensional array of pixels, each one integrating a
SPAD detector, the required bias and readout electronics, a processing circuitry
dedicated to time-gated photon counting (I-TOF) or capable of measuring the
photon arrival time (D-TOF). The SPAD detector can be either integrated within
the read out and processing electronics (full CMOS system) or realized using a
dedicated fabrication process and connected in stacked-chip configuration (hybrid
system). The main advantage of a full CMOS solution is the low fabrication costs,
while hybrid systems allow using SPADs with better performance in terms of
quantum efficiency and dark count rate (DCR). Moreover, they can be realized with
Class III-V semiconductor material allowing the use of 1,500-nm emitters, making
eye-safe operation much easier even at high emission power [35].

12.3.1 Single-photon Detectors

There are many nonsolid-state devices capable of single-photon detection, i.e., pho-
tomultiplier tubes (PMTs) and microchannel plates (MCPs). PMTs offer extremely
good performance in terms of quantum efficiency and detection speed, however,
they are bulky and require high operating voltages preventing their use in two-
dimensional arrays [36]. MCPs are arranged in two-dimensional arrays but the
detection speed is limited by the response time of the phosphor-screen and
CCD exposure and readout time. To overcome these problems, many solid-state
alternatives have been developed, such as silicon avalanche photodiodes (APDs)
and silicon photomultipliers [37], but only recently CMOS compatible APD device
structures have emerged [38—41]. Single-photon detectors can be implemented
exploiting the avalanche principles of a p—n junction, biased above the breakdown
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Fig. 12.7 (a) Basic SPAD front-end scheme based on passive quenching and A/D conversion by
means of an inverter amplifier, (b) //V curve of the reverse biased diode and Geiger operation
region, and (c) typical detection cycle

voltage Vg, working in a meta-stable regime called Geiger mode, where the
absorption of a photon triggers an avalanche current. An APD working in Geiger
mode is known as single-photon avalanche diode (SPAD). In this bias condition
the gain of the device is virtually infinite, allowing for single-photon detection,
and a proper quenching circuitry is needed to stop the avalanche and restore the
initial condition of the device (see Figs. 12.7 and 12.8). The simplest quenching
circuit is realized by means of a resistor placed in series with the diode, so that
as the avalanche current increases the p—n junction bias voltage drops below the
breakdown reducing the gain of the device. After that the initial bias condition is
restored through the quenching resistor Ry, requiring a minimum dead time (limited
by the RC constant given by R, and the overall capacitances at the SPAD cathode)
before the detection of the next photon. To guarantee compatibility with standard
CMOS technologies, the SPAD anode is biased at a negative voltage so that the
excess bias V, = (V. — Vspap — | Vba|) < Vaa- The voltage drop at the SPAD cathode
can be easily converted into a digital pulse by means of a voltage comparator,
which is typically implemented as a simple CMOS inverter. State-of-the-art CMOS
SPADs have been successfully implemented in different technologies, ranging from
0.8 wm down to 130 nm [38-47] and exhibit dead times down to about 30 ns [38],
photon-detection probability higher than 35% in the visible range [39] and dark
count rates of a few Hertz [39,41]. The great advantage of a CMOS SPAD is the
possibility to realize large pixel arrays and include at a pixel-, column-, or array-
level sophisticated read out and processing blocks. Many different device structures
have been proposed to implement SPADs in standard CMOS technologies, and
several circuit solutions have been developed to implement the quenching of the
avalanche and the detection of the avalanche event (for a detailed description see
Chap. 7 by Charbon, of this book). In the following sections, we will consider the
SPAD ensemble as a black box containing the basic scheme of Fig. 12.7 (shadowed
square), so that a digital pulse is generated after each photon detection.
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Fig. 12.8 Pixel architectures for TOF imaging using SPADs: (a) by using time-gated photon
counters or (b) by means of TAC/TDC. Slice (c) illustrates the detection of the light echo through
four time-gates counters, while (d) in the case of TAC/TDC

12.3.2 Pixel Architectures for Single-photon TOF Imaging

There are two main architectures suitable to implement a time-resolved SPAD
detector: (1) by using one ore more time-gated photon counters as sketched in
Fig. 12.8a, or (2) by means of Time-to-Amplitude (TAC) or Time-to-Digital (TDC)
converters as shown in Fig. 12.8b. In the first case, when a photon is detected within
the i-th time slot, only the relative counter is incremented, so that at the end of the
measurement cycle, consisting of several light pulses, it is possible to build a photon-
count histogram combining the sensor outputs Out—,, (Fig.12.8c). If a TAC/TDC
is used, a time-stamp information is associated to each detected photon, so that
the reconstruction of the detected light echo is more accurate, being the number of
bins limited by the resolution of the TAC/TDC (Fig. 12.8d). The main drawbacks
of approach (2) are the huge amount of information generated by the sensor in
case of large pixel array, which require in-pixel memory and dedicated high-speed
readout circuits to properly buffer out the data stream, and the high complexity
of TAC/TDC circuits, which can be implemented at a pixel level at the expense
of the fill factor. Both (1) and (2) can be realized implementing the processing
circuitry at a pixel-, column-, or array-level. Pixel-level implementations are the best
suited in case of high photon count rate, being the processing channel dedicated to
every detector. The negative aspects are the increase of the pixel complexity, which
affects the pixel size, the fill factor, and the overall power consumption. Array-level
implementations can hardly be used in case of range imaging, because of the loss
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of data due to conflicts in accessing the processing circuit by the pixel array, while
column-level solutions offer a reasonably good trade-off.

12.3.3 Circuit Implementations for I-TOF Pixels

The basic scheme of Fig.12.8a can be easily realized in the digital domain by
means of a set of standard n-bit ripple counters. Time-gated functionality can be
achieved by using a simple demultiplexer between the SPAD front-end and the
counter, or by means of other digital schemes such as the Time-gating (2) scheme
shown in Fig.12.9, where a T-type flip flop and a monostable circuit guarantee
the generation of fixed time width pulse that eliminates critical race conditions on
the ripple counters. Several SPAD sensors, fabricated within 0.35-jwm technologies,
based on this approach have been recently proposed: in [32] it is proposed a 60 x 48-
pixel array implementing I-TOF by means of two-counters per pixel based on the
Time-gating (1) approach, while Time-gating (2) is used in [42] where a 64-pixel
linear array using four in-pixel counters and four memory banks to allow time-
interleaved operation, has been developed for lifetime imaging applications, but also
validated as a linear TOF detector [43]. A similar architecture, using two counters
per pixel and developed within the same context, is proposed in [44,45], where a
16 x 4-pixel array is proposed. Lifetime imaging techniques, such as Fluorescence
Lifetime Imaging Microscopy (FLIM), are powerful investigation tools emerging
in life-sciences, medical research, fluid-dynamics analysis, etc., where fluorescent
dyes are stimulated by a fast-pulsed laser and the time-decay of their emission
is measured. It is worth noting that a SPAD sensor developed for TOF imaging,
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Fig. 12.9 Two alternative schemes for a digital implementation of time-gated photon counters
suitable for I-TOF
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Fig. 12.10 Analog photon counter basic scheme (a) and high-speed, low charge injection structure
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suits very well the requirements of FLIM detectors [46], and therefore they have
been mentioned in this chapter. Photon counters can be also realized in the analog
domain, requiring much less silicon area with respect to the digital counterpart.
The main issues with analog implementations are: to guarantee good uniformity
along the pixel array, while maintaining low power consumption and keeping the
electrical noise as low as possible, which typically requires quite sophisticated
circuit solutions. The basic structure to realize an analog counter is the use of a
constant current source /p which can be selectively connected to a capacitor C;
by means of a switch controlled by the SPAD front-end output (see Fig. 12.10). In
order to guarantee a uniform charge-up time 7', a multivibrator circuit is needed
between the SPAD front-end and the counter. At each detected photon, the voltage
V,AC across capacitor Cs is incremented by AV = IgCs/T, which represents
the analog counter resolution. A switch, controlled by RES signal, is used to restore
the initial condition at the end of each acquisition frame. Although this structure
is straightforward it has a couple of problems: spurious charge is injected at every
count by the switch, and the charging time 7" must be long enough to effectively
close the switch (i.e., create the minority-carriers channel of the transistor used to
implement the switch). To cope with these issues the alternative solution shown in
Fig. 12.10b can be used, where a feedback loop guarantees very low impedance at
node V, AC reducing charge injection effects and boosting the transient response, at
the expense of extra power consumption due to /p;. A 64-pixel linear sensor based
on this principle has been proposed in [27] where an analog counter also capable of
averaging filtering operation in the analog domain, allows extracting both I-TOF and
D-TOF range maps. By means of external calibration, the residual nonuniformity
has been roughly reduced down to 2%. To improve the pixel-to-pixel uniformity it
is necessary to adopt self-calibration structures, which compensate the unavoidable
process and geometrical mismatches. A possible solution has been proposed in [47]
where a reference copy of the circuit shown in Fig. 12.10 has been included in each
pixel, and used to implement an analog-to-digital conversion intrinsically immune
to mismatch effects. The concept is illustrated in Fig. 12.11. The circuit operates in
two phases: at the end of the exposure window (phase-1) capacitor C contains the
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analog information proportional to the number of counted photons. At this point, the
reference block is externally stimulated by the signal RefCount, globally distributed
to the whole pixel matrix, synchronously with n-bit digital code in a single-ramp
ADC fashion. The voltage at node V, REF increases and when it reaches the same
voltage previously stored on V, AC the voltage comparator toggles thus sampling
the digital code into the memory. By means of proper interdigitated layout structures
it is possible to achieve very good matching between Cy, and Ip;, making the
digitally converted code extremely uniform along the pixel array.

12.3.4 Circuit Implementations for D-TOF Pixels

To implement D-TOF by using the architecture shown in Fig. 12.8b it is necessary to
implement on-chip time-measuring circuits such as a TAC or TDC. However, these
devices are typically based on complex circuits [48-51], whose area occupation
and power consumption make their integration impossible at a pixel level or
column level. Many efforts have been recently done in the integration of time-
measurement circuits, both TDC and TAC, together with SPAD-array, realizing
very compact solutions, which have been implemented in a highly parallel way.
In the following, most meaningful architectures will be described. A column-level
implementation of 32 TDCs, serving an array of 128 x 128-pixel array is proposed
in [52], where a three-level interpolation scheme has been used to implement
a 10-bit TDC characterized by a 100-ns time mapping range. The interpolation
principle is schematically shown in Fig. 12.12. A global clock signal CLK is used
as a reference signal providing coarse resolution ¢, and its period is split into 2¥
uniformly shifted phases ¢[2k : 1] by means of a global digital delay line (DLL),
in order to obtain medium resolution ty. The fine resolution tr is realized by
using an inverter-based delay line, so that tr is limited by the minimum delay of
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digital ports, ultimately affected by the adopted technology. Finally, an appropriate
interpolation based on a linear combination of tc My, enables the measurement
of a time interval over the whole time range. This solution allows achieving
excellent performance in terms of maximum time range, Integral and Differential
Non Linearities (INL,DNL), and resolution. The adopted multilevel interpolation
allows mapping relatively long time intervals with high resolution without the
need for long delay lines, while distributing relatively low-frequency signals only.
However, the high circuit complexity requires relatively large silicon area and
power consumption, so that its implementation is limited to array- or column-level
architectures. An extremely compact, and low power, TDC architecture suitable
for pixel-level implementation has been proposed in [53], where a gigahertz ring-
oscillator, locally integrated, is started by the SPAD front-end (see Fig. 12.13) when
a photon is detected, and a reference signal, synchronous with the emitter trigger,
is used to stop the ring, freezing its internal status. An n-bit counter provides a
coarse estimation of the photon arrival time (given by the number of oscillation
cycles of the ring) while the status of the ring, properly coded, generates the least
significant bits. The ring oscillator is realized by means of a chain of current-
limited differential inverters connected through pass-transistor switches that are
opened by the Stop signal in order to sample the ring propagation status. To
minimize the impact of dominant supply noise induced jitter effects the cell is
constructed from wide swing, differential inverters with bias current regulation,
which is included in a feedback loop that guarantees good pixel-to-pixel uniformity.
Another TDC architecture having the same level of integration and suitable for
pixel-level implementations [54] is sketched in Fig. 12.14. In this structure coarse
time measurement is also realized by means of an n-bit counter, and fine resolution
is provided by the propagation delay through an inverter chain, but the clock (CK) is
externally distributed across the entire pixel array instead of being locally generated.
On the first clock edge after the START signal the propagation of the pulse through
the delay chain is stopped, thus the number of buffer elements that toggled between
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the photon detection and the subsequent clock edge corresponds to the time elapsed
between these two events. A coder converts the resulting thermometer code of
the fine interpolator output into a k-bit binary number. Finally, the STOP signal
interrupts the coarse interpolator (n-bit counter). A calibration loop allows adjusting
the tail current of the inverter chain, similarly to the previous implementation. TDC
architectures are extremely reliable and offer generally good performance in terms
of DNL, INL, and pixel-to-pixel uniformity. However, they require deep-submicron
CMOS technologies to be effectively implemented at pixel-level, and to achieve
resolutions below 100 ps, while their power consumption is generally high so their
use in large pixel array is limited to very low light level applications. A valid
alternative is given by TACs that can be realized on the basis of the generic scheme
described in Fig. 12.10 for the realization of the analog counter, but substituting the
monostable stage with a proper digital circuit, so that the charging of capacitor Cg
is started when a photon is detected and stopped by a reference signal synchronous
with the emitter trigger. A pixel-level implementation of a TAC implementing A/D
conversion using the replica concept illustrated in Fig. 12.11 has been proposed in
[47]. The block diagram of the resulting pixel is shown in Fig. 12.15. The digital
pulse generated by the SPAD ensemble is first processed by a logic block which
generates a pulse whose time-width is proportional to the time occurred between
the rising edge of the detected photon signal (Photon) and the falling edge of the
clocking signal STOP. The basic building block used to generate the voltage ramp
is replicated into three layout-matched structures: two of them are used alternatively
to measure the photon arrival time, in a time interleaved way, while the third one is
used to generate a reference voltage ramp used to implement the embedded ADC
scheme. Finally, by using two memory banks, the A/D conversion can be done in
parallel with the acquisition of the next frame, avoiding any dead time, and wasting
of photons.

12.3.5 State-of-the-art Time-resolved CMOS SPAD Pixel-array

This paragraph will provide an overview of time-resolved sensors implementing
SPAD-based pixel-array and on-chip processing on the basis of the structures
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Fig. 12.15 TAC architecture for time-interleaved operation and A/D conversion, with relative
timing diagram

previously addressed, summarizing the main technical specifications and achievable
performance. Table shown in Fig. 12.16 provides a summary of the architecture
choice, the adopted measuring technique, and the main features of the detectors,
while table in Fig. 12.17 reports on the characteristics of the adopted TOF setup and
the relative measurement performance.

12.4 Challenges and Future Perspectives

The performance of SPAD-based image sensors have been continuously improved
in the last decades, mainly thanks to the efforts of a few research teams.? The
realization of CMOS compatible device structures represented a major breakthrough
in this research field, and the maturity of this kind of sensors is continuously

2Prof. S. Cova, Prof. F. Zappa (Politecnico di Milano), Prof. E. Charbon (TUDELFT, EPFL),
Dr. R. K. Henderson (The University of Edinburgh).
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Ref [32] Ref [42.43] Ref [27] Ref [52] Ref [54] Ref [53]
CMOS 0.35 um 0.35 pm 0.8 pm 0.35 ym 130 nm 130 nm Imaging
Technology Imagi
Pixel array: 6lxd% Gdxl 6dxl 128x128 32x32 32x32
Architecture In-pixel In-pixel digital In-pixel 32 Column- In-pixel 10-bit In-pixel 10-bit
digital counters {4x8-bit) TAC and level 10-bit TDC TDC
counters (2x8- analog DO
bit) counter
Measuring I-TOF I-TOF pulsed and I-TOF and D-TOF D-TOF pulsed -
technique modulated, 2 maodulated, 4 time- D-TOF pulsed
time-gated gated window
window x 2
frames
Pixel pitch 85 pm 26 pm (Linear) 38 pm 25 pm 50 pm 50 pm
{Linear)
Fill Factor 0.5% 34% (Linear) 13% 6% 2% ~2%
(Linear)
Power 35 mW 600 mW i 150kfps ImW @ 150 mW 90 mW (core 38 mW (core
Dissipation 10kHz only) only)
(core only)
Time - - ~50 ps 98 ps 119 ps S2ps
Jitter - - ND 250 ps 185 ps 0.6 LSB
(FWHM)
Uniformity - - 3% (after ND 2 LSB (over # LSB (over the
calibration) the whole whole array)
array)

Fig. 12.16 Main technical specifications of SPAD-based sensors for time-resolved imaging. Sen-
sors validated in TOF setup are shadowed. For sensors implementing TAC/TDC time measurement
performance is given

increasing. However, there are still several challenges to be faced in order to let
CMOS-SPADs enter consumer-applications market. Most relevant ones are listed in
the following:

» Sensitivity enhancement: Two-dimensional pixel-array reported so far exhibit
very low fill factor. This can be improved by means of microlens array [55]
coupled on the top of the focal-plane array at the expense of extra fabrication
costs. However, if the pixel pitch will be scaled down to a few microns,
standard microlenses fabrication processes typically adopted by digital cameras
can be used. Moreover, the SPAD quantum efficiency in the near infrared
region (750-850nm) is poor. It can be increased by using deeper junctions,
thus requiring some modifications to the CMOS fabrication process. However,
dedicated CMOS processes have been developed to fabricate digital cameras
currently available on the market, and a similar strategy could be used once
CMOS SPADs market will reach the critical production barrier.

e Dark count rate: Although DCR of state-of-the-art CMOS SPADs is continu-
ously decreasing [38—41], the uniformity on large pixel array is still a problem.
Typically, 10-20% of the devices exhibit DCR values one or two order of
magnitudes higher than the average DCR, reducing the overall efficiency of the
imager. This aspect is quite critical because mainly related to fabrication defects
that can hardly be improved in standard fabrication processes.

e Time resolution: Best jitter noise performance of SPAD detectors is about 35 ps
[39], while for in-pixel TAC/TDC it is in the order of 50ps [53]. For many
applications this is sufficient, but for submillimeter range detection at high frame
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Ref[32]

3D TOF Imaging: demonstrated

TOF System Parameters:

- Emitter: 850-nm wavelength, modulated at 30MHz, 800mW optical power on a 50° field-of-view
- Collection optics: F-number=1.4

- Distance range: 5m

- Distance repeatability (o): 3.8cm(@2.4m with a 45ms exposure time.

Ref[42,43]

3D TOF Imaging: demonstrated

TOF System Parameters:

- Emitter: 650-nm wavelength, modulated at 100MHz or pulsed at 10MHz, 2mW optical power
on a 10° field-of-view (light blade)

- Collection optics: F-number=1.4

- Distance range: 4m (pulsed), 2.5m (modulated)

- Distance repeatability (o): 10em(@4m with a 10ms exposure time (pulsed@ 10MHz)

- Distance repeatability (o): <1.5cm(@2m with a 10ms exposure time (modulated@ 100MHz)

Ref[52]

3D TOF Imaging: demonstrated

TOF System Parameters:

- Emitter: 635-nm wavelength, modulated at 40MH, 250mW peak power, ImW average power
- Collection optics: F-number=1.4

- Distance range: 4m (pulsed), 2.5m (modulated)

- Distance repeatability (g): 10cm@4m with a 10ms exposure time (pulsed@ 10MHz)

Ref[27]

3D TOF Imaging: demonstrated

TOF System Parameters:

- Emitter: 905-nm wavelength, pulsed at 100 ns with 0.1% duty cycle, 250mW average optical
power on a 10° field-of-view

- Distance repeatability (o): 3em@2m using D-TOF, 10em@2m using I-TOF (20k pulses)

Fig. 12.17 Summary of the main performance of TOF range systems based on sensors reported
in Fig. 12.16

rates more precision is needed, requiring new SPAD device structures and better
performing read out and processing circuits.

e Pixel dimensions: The smallest pixel pitch reported so far for a SPAD detector
with in-pixel time measuring circuitry is 50 um [47, 53, 54]. To realize large
pixel-array (VGA or million-pixel format) this value should be dramatically
reduced. A possible solution is the use of simple analog schemes to implement
photon counters or TACs, or adopting circuit-sharing strategies as is done in ultra-
small pixels (<2 m) as used in consumer applications such as cell phones. In
ultra low light level applications, where the pixel activity is very low, column
level processing implementations represent the best solution.

e On-chip processing: When TACs/TDCs are used at pixel level, and in case of
large pixel-array implementations, the amount of information generated by the
sensor is extremely high. To cope with this issue several solutions are possible,
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such as the use of highly parallel read out architectures [46,52,53]. An innovative
approach consists in the implementation of on-chip preprocessing of the data.
An example of this, applied to the case of lifetime extraction can be found in
[56], and in the near future similar implementations could be applied also to
TOF measurements. Moreover, the availability of through-silicon via technology
allows the realization of stacked multichips sensors, where sophisticated read out
and processing interfaces could be realized.

* Hybrid solutions: As 3D silicon technologies will become more accessible
and widely used, the realization of hybrid sensors, where the SPAD array can
be developed using optimized fabrication processes while the read out and
processing can be accommodated on a deep submicron CMOS layer, will be
possible. By exploiting III-V technologies, the sensitivity range of the SPADs
could be possibly extended into the IR region (1,500nm) where high-power
lasers can be used with lesser concern about eye-safety operation.

12.5 Conclusions

Time-resolved image sensors, i.e., imagers capable of detecting arrival times
of impinging light signals with nanosecond or sub-nanosecond resolution, are
becoming more and more important in many applications. Among them, TOF 3D
cameras represent one of the markets having the largest possibilities of expansion
thanks to the numerous sectors of exploitation of such a technology. The extra
information provided by those sophisticated sensors, with respect to standard 2D
cameras, is fundamental to acquire an accurate and reliable model of the scene
under measurement, opening the way to new detection paradigms in the field
of machine vision. Industrial control, cultural heritage preservation, automatic
production, cinema industry, etc. are just a few examples of important sectors
using 3D-imaging technology because its beginning, with minor concerns about
its cost. However, there are huge markets, like gaming and advanced contactless
user-interfaces for any kind of electronic tools used in everyday life, ready to fully
exploit 3D-imaging as soon as low-cost and compact systems will be available. This
goal can be achieved only by realizing fully-integrated CMOS detectors, which
could benefit of the well know mass-production cost rules. This chapter focused
on one specific 3D-measuring technique, the TOF, for its numerous advantages
with respect to the above mentioned application areas, and provided an overview
of state-of-the-art monolithic implementations of time-resolved SPAD-based pixel
array. A summary of the most commonly used TOF measuring techniques was given
and main noise limitations analyzed. A description of pixel architectures suitable
for time-resolved single-photon detection was provided, and a selected choice of
circuit implementations among those recently reported by the scientific community
was presented and commented. Although SPADs have been well known since the
1980°s and exploited in many scientific application areas, their implementation
in two-dimensional pixel-arrays has been only recently reported, thanks to the
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development of SPADs within deep-submicron CMOS technologies. This allowed
also the implementation of smart front-end electronics aimed at the SPAD biasing
and read-out, and more and more processing has been included on-chip. This new
generation of CMOS-SPAD detectors, capable of single-photon light sensitivity,
sub-nanosecond time resolution, processing and filtering of the data-stream and
straightforward digital output finds its natural application mainly in niche research
domains such as time-resolved fluorescent microscopy but could be, in time,
adopted also by consumer application markets.
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Chapter 13
Single-Photon Imaging for Astronomy
and Aerospace Applications

Pierre Magnan

Abstract Even with the use of powerful optical systems, astronomy and space
imaging applications have often to deal with a very limited amount of photons.
Despite major achievements brought to these applications by CCD and hybrid
narrow gap semiconductor detectors technologies, and as illustrated by large focal
planes used in ground based telescopes, the detection limit of classical solid state
imaging devices still remains above the single photon level sensitivity required by
several applications. Amongst these, attempts to circumvent the atmosphere turbu-
lence effects limiting image quality have lead to the development of the so-called
Lucky Imaging technique and wavefront sensors being part of adaptive optics sys-
tems. Both are based on imaging devices requiring the use of internal gain (electron
multiplication) to lower the readout noise: EMCCDs and Avalanche Amplifiying
pnCCDs using silicon and HgCdTe e-APDs for the infrared domain are considered.
Space based LIDARs, currently becoming more popular for altimetry and
atmosphere characterization, also require single photon sensitivity level in order to
reduce the emitted laser pulse energy and/or enhance the measurement accuracy. An
example of a dedicated imaging device for atmospheric LIDAR is detailed before
concluding on the current status of single photon devices for space applications.

13.1 Introduction

Astronomy and space instrument applications have been for a long time precur-
sors in using electronic imaging devices, pushing continuously the corresponding
technologies to achieve strong improvements in performance level, reliability, and
confidence level in suitability for operational applications. The space telescope
Hubble program in the eighties has, for example, led to the development of
backside thinning and illumination techniques, applied initially to CCD and that
are today commonly used in many scientific imaging or radiometric measurement
applications but have also been introduced recently in consumer large volume
applications. Although such techniques allow for large improvement in quantum
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Fig. 13.1 Flux range covered by astronomy and space applications (from [2])

efficiency, one of the main challenges is often to face with the very low level of
radiation emitted by the object of interest (e.g., a star), thus requiring dedicated
accumulation imaging technique and ideally noiseless detectors. Along the move
from the use as sensor coupled to an optical instrument, of initially the human
eye, then the photographic plate and finally solid-state imaging devices, the spectral
range of interest has broaden from the visible domain to potentially extend from the
X-rays (and even the Gamma-rays) to the infrared (and even the microwave). A very
comprehensive reference text regarding overall astronomy instrumentation aspects
is the book by Mc Lean [1].

The flux range to be covered in astronomy and space instruments applications
is very large, as illustrated in Fig. 13.1, explaining the large range of integration
time, from tens of microseconds to thousands of seconds, and frame rates from
a few millihertz to tens of kilohertz used for this kind of applications in contrast
to classical video imaging applications. Astronomy, being either ground- or space-
based, is clearly a domain where imaging devices often named ‘“detectors” have
often to deal with very few photons available.

The Earth atmosphere composition introduces severe limitations in the obser-
vation and measurement capabilities of universe objects using electronic detectors.
Its transmission is very low, or even zero, for the largest part of the EM spectrum
radiations including Gamma-rays, X-rays, most of the UV and the infrared (except
for wavelength less than 25 pm) region, involving mandatory use in this wavelength
range of space-based telescopes such as Hubble (HST), Spitzer, Kepler, or the future
James Webb space telescope (JWST), which additionally do provide permanent
observation capabilities. They also offer a way to avoid Earth atmosphere turbulence
effects that degrade the resolution of sky objects image captured from ground and
avoid the ground-based telescope to be operated at their theoretical diffraction limit
A/D (A being the wavelength and D the aperture of the telescope). However, it
is much easier and less costly to build large diameter on-ground telescope than
equivalent space equipment. As a consequence, the space-based telescopes have
reduced diameter (HST: 2.4 m, future JWST: 6.5 m) than their ground counterparts:
8.2m for the Very Large Telescope (VLT) installed in Chile and 42m for the
future European Extremely Large Telescope (E-ELT), both from European Southern
Observatory (ESO). In the common spectral range, the ground-based telescopes can
feature a lower diffraction limit at a reduced cost, but only if able to counteract
the turbulence effects. Proposal and implementation of techniques allowing for cir-
cumventing the effects of turbulence constitute a big challenge for the astronomical
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scientific community that results in a very strong motivation for pushing imaging
device sensitivity to the single-photon level. Some of the used techniques will be
further detailed.

13.2 Scientific Detectors in Astronomy and Space Applications

Detectors in astronomy and space scientific applications are primarily used for
imaging the focal plane of the telescope. Their possible functions are the mea-
surement of both the irradiance and magnitude (see Appendix for definitions) of
objects (photometry) and also their position in the field (astrometry), for measuring
the value of spectral components created by dispersive medium (spectrometry)
or interferometry measurements. In addition, they also operate for sensors used
either for guiding/pointing the telescope (or the satellite itself) or for providing
information about the distortion of the wavefronts for further correction.

Even if some other technologies are still in use, ground- and space-based astron-
omy imaging and spectroscopic applications are currently completely dominated,
respectively:

e By charge coupled device (CCD) imagers for the UV, visible and near-infrared
spectral domain (compatible with the Si bandgap energy of 1.12eV at room
temperature)

e By hybrid detectors for the short and mid wavelength infrared domain, made
of infrared sensitive material (narrow-gap III-V or II-VI semiconductor) layer
structured as pixel photodetectors (often photodiodes) bump bonded on a CMOS
readout circuit (ROIC).

Both types of device, that will be shortly reviewed, share the internal photoelectric
effect as a photon detection principle and some common requirements, a very large
physical size of the devices associated with a good flatness, a very good characteris-
tic uniformity, a low dark current, a high level of quantum efficiency, and a minimum
read noise. Scientific ground-based astronomy has especially evolved along time in
the direction of larger telescopes and also in the use of larger focal plane arrays
(FPAs) being made of precise assembly of elementary devices as mosaics.

Most of the detectors used in ground-based astronomy are custom design in terms
of pixel pitch, geometrical format, readout rate, and spectral response optimization
to accommodate the specific needs of the telescope mission (what is looked for) and
the field of view.

13.2.1 Scientific CCDs

CCDs have been adopted for a long time as first choice detectors in astronomy, for
the visible and the near-infrared spectral domain, as the most suited technology for
the faint objects of interest involving very long exposure, often ranging from 1 s to
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Table 13.1 Characteristics of large mosaics dedicated to survey telescope instruments
MegaCam (2000) OmegaCAM

[3] (2011) [4] Pan-STARRS [5] LSST Project [6]
Telescope CFHT-Mauna VST Paranal IFA-Hawai Univ. Large synoptic
Kea-Hawai VLT survey (Mauna survey
(3.6m) telescope(ESO) Kea/Haleakala) telescope
(2.6 m) (1.8 m) Hawai (8.4 m)
FPA size 340 Mpixels 256 Mpixels 1.4 Gpixels 3.2 Gpixels
FPA structure 36 x (2K x4.5K) 32 x (2K x4K) 256 x (0.6K x 189 x (4k x 4K)
pixels pixels 0.6K) pixels pixels
Pixel pitch 13.5 pm 15 um 10 wm 10 wm
Dimension 30 x 30 cm? 26 X 26cm 40 x 40cm 64 cm diameter

Spectral range 350-1,000 nm 320-1,014 nm 380-1,050 nm 300-1,100 nm
Readout times 30 s (2 readout 20 s (2 readout 3s (128 readout 25 (3,024

channels/CCD) channels/CCD channels channels @
500 kpix/s)
Readout noise <10 e- rms <5e-rms 5e-rms <5e-rms
Operating temp.  —120°C, —120°C —75°C —100°C
Field of view 1 X 1(degree)? 1 X 1 (degree)? 3 X 3 (degree)? 3.5%x3.5
(degree)?
Resolution 0.187 arcsec/pix  0.21 arcsec/pix 0.26 arcsec/pix 0.2 arcsec/pix

several thousand seconds. For example, the exposure time of the ground-based Pan-
STARRS astronomy camera in the range of 60 s is forecast to allow for reaching a
limiting object visible magnitude of 24.

Their use has evolved from the single device (in 2k x 2k or 2k x 4k format until
the end of the 1990s) to mosaics being larger and larger size along time.

Table 13.1 summarizes some characteristics for the large mosaics used (Mega-
CAM and OmegaCAM) or to being developed for the survey telescope instruments,
whose role is to map the sky and search in wide fields for various objects (distant
clusters of galaxies, asteroids, quasars, structure and content of the Milky Way
supernovae, variable stars, microlensing events, extrasolar occultations) performing
both astrometry and photometry.

The main features granted to CCD technology, as a result of intensive efforts
[71, are a quasiperfect transfer efficiency, a nearly ideal quantum efficiency (around
90% in large spectral range) achieved thanks to backside illumination associated
with optimized antireflective coatings, suitable silicon thickness, and deep depleted
or fully depleted high resistivity substrate [8], very low dark current reduced by
operation at low temperature (around 1 e-/pix/h at —120°C), and low readout noise
(2 e- rms can be achieved on the best devices) but at limited pixel rate (a few tens
kpix/s). In addition, wafer scale size devices can be fabricated [9]. However, despite
significant improvements in output amplifier design (some using JFET rather than
MOSFET) and conversion gain (>5wV/e-), this noise figure degrades severely
when increasing the pixel rate (reaching more than 10 e- rms for pixel rate of few
MHz), leading to a high number of outputs channels (e.g., 16 outputs/CCD planned
for LSST).
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An architectural innovation [10] has been brought by the orthogonal transfer
CCD (OTCCD), which is a CCD device capable of shifting charge in X or
Y directions during exposure, then transferring them in traditional direction for
readout. It was developed for compensating the image motion across a sensor and
avoiding image burring in case of motion of the scene or of the sensor platform
during image integration. One of its applications is the “tip-tilt” electronic correction
to improve image resolution. It is the base device for the Gigapixels PAN-STARRS
camera mentioned in Table 13.1.

In the space instrument domain, the most ambitious CCD focal plane is the
very large (935 Mpixels) one developed for the GAIA “all-sky survey mission” of
the European Space Agency (ESA), dedicated to the mapping of the 3D position
and velocity of more than 1,000 millions of objects down to the 20th magnitude
in our Galaxy and beyond [11]. GAIA, located at L2 Lissajous point of the
Sun—Earth/Moon system, will perform astrometry, photometry, and spectrometry.
It includes a sensitive area of about 0.5 m? built with 106 large scientific back-
illuminated CCDs, featuring 4,500 x 1,966 pixels of 10 um x 30 pwm pixels, operated
at 160 K. The angular accuracy is 25 jLas at magnitude 15. The pixels are operated
in time delay integration (TDI) mode [12], meaning that the charges are transferred,
accumulated, and readout at exactly the same rate as the scene drift by, fixed by the
satellite spin rate. The TDI period is 982.8 js. Stars are crossing the focal plane at a
constant speed and star images are progressively built up as objects cross the CCDs.
The maximum level of signal per pixel remains very low, in the worst case 80 e- and
90 e- for, respectively, B3V and G2V, two stars with visual magnitude m, = 20 [13].

A specific problem of detectors, especially CCDs, for space application is
related to their behavior in the space radiative environment. The radiation-induced
damage (mainly by protons) can alter transfer efficiency, increase severely the
dark current and noise and introduce RTS noise behavior, degrading the overall
performances [14]. Mitigation techniques have to be employed such as in GAIA
detectors, supplementary buried channels (“notch”) and charge injection techniques
to counteract the effect of radiation-induced traps [15].

13.2.1.1 Hybrid Detectors for Infrared

Photodiodes realized in narrow-gap III-V (InSb, In,Ga;_,As) or II-VI semi-
conductor (Hg,_,Cd,Te) are typically used as photodetectors in the short (SWIR)
and mid wavelength infrared (MWIR) domain, Arsenic-doped silicon Si:As (as
“impurity band conduction” detectors) being used for long wavelength infrared up to
25 wm. For some ternary material, the stoichiometry can allow to tune the bandgap
energy E, and the cutoff wavelength Ac (Ac = 1.238/E, with Ac in pm and E,
in eV). This is the case for the current key material Hg,_,Cd, Te widely used for
infrared detection [16,17], as illustrated in Fig. 13.2. To reduce the dark current, this
material has very often to be operated at cryogenic temperature often around 80 K.
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Fig. 13.2 Bandgap energy dependence of Hg,_ . Cd, Te vs stoichiometry (from [17])
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Fig. 13.3 Organization of hybrid infrared detectors and pixel readout circuit

Most of the HgCdTe large devices are currently produced by molecular beam
epitaxy (MBE) on CdZnTe substrate, although liquid phase epitaxy (LPE) can also
be used. The narrow-gap semiconductor photodiodes are connected to a CMOS
readout circuit by indium bump, one per pixel, in a hybrid configuration as described
in Fig. 13.3. The ROIC is often called Multiplexer as its main purpose is to allow for
sequential pixel signal readout, thanks to a semi-parallel line sampling organization,
very similar to the one of visible monolithic CMOS imagers. Photodiode charge
is read out either in the voltage domain using a source-follower metal oxide
semiconductor (MOS) transistor (SFD: source-follower per detector configuration)
or in the charge domain using a capacitive transimpedance amplifier (CTIA) [2].

Infrared focal plane technology has evolved rapidly in the past two decades. The
detector format has grown from single pixel detectors to 4k x 4k pixel arrays, and a
mosaic of 4 x 4 2k x 2k pixel arrays, 18 pm pixel pitch, 2.5 pm cutoff wavelength
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are already in operation at ground-based telescopes [18]. The quantum efficiency
of these arrays is well above 80% over the whole spectral range [19]. The substrate
can be chemically removed, offering extension of the sensitivity down to the visible
spectral range and avoiding the fringing phenomenon (resulting from interferences
of multiple reflections between the parallel surfaces of the detector substrate), which
causes problems in high-resolution spectrographs.

The dark current, dependent on the cutoff wavelength setting, is commonly
around 1 e/s/pixel at 80K but level below 1072 e/s/pixel has been achieved [19].
The read noise with correlated double sampling (CDS) for slow scan is typically in
the range of 10-20 e- rms, but recent improvements have brought this level close to
7 e- rms [20].

For relatively long integration times commonly used in astronomical narrow
band imaging or spectroscopy, the readout noise can be further efficiently reduced
by multiple correlated sampling (MCS) technique, also called “Fowler sampling,”
proposed by Fowler and Gatley in 1990 [21] and described in Fig. 13.4. Immediately
after performing the reset of the pixels, the entire array is repeatedly read out M
times nondestructively and the corresponding values for each pixel, stored in a
frame memory, are accumulated. At the end of integration, the array is read out
again nondestructively M times, the corresponding values for each pixel being
accumulated on a pixel-by-pixel basis.

The signal S; and noise N; for the frame i are, respectively, given by [22]:

M
R — > Sk &
S =" and N =,/

Nro being the noise associated to single sample readout.
This readout scheme features both the elimination of reset noise and the reduction
of the readout noise by a factor ~/ M. Each pair (R, Sx) is named Fowler Pair,

M=
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the readout scheme being designated for a dedicated value of M by “Fowler-M
readout.”

Figure 13.5 illustrates the noise reduction obtained from a HgCdTe 2k x 2k pixels

array by Fowler sampling [20]. For 32 Fowler pairs (“Fowler-32 readout”), the
previous 7 e- rms noise figure translates into 2.4 e- rms.

Two examples of in-operation large Infrared FPAs are illustrated in

Fig. 13.6 [18]:

The Visible and Infrared Survey Telescope for Astronomy (VISTA) infrared
camera, a large survey camera built for a dedicated 4 m ESO telescope on
Paranal (Chile).! The camera, operating in astronomical Z, Y, J, H, and K bands
with broad band filters (see Appendix for definitions), has a field of view of
1.65 degrees with a pixel scale of 0.34 arcsec. The focal plane of VISTA has
64 Mpixels and is the largest infrared focal plane in operation at any telescope.
It consists of sixteen 2k x 2k HgCdTe LPE arrays with 2.5 um cutoff. The mean
quantum efficiencies of the 16 detectors have been measured as (J,H,K) =
(90, 96, 92) %, the mean dark current is 1.2 e/pixel/s and the mean readout noise
is 20.9 e- rms with a well capacity between 110,000 and 180,000 electrons.

The HAWK-I, the High-Acuity Wide-field K-band Imager for ESO’s VLT,
equipped with a mosaic of four 2Kx2K arrays (HgCdTe MBE arrays with 2.5 pm
cutoff) covering the wavelength range from 0.9 to 2.4 pm and having a field of
view of 7.5" x 7.5’ with 0.1 arcsec per pixel®. Each array has 32 video channels.

Thttp://www.eso.org/sci/facilities/paranal/instruments/vista/.

2http://www.eso.org/sci/facilities/paranal/instruments/hawki/.
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Fig. 13.6 Some infrared detector mosaics used in ESO Pananal Telescopes instruments. Left: the
VISTA mosaics 4 x 4 2K X 2K pixels!; center: the Hawk-I mosaic 2 x 2 2K x 2K pixels array?;
right: in bottom left quadrant, the Serpens star-forming region imaged during the commissioning
of HAWK-I detectors. For all images, credit: ESO

13.3 Imaging Through the Atmosphere

The Earth atmosphere is associated with turbulence effects that distort the wave-
fronts entering the optical systems, thus degrading the image quality through
blurring and twinkling of observed object during exposures even for the top
observation locations (Chile, Hawaii or Canaries islands).

Turbulence effects due to atmosphere originate from the perturbations of radia-
tion wavefronts above the telescope (being no more planar) caused by, according
to the Kolmogorov theory, the random refractive index variations of stratified air
layers (caused by temperature variations) in the turbulent atmosphere. Even if it
introduces changes in both wavefront amplitude (leading to scintillation effects) and
phase, most of the distortion results from random wavefront phase variations. Short
exposure images show some speckle pattern, continuously evolving, as illustrated in
Fig. 13.7 by a sequence of images from Gamma Perseus observed with the 4.2 m W.
Herschel Telescope in La Palma (Canaria islands)®. Even with observatories being
installed on high altitude sites chosen for their air stability, the native resolution of
images is limited by atmospheric seeing at about 0.5 arcsec [23].

The Strehl ratio, defined as the ratio of the peak intensity of the point spread func-
tion (PSF) measured through atmosphere to that expected from a diffraction-limited
perfect telescope (no seeing), is commonly used by astronomers to define a
quantitative measure of image quality through atmosphere (always less than unity,
it can be as low as 0.1 and even 0.01).

The atmosphere coherence time tj, timescale on which images change sig-
nificantly, has been measured in the order of a few milliseconds or tens of
milliseconds [24].

The random wavefront phase variations can be characterized by the mean-square
phase difference Dg(Ar) between two points in the wavefront separated by a
distance Ar. Dg(Ar) is given, for an observation wavelength A by [25]:

3http://www.photonics.ic.ac.uk/speckle/movies.html.
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Fig. 13.7 Sequence of Gamma Perseus 25ms exposure time frames at 570 nm wavelength,
observed with W. Herschel 4.2 m Telescope in La Palma (extracted from an original full sequence
from Photonics Group at Imperial College?)

Do (Ar) = ((P(r) — O(r + Ar)z) = 6.88 (Ar /ro(/l))s/3 with
2 \6/5
ro(A) = (A_) To(4o).
0

The quantity ro = ro(1¢) is known as Fried parameter, being the size of an aperture
over which the rms phase error is approximately equal to 1 radian, conventionally
measured at a wavelength of 1o = 550 nm. ry is the diameter of the area where the
wavefront perturbations are not significant. It is the aperture defined as having the
same resolution as the diffraction-limited aperture without turbulence thus providing
a measure of the strength of the seeing distortions. Additionally, the isoplanetic
angle 6 is defined as the radius of a circle in the sky over which the atmospheric
disturbances can be considered as identical. A good approximation of 6y, being a
function of A is [26]:
ro(4)

Oo(A) = 0.314==,

where H is the average distance of the seeing layer.

To achieve a sufficient signal-to-noise ratio, most of the astronomical images are
obtained from long exposures. Long exposure images are the sum of a large number
of short exposure images. Because the short-exposure PSF is highly variable, both in
structure and in centroid position, the summed long-exposure PSF is highly blurred
compared to the diffraction limits, by a factor of 5-15 on a 2.5 m telescope at good
sites. For a telescope with aperture D much larger than ry, the effective resolution
without correction, specified by the seeing limited full width at half maximum
(FWHM) of the long exposure PSF is given by [25]:

A
FWHM()) = 0.98=.
ro

For the best observation sites, the Fried parameter is usually in a range of 10-20 cm,
limiting the seeing to 0.5 arcsec range, far from the diffraction limit of the telescope
[27] involving mandatory use of turbulence correction methods.
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Methods used to allow imaging techniques for counteracting the effects of
turbulence can either be based on:

e Performing the measurements at the same timescale as atmospheric coherence
involving multiple short exposures. These techniques are categorized as passive
methods, which include Lucky Imaging (that will be further detailed), Speckle
Interferometry, shift-and-add method [28]. They involve for the main FPA
imaging device, a fast readout rate and a very low noise that make the EMCCD
very attractive for the wavelength less that 1.1 pm.

e Active correction that will, in real time, eliminate the wavefront distortion before
being sent to the main FPA. The most well-known technique is adaptive optics
(AO), which generally involves, out the main FPA, a dedicated imaging device
called wavefront sensor (WFS) and of a deformable mirror to perform the active
correction in a feedback loop configuration.

13.4 Lucky Imaging Technique

The Lucky Imaging technique is based on the record of a sequence of several
thousand short exposures and a selection process among them to retain only the
few best corresponding to near-perfect seeing moments to provide the final image
(a reference star is checked in each frame for image quality). It has been formalized
by Fried in 1978 [29] by defining the probability for an exposure to be nearly
diffraction limited, the instantaneous wavefront distortion being negligible across
the telescope aperture during this exposure, as:

P ~ 5.6exp(—0.1557(D/r0)%).

It typically leads to the selection of 1-10% of the exposure based on their Strehl
ratio. The final image is constructed by shifting the selected frames to align them
and finally accumulate them.

The exposure times used should be short enough to freeze any atmospheric vari-
ations typically, being in the range of few milliseconds or few tens of milliseconds,
and the frame rate over 30 fps (up to 100fps), leading to singlephoton sensitivity
level for the fast operating imaging device.

Although Lucky Imaging has been envisaged for a long time and experimented
with both conventional CCD and intensified photon-counting detectors, it is only
with the achievement of the ultranoise EMCCD that this technique, thanks to the
intensive work of Cambridge team (Mackay, Baldwin, Tubb and Law) [30, 31],
could demonstrate its real benefits using LuckyCam EMCCD camera in imaging
through atmosphere at least in the I spectral band (850 nm) [32] and also in speckle
spectrometry [27].
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Fig. 13.8 Comparison from StanCam (astronomy 1 Mpixels conventional CCD camera) and
LuckyCam images in wide field survey. The left image above was taken at La Palma with StanCam,
the Nordic Optical Telescope’s resident CCD camera, in I-band, a few minutes before the Lucky
Imaging mosaic, with 0.6 arcsec seeing, 0.16 arcsec/pix. The right image is a mosaic of nine fields
taken at 12 Hz, 10% selection giving a 55 X 55 arcsec FOV. Limiting magnitude is about 18.7
in I-band. Credit: Mackay and the Lucky Imaging Team, Institute of Astronomy, University of
Cambridge*

Astronomy cameras using conventional CCD operated at several tens or more
frames per second have a readout noise of at least tens electrons. As the process
of adding selected frames multiplies this readout noise by the square root of the
number of frames, Lucky Imaging technique cannot in that case be used without an
unacceptable noise penalty. The main advantage of the EMCCD is its subelectron
read noise even at high frame rate (see Chap.6) When working at low photon
rates (less than 1 photon/pixel/frame), it is possible to operate EMCCD devices in
photon counting mode (the output signal being thresholded to a single value) thus
allowing for the excess noise factor to be reduced to unity and for faint target to be
observed [33].

Resolutions in the range 0.1-0.2 arcsec can be obtained routinely under relatively
good conditions on a 2.5 m telescope working in I band (850 nm).

The Lucky Imaging website* provides actual movies of various observations
exposure sequences (Fig. 13.8).

It is important to note that the use of EMCCD for extreme faint flux imaging
has required the development of dedicated controllers [34,35] especially to reduce
the clock-induced charge (CIC) described in Sect.6.5.2 to levels as low as 0.002
e-/pixel/frame.

“http://www.ast.cam.ac.uk/~optics/Lucky-Web_Site/.
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13.5 Adaptive Optics

13.5.1 Principles

Adaptive optics (AO) for atmospheric seeing compensation proposed in 1953 by
Babcock [36] and first used for military application have been widely adopted by
the main ground-based observatories. These have setup important R&D programs
becoming a driver for new image sensor architectures.

The main components of AO system, illustrated in Fig. 13.9, include a tip/tilt
mirror correcting the large global phase slopes (that cannot be corrected with the
limited dynamic range of the deformable mirror), a deformable mirror (piezo stacks
or bimorph mirrors) that corrects the distortions in real time to reconstruct the
wavefront, a wavefront sensor that measures the phase distortions using the light
from a reference star (or “guide star” located close to the object in the field of
view) and a processor executing the algorithms to generate the commands sent to the

Wavefronts external to Object of interest
Earth atmosphere

9@ Guide
Tropopause (10k m) *s;tar

o collimator
Tip-Tilt
mirror
Deformable
mirror
Processor
Science
camera
Wavefront i Beamsplitter
sensor

Fig. 13.9 General architecture of an adaptive optics system
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Fig. 13.10 AO-corrected image of a 17.5-magnitude star obtained with SINFONI AO. Credit:
ESO

deformable mirror to produce a flat wavefront at the WFS. This AO system produces
a corrected beam that is imaged by the visible or IR science camera.

Figure 13.10 illustrates the resolution improvement brought by using AO systems
in the SINFONI instrument (ESO) on a very faint star (M, = 17.5).

The guide star can be either a natural one (NGS) emitting light in the visible
or SWIR domain, or an artificial laser guide star (LGS) created, for example, by
excitation by a laser beam of sodium atoms in the so-called sodium layer, located
above at around 90 km in altitude, at a wavelength of 589 nm.

Multiple sensing approaches are used to estimate the wavefront distortions, but
the most popular include the commonly used Shack—Hartmann, the curvature [37]
and pyramid [38] sensors, all requiring an imaging device to map the intensity
distribution corresponding to the spatial sampling of phase variations along the
wavefront.

The Shack—Hartmann sensor, illustrated in Fig. 13.11, is based on the measure-
ment of the first spatial derivative of the wavefront over a set of subapertures defined
by a lenslet array, producing subimages formed on the same imaging detector. The
intensity distribution in each subaperture is used to estimate the wavefront’s local
gradient map by calculating the centroid of the subaperture spots (that would for
an ideal plane wavefront, be located on a regular grid defined by the lenslet array
geometry).

The number of subapertures determines the spatial sampling of the wavefront and
the order of the correction, typically ranging from 4 (2 x 2) for low order systems
used primarily for tip/tilt correction with NGS to up to 1,600 (40 x 0) subapertures
for high order wave front correction systems using LGS or NGS currently developed
for ESO instruments [39] and even more for future systems for the ELTs. The current
number of pixels per subaperture varies from to basically 2 x 2 up to 6 x 6 for the
ESO-VLT AOF and SPHERE Shack-Hartmann WEFS, but will reach 20 x 20 for
future systems to sample the spot elongation.
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Fig. 13.11 Schematic diagram of Shack—Hartmann wavefront sensor principle

13.5.2 Wavefront Sensor Requirements and Detector
Implementations

The performance of the WES that measures the residual wavefront distortion affects
strongly the quality of the overall AO system.

As the timescale of atmospheric distortion changes is in the range of some tens of
milliseconds, AO correction rate is typically around 500 Hz (over 1 kHz for planned
future systems) [39]. The WFS must measure the wavefront distortion in a very short
time and exposure times can be as short as 1 ms. The number of available photons
in each frame is severely limited, especially for the distant and faint objects that are
of interest with large telescopes. Thus, to reach the photon noise of the WFS signal
as being a limit to the performance of an AO system, the readout noise of the WFS
has to be minimum, and ideally, completely eliminated. The basic requirements for
AO WES include both high quantum efficiency and a low readout noise.

In addition, a fast readout rate is required to reduce the readout time so as
to minimize phase lag in the AO system, the minimum being ideally, the time
needed for the WFS exposure. Minimum frame rates of 1 kHz have to be used.
The combination of a very low readout noise and high frame rate is very difficult to
achieve, even for the relatively reduced format required for WES detector (compared
to science one) typically ranging from 100 x 100 to less than 250 x 250 pixels [40].
It makes the use of avalanche photodiodes [APDs, single-photon avalanche diode
(SPAD)] attractive. However, using silicon, these devices have been up to now
manufactured in very small arrays or dedicated monolithic arrangement of single
devices, as demonstrated by the 60 elements circularly arranged SPADA array for
AO curvature WFS system used in the MACAO ESO system [41].

These above requirements have mostly led to several custom CCD devices
dedicated to WES (see Table 1 in [39]), based on multiple readout outputs and
split frame transfer, that are including an image area split into two, each half being
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Fig. 13.12 Expected gains from using an EMCDD based WEFS for W. Herschel Telescope at La
Palma (from [42])

associated with a light shielded storage area). If one considers a 128 x 128 pixels
format CCD with 16 output channels, achieving a kHz frame rate requires a pixel
rate per channel of 1 MHz. Referring to Fig. 6.2 in Chap. 6, this translates into noise
figures between 5 and 10 e- rms, limiting the magnitude of the guide star to be
used. This gives a very clear advantage for WES applications to subelectron noise
devices such as EMCCD, as demonstrated by S. Tulloch [42] for the NOAMI AO
instrument of Isaac Newton Group of Telescope (La Palma-Canaria) and illustrated
in Fig. 13.12. This has been confirmed by Petit et al. for the AO system of the
SPHERE Planet Finder instrument for the ESO VLT [43].

As a consequence, EMCCD devices, which can provide a peak QE of 90% as
their conventional counterpart do thanks to thinning and backside illumination, have
received a lot of interest for AO and WFS application as a way to reach subelectron
noise with frame rates over 1 kHz.

An illustrative work is the development of the (EM) CCD 220 device dedicated
to WFS in a very significant effort performed by ESO and OPTICON-JRA2
consortium. This device, described in Fig. 13.13, is a split frame transfer EMCCD
featuring 240 x 240 back illuminated pixels (24 x 24 pm?).

The device features eight output channels to achieve the required target frame
rate over 1,200 fps. Eight associated electron-multiplying gain registers operating
at more than 13 Mpixels/s have enabled to achieve a true sub-electron read noise,
the measured mean value for the eight channels being 0.52 e- rms at frame rates
of 1,300 fps as reported in [46]. The total transfer time from image to the optically
shielded storage area is 18 jus thanks to a 2-phase metal-buttressed parallel clock
structures enabling line shifts as fast as 7 Mlines/s. The QE reaches a peak value
of 94% obtained with a silicon thickness of 13 um. A deep depletion version will
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Fig. 13.13 Architecture of an up-to-date EMCCD (CCD220) dedicated to WSF to be used in AOF
and SPERE ESO instruments

allow extending this high response level in the red and NIR part of the spectrum.
The device is operated at low temperature (—40°C) thanks to a dedicated package
integrating a Peltier thermoelectric cooler (sealed and filled with Krypton gas) to
achieve a mean dark signal measured as low as 0.009 e-/pix/frame (i.e. 62 e-/frame).

These very impressive results could be obtained thanks to the joint development
of alow-noise state of the art controller, called OCam, dedicated to EMCCD driving
[44].

Another interesting device for WFS under development is the Avalanche pnCCD
(AApnCCD). It is based on pnCCD, a special fully depleted nonconventional
CCD device developed initially by the Max Planck Institutes for X-ray detection
and successfully used in the XMM/Newton X-ray space telescope (ESA mission).
This device does not use MOS gates to perform charge transfer but pn-junctions
sequentially and appropriately biased in a three-phase configuration in combination
with back-bias, using sideward depletion to move the potential valley [45]. The
collection and transfer occur in a buried channel located at a depth of few microns
from the surface, the device using a thick (450 wm) high resistivity substrate and
being back illuminated. The array is organized in a semi-parallel structure, the
charge being transferred along the columns. These are each terminated by a FET
transistor buffer for providing column signal to external wire bonded multiplexers.
A version of this architecture organized as a split frame transfer allows for a very
fast and low-noise readout, and it has been used in a 264 x 264 pixels, 48 um pitch
array allowing for a frame rate of 1,100 Hz to be achieved with a noise of 2.3 e- rms
at —55°C.

To further reduce the noise at the sub-electron range, the AApnCCD structure
has been proposed, using an avalanche cell (diode) as readout node at the end of
the transfer path in each column, operating in Geiger mode with a high value on-
chip quenching resistance, before further buffering [46]. A high avalanche field is
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Fig. 13.14 Architecture of avalanche amplifying pnCCD with a detailed view of avalanche sense
node area

established between the anode A and a deep P doping controllable by using the bias
ring RO (Fig. 13.14).

The first experimental results, reported in [47], appear promising with a dark
count for the avalanche cell measured as 2 dark events/frame at —60°C at 100 Hz
readout rate and a good time correlation between transfer and avalanche time.

Finally, a last investigation way for WES sensing is in the use of high frame
rate, low noise (<2 e-rms), high responsivity (around 100 uV/e-), back-illuminated
CMOS sensor. Developments promoted by ESO of large size 1,680 x 1,680 pixels,
24 nm pitch, 1 kfps sensor are currently on the way.
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13.5.3 Infrared Detectors for Wavefront Sensor

As seen in Sect. 13.3, the isoplanetic angle increases with the wavelength. This
provides a motivation to use IR sensors for AO applications. However, up to now,
the use of IR detectors has been mostly restricted to low-order tip-tilt sensors,
which require small format size and limited readout speeds of 100 fps, essentially
because of high read noise (10-20 e-) at fast frame rates. A noticeable exception
is the NAOS/CONICA Instrument from ESO VLT, equipped with infrared Shack—
Hartmann WEFS using a HgCdTe, 1,024 x 1,024 pixels detector (18.5 wm pixel
size) working in the 0.8-2.5 pm spectral band [48]. This device has been primarily
designed for science applications but, using here some particular readout schemes,
frame rate as high as 1,200 Hz could be obtained while keeping a readout noise
performance of 10 e- rms.

To reduce the noise [19], one circuit approach consists in using a capacitive trans-
impedance amplifier (CTIA) for each pixel rather than a source-follower structure,
which provides both high gain and bandwidth. In the frame of ESO R&D effort
focused on the future Extremely Large Telescope (E-ELT), a 128 x 128 pixels, 40 pm
pitch, detector dedicated to WES application using a single stage CTIA has been
designed featuring high conversion gain (320 uV /e with Cint = 0.5 fF) and readout
noise of less than 5 e- rms at a frame rate of 900 Hz (thanks to CDS circuit).

Nevertheless, due to basic limitations of CMOS ROICs, the improvements of
the read noise are very difficult to achieve, and a breakthrough is required to reach
a lower readout noise level required by WFES (also by fringe trackers) and other
challenging goal specifications described in Table 13.2 (extracted of Table 3 in [39]).

The most promising way to overcome the infrared detector ROIC noise barrier
is to amplify photoelectron signal inside the infrared detecting material by means
of the avalanche gain to increase the signal above the noise floor of ROIC. This
motivates active work in HgCdTe APDs array development.

In the last decade and based on initial demonstrations [49, 50], HgCdTe APDs
have been actively investigated (see [51,52] for an extensive bibliography). Avalan-
che properties of Hg(,_,Cd,Te crystal depend on the stoichiometry x and con-
sequently, two regimes are possible depending on the bandgap energy E, and the
related cutoff wavelength A, [53]:

e For £, < 0.65eV (Ac > 1.9um), the hole ionization coefficient is very low
(close to zero). Only electrons can ionize by impact and the gain of the so-

Table 13.2 Challenging requirements of future E-ELT IR AO WES detector

Parameter Min spec. Goal spec.
Full frame rate (fps) 750 1,500
Readout noise at 750 fps 5 e- rms 3 e-rms
Quantum efficiency at Z, J, H, and K ands >T70% s >80%
Dark current (e-/s/pixel at T = 80 K) <3 <1

Storage capacity (e-) 10k 20k
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called e-APD (“electron-initiated APD”) increases exponentially with decreasing
bandgap energy.

e For £, > 0.65eV (Ac < 1.9um), in the so-called h-APD domain, the holes
contribute to the avalanche effect and the APD gain rises to infinity in avalanche
breakdown.

This property is related to the direct band gap structure of HgCdTe. Electrons
can be accelerated more rapidly than holes because of the large effective mass
ratio (25-30) and limited phonon interaction (holes interact more with phonons,
due to the larger effective mass and they do not earn enough energy to ionize by
impact). This process can be described by a purely ballistic ionization model [54].
In summary, avalanching for x < 0.53 results exclusively from electron ionization.
As an important consequence, e-APDs do offer an excess noise factor close to
unity. This is in contrast to their counterparts realized with III-V material or Si,
where photoionization initiates avalanching by both electrons and holes, leading
typical excess noise factors often larger than 2 [55], thus excluding noiseless photon
counting in linear mode. Exponentially increasing multiplication gains of 100—1,000
for low values of reverse bias (5—10 V) can be obtained [56] as shown in Fig. 13.15.

In addition, consistent with theoretical predictions of constant bandwith for
unipolar multiplication, a nearly constant bandwidth has been observed and a value
of bandwidth-product (GBW) above 2 THz has been demonstrated in HgCdTe
e-APDs [57]. In contrast, the bandwidth in III-V material or Si APDs is known
to be inversely proportional to the gain and the GWB product maximum value of
320 GHz has been achieved in III-V APDs [55].

The e-APDs are manufactured using LPE or MBE epitaxy. They use an N+ /N/P
structure backside illuminated [58], either in a planar structure bump-bonded on
ROIC, or in a cylinder geometry (cylindrical “P-around N” photodiode structure
[59]) with metal vias for connections to the ROIC.

For wavefront sensing with integration time in the millisecond range, the dark
current and its associated shot noise has to be limited. As the dark current scales
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Fig. 13.15 Avalanche gain vs. bias voltage at 77 K for cutoff wavelength (i.e., different setting of
material bandgap energy tuning) (from [56])
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exponentially with the bandgap energy, this leads to use short cutoff wavelengths
Ac from 2.5 to 3 um (i.e., high bandgap energy value), with the drawback of a
reduced gain.

The dark current has been recently reported as 12 pA/cm? (84.5 e/s/pixel) at 80 K
[60] for HgCdTe e-APDs with A¢c = 2.64 um, operating at a bias voltage of 7.8 V
with a gain of 7.6 and hybridized on an existing 320 x 256 pixels, 24 pum pitch, four
outputs CMOS ROIC. This value remains nearly at this level at lower temperature
due to the dominant trap-assisted tunneling mechanism. The readout noise for this
array was measured as 7.2 e- rms for CDS readout, and 2.8 e- rms for Fowler-8
sampling (eight Fowler pairs). This demonstrates clearly that the HgCdTe e-APD
should be matched with a low-noise ROIC offering the suited architecture to fulfill
the severe combined low noise and high rate requirements of WFS application of
less than 3 e- rms noise at 1 kHz frame rate.

One of the keys of success of HgCdTe APDs detectors will reside in the
development of dedicated ROIC and efforts in this direction are pursued actively.

13.6 Space LIDAR Applications

Light detection and ranging (standing for LIDAR) is an optical remote sensing
method, often seen as laser radar, which operate by sending laser light to the
atmosphere, analyzing light components scattered by the atmosphere as function
of time and/or convert the time of flight to a distance for range measurement. It
has proved to be extremely useful in atmosphere and environment characterization,
analysis of meteorological phenomena, and space exploration. LIDAR is used as
ground-based, airborne-based, or space-based systems. An extensive coverage of
LIDAR applications can be found in [61]. It has been used for many decades
for satellite and lunar ranging using fixed ground-based facilities, such as NASA
SLR2000 Satellite Ranging System transmitting 60 LJ of 532 nm energy at 2 kHz
frame rate [62], and more recently as altimeter.

The efficiency of a LIDAR is determined by how many useful measurements can
be made for a given value of the product of transmitted laser power by the area of
the receive telescope aperture (so-called “Power-aperture Product” PAP). This value
is typically for satellite-based LIDAR in the range of a few tens of 10~"'W to some
10~"'W depending on the altitude (several 100km), pulse energy (several 10 mJ to
several 100 mJ), and telescope mirror diameter (typically around 1 m).

It has been demonstrated that photon counting LIDARs, which require the
detection of a single photoelectron per measurement, are the most efficient [63].
The GLAS altimeter on NASA ICESatl, using discrete Single Photon Counting
Modules, featuring 13 x 10° maximum count rate and less than 500 dark counts/s
with a detection efficiency of 65% at 532 nm, provides both atmospheric profiles (at
532nm) and ice sheets elevation at 1,064 nm using a 40 Hz repetition rate 105 mJ
laser (with a minimum detectable signal of approximately 100 electrons). Its suc-
cessor ATLAS on ICEsat2 (to be launched in 2014), operating in photon counting
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Fig. 13.16 Separation of Rayleigh (molecular) and Mie (cloud and aerosol particles) in scattering
contributions (from [67])

mode, will use 2mlJ laser at a repetition rate of 10 KHz [64]. ESA is currently
developing a photon counting altimeter for planetary landing assistance based on
Silicon SPAD array hybridized on a photon counting readout circuit able to perform
ranging with 2 cm accuracy (equivalent to a 150 ps time) over a 5-km distance [65].

Apart from altimetry, the LIDAR principle is more and more used in space for
atmosphere characterization (Atmospheric LIDAR). The emitted radiation, back
scattered by molecules, aerosol and particles (dust) present in the atmosphere,
is sampled and analyzed. As an example, the ATLID instrument from the ESA
EARTHCARE mission is an atmospheric LIDAR operating at a single wavelength
of 355nm (3rd harmonic of an Nd-YAG laser) and providing vertical profiles for
aerosols and altitude of the highest cloud top [66].

The interaction of light with molecules or aerosols leads to different spectra.
ATLID makes use of a high-spectral resolution (HRS) receiver separating, as
illustrated in Fig.13.16, the Rayleigh (molecular) and Mie (cloud and aerosol
particles) backscatter return contributions using high-resolution narrow bandwidth
Fabry—Pérot etalons.

After the pulsed laser beam has been emitted from the satellite, a fraction of the
light backscattered from aerosols and cloud is detected at the focal plane with a time
delay (around 3 ms) in both Rayleigh and Mie channels. Along the so-called “atmo-
spheric sequence,” the signal is backscattered from the multiple atmospheric layers
as the beam is propagating. At the end, a “ground echo” is observed corresponding
to the signal reflected from the Earth’s surface.

The targeted emitted laser pulse energy (355 nm) is in the range of 19-25 mJ with
a pulse repetition frequency in the 100 Hz range. The receiver uses a telescope with
a diameter of 0.6 m and the use of narrow bandwidth filter leads to single-photon
sensitivity requirements. Although a photomultiplier tube (PMT) could also have
been considered, a dedicated EMCCD architecture described in Fig. 13.17 has been
developed and evaluated for this class of applications [68], featuring a 6 x 6 pixels
core coupled to a binning register.

The required overall detector area is 120 x 120 um?, but it is organized as a small
array of 6 x 6 square pixels (20 pm pitch) to allow for a fast charge transfer required
by the 667 ns time frame allowed by 100 m targeted spatial resolution, especially
taking into account the low signal level (~1 e- per sample) being handled. The
overall charge collected in the pixel array is binned before being transferred into
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Fig. 13.18 Measured response of an EMCCD lidar sensor to a simulated atmospheric return and
ground echo at a data rate of 1.5 MHz and the repetition of the sequence every 10 ms (Credit: e2v)

the 520 multiplication-stages register. The dark current has to be less that 0.3 e- per
atmosphere sample.

Backside illumination with proper UV optimized AR coating allows for a
quantum efficiency of 80% and, thanks to the multiplication process, a total noise in
darkness is less than 0.5 e- rms has been achieved.

These features lead to an effective single-photon level sensitivity of this LIDAR
dedicated detector as demonstrated by the test simulating the atmospheric returns
with injected charge during the acquisition sequence, starting from a mean input
signal of 0.2 e- and reaching up to 69 e- per sample at the end of the sequence
(Fig. 13.18).
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13.7 Concluding Remarks

Even if the science imaging applications from astronomy and space instruments
still rely on incremental enhancements of both CCD and HgCdTe arrays, the
impressive progress of single-photon imaging devices involving charge multi-
plication in several form make them very appealing for fast frame rate, very
low noise sensing applications. Ground-based astronomy is pushing strongly the
development of these technologies as a way to take the best benefit of the large
scientific equipments. Space applications, severely concerned by the stability of
gain required by absolute radiometric measurements and radiation tolerance, and
despite significant on-ground demonstration, for example, EMCCD for the Radial
Velocity GAIA instrument [69] or SPAD array for Low Cost Earth Sensor based
on Oxygen Airglow [70], are still on demand on additional maturity for deploying
these technologies (EMCCD, SPADs, HgCdTe e-APS) in operational missions.

Appendix
Visual Magnitude [71]

The stellar apparent brightness is described by the visual magnitude scale, which
is the relative measure of the flux received at the earth. The visual (or apparent)
magnitude m, of a source is defined by

my = —2.5log F, + my,

where F, is the monochromatic flux due to the source and the value of the constant
mg defines the magnitude zero for a reference star. As the flux evaluation is
performed in a spectral band defined by a bandpass filter, F, has to be replaced
in practice by an integral quantity involving the spectral band and the spectral
transmission of the filter.

It must be noted that faint objects have larger magnitude than bright ones, a
difference of 5 magnitudes corresponding to a brightness ratio of 100.

Astronomical Spectral Bands Denomination [71]

“Johnson” Bands

Band name U B A\ R 1

Wavelength (jum) 0.36 0.44 0.55 0.7 0.88
Spectral bandwidth (pm) 0.07 0.1 0.09 0.22 0.24
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Infrared Bands
Band name J H K L M N G
Wavelength (jum) 1.25 1.5 22 35 48 106 21
Spectral width (jum) 0.3 035 04 1.0 0.6 5 11

References

1. LS. McLean, Electronic Imaging in Astronomy Detectors and Instrumentation, 2nd edn.
(Springer Praxis, New York, 2008)

2. J.W. Beletic, M. Loose, Scientific imaging sensors, short course presented at the “detectors for
astronomy”’, in Workshop Detectors for Astronomy 2009, ESO Garching, 12—16 October 2009

3. O. Boulade et al., Development of MegaCam, the next generation wide-field imaging camera
for the 3.6m Canada-France-Hawaii, Proc. SPIE 4008, 657-668 (2000)

4. K. Kuijken et al., OmegaCAM: wide-field imaging with fine spatial resolution, Proc. SPIE
5492, 484 (2004)

5. N. Kaiser, Pan-STARRS: a wide-field optical survey telescope array, Proc. SPIE 5489, 11
(2004)

6. K. Gilmore, The LSST camera system overview, Proc. SPIE 6269, 62690C (2006)

7. J.R. Janesick, Scientific Charge-Coupled Devices (SPIE Press, USA, 2001)

8. B. Burke, P. Jorden, P. Vu, Overview Paper — CCD Technology, Scientific Detectors for
Astronomy 2005 (Springer, New York, 2006), pp. 225

9. P. Vu et al., Large area detectors and new sensor technologies at Fairchild Imaging, Proc. SPIE
6276, 627605 (2006)

10. B. Burke, The orthogonal-transfer array: a new CCD architecture for astronomy, Proc. SPIE
5499 (2004)

11. J. de Bruijne et al., Gaia: 1,000 million stars with 100 CCD detectors, Proceedings SPIE 7731,
77311C=77311C-15 (2010)

12. D.F. Barbe, Time Delay and Integration Image Sensors, Solid State Imaging, NATO Advanced
Institute Series (Noordhoff Int. Publishing, Leyden, 1976), pp. 659671

13. O. Saint-P¢ et al., Focal Plane Array Design for the GAIA Space Mission, Optical Detectors
for Astronomy II: State-of-the-Art at the Turn of the Millenium (Kluwer Academic, Dordrecht,
2000), pp. 149-163

14. J.C. Pickel et al., Radiation effects on photonic imagers — a historical perspective, IEEE Trans.
Nucl. Sci. 50, 671-688 (2003)

15. A.D. Short, Gaia astrometric CCDs and focal plane, in Proceedings of the Gaia Symposium,
(ESA SP-576) Paris-Meudon, 4—7 October 2004, p. 343

16. L. Hansen et al., Energy gap versus alloy composition and temperature in CdyHg, _, Te, J. Appl.
Phys. 53, 7099-7101 (1982)

17. J. Beletic, Teledyne imaging sensors: infrared imaging technologies for astronomy and civil
space, SPIE Proc. 7021 (2008)

18. G. Finger et al., Infrared detector systems at ESO, in Workshop Detectors for Astronomy 2009,
ESO Garching, 12-16 October 2009

19. G. Finger, “Evolution of IR detection and possible outcomes for astrophysics, Astrophysics”,
EAS Publ. Ser., 37, 343-353 (2009)

20. G. Finger et al., “Recent Performance Improvements, Calibration Techniques and Mitigation
Strategies for Large-format HgCdTe Arrays”, in Workshop Detectors for Astronomy 2009, ESO
Garching, 12-16 October (2009)

21. AM Fowler, L. Gatley, Demonstration of an algorithm for read-noise reduction in infrared

array, Astrophys. J. Lett. 353, L33-L34 (1990)



326 P. Magnan

22. A.M. Fowler, 1. Gatley, Noise reduction strategy for hybrid IR focal-plane array, Proc. SPIE
1541, 127-133 (1991)

23. R.N. Tubbs, Lucky Exposures: Diffraction Limited Astronomical Imaging Through the Atmo-
sphere, Ph.D. thesis, Cambridge University, 2003

24. J. Vernin, C. Munoz-Tunon, The temporal behaviour of seeing, New Astron. Rev. 42, 451-454
(1998)

25. D.L. Fried, Statistics of a geometric representation of wavefront distortion, J. Opt. Soc. Am 55,
1427-1435 (1965)

26. J.M. Beckers, Adaptive optics for astronomy: principles, performance, and applications, Annu.
Rev. Astron. Astrophys. 31, 13-62 (1993)

27. N. Law, Lucky Imaging: Diffraction Limited Imaging from the Ground in the Visible, Ph.D.
thesis, Cambridge University, 2006

28. J.C. Christou, Image quality, tip-tilt correction, and shift-and-add infrared imaging, Pub.
Astron. Soc. Pac 103, 1040-1048 (1991)

29. D.L. Fried, Probability of getting a lucky short-exposure image through turbulence, J. Opt. Soc.
Am 68, 1651-1657 (1978)

30. C.D. Mackay, J.E. Baldwin, R.N. Tubbs, Noise free detectors in the visible and infrared:
implications for the design of next-generation AO systems and large telescopes, Proc. SPIE
4840, 93-116 (2003)

31. C.D. Mackay, J.E. Baldwin, N. Law, P. Warner, High-resolution imaging in the visible from
the ground without adaptive optics: new techniques and results, Proc. SPIE 5492, 128 (2004)

32. R.N. Tubbs, J.E. Baldwin, C.D. Mackay, Diffraction-limited I band imaging with faint
reference stars, Proc. SPIE 4839, 1093 (2003)

33. O. Daigle et al., Extreme Faint flux imaging with an EMCCD, Pub. Astron. Soc. Pac 121, 882,
866-884 (2009)

34. O. Daigle et al., CCCP: a CCD controller for counting photons, Proc. SPIE 7014, 70146L—
70146L—-10 (2008)

35. C.D. Mackay et al., Astronomical imaging with L3CCDs: detector performance and high-speed
controller design, Proc. SPIE 5499, 203-209 (2004)

36. H.W. Babcock, The possibility of compensating astronomical seeing, Pub. Astron. Soc. Pac 65,
229-236 (1953)

37. EJ. Roddier, F. Rigaut, The UH-CFHT systems, in Adaptive Optics in Astronomy, ed. by
F.J. Roddier (Cambridge University Press, Cambridge 1999), pp. 205-234

38. R. Ragazzoni, J. Farinato, Sensitivity of a pyramidic wavefront sensor in closed loop adaptive
optics, Astron. Astrophys. 350, L23-1.26 (1999)

39. M. Downing et al., Detectors for AO wavefront sensing, Proc. SPIE 7015, 70151R-70151R-18
(2008)

40. R.J. Dorn, A CCD Based Curvature Wavefront Sensotfor Adaptive Optics in Astronomy, Ph.D.
thesis, University of Heidelberg, Germany, 2001

41. F. Zappa et al, Single-photon avalanche diode arrays for fast transients and adaptive optics,
IEEE Trans. Instrum Meas 55 365-374 (2006)

42. S.M. Tulloch, Application of L3 technology to wavefront sensing, Proc. SPIE 5490, 1167-1176
(2004)

43. C. Petit et al, The SPHERE XAO system: design and performance, Proc. SPIE 7015, 70151D—-
70151D-12 (2008)

44. Ph. Feautrier et al, Characterization of OCam and CCD220: the fastest and most sensitive
camera to date for AO wavefront sensing, Proc. SPIE 7736 (2010)

45. R. Hartmann et al, Results of a pnCCD detector system for high-speed optical imaging, Proc.
SPIE 7015, 70155C-70155C-11 (2008)

46. P. Holl, A new high-speed, single photon imaging CCD for the optical in IEEE Nuclear Science
Symposium Conference Record, 2006, pp. 1589-1594

47.1. Ordavo et al, Measurement results from an avalanche amplifying pnCCD for single
photon imaging, Nucl Instrum Methods Phys Res A 624, 498-503 (2010) doi:10.1016/j.nima
2010.04.155



48

49.

50.
51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

Single-Photon Imaging for Astronomy and Aerospace Applications 327

. E. Gendron et al, NAOS infrared wavefront sensor design and performance, Proc. SPIE 4839,
195-205 (2003)

T.J. de Lyon et al, MBE growth of HgCdTe avalanche photodiode structures for low-noise
1.55 pm photodetection, J. Cryst. Growth 201/202(3), 980-984 (1999)

J. Beck et al., MWIR HgCdTe avalanche photodiodes, Proc. SPIE 4454, 188—-197 (2001)

J. Rothman et al., HgCdTe e-APD FPAs for low flux and photon-counting applications, in
Detectors for Astronomy ESO Workshop 2009, Garching, 12—16 October 2009

S. Derell et al, A Monte Carlo study of Hg0.7Cd0.3Te e-APD, IEEE Trans. Electron Devices
56(4), 569-577 (2009)

D. Hall, Electron-avalanche and hole-avalanche HgCdTe photodiode arrays for astronomy, in
Detectors for Astronomy ESO Workshop 2009, Garching, 12-16 October 2009

J. Beck et al., The HgCdTe electron avalanche photodiode, Proc. SPIE 5564, 44 (2004)

J. Campbell et al., Recent advances in avalanche photodiodes, IEEE J. Sel. Top. Quantum
Electron. 10(4), 777-787 (2004)

I. Baker, G. Finger, HgCdTe avalanche photodiode arrays for wavefront sensing and inter-
ferometry applications, in Detectors for Astronomy ESO Workshop 2009, Garching, 12-16
October 2009

G. Perrais et al., Study of the transit-time limitations of the impulse response in mid-wave
infrared HgCdTe avalanche photodiodes, J. Electron. Mater. 38, 1790-1799 (2009)

J. Rothman et al., HgCdTe e-APD FPAs for low flux and photon-counting applications, in
Detectors for Astronomy ESO Workshop 2009, Garching, 12—16 October 2009

J. Beck, The HgCdTe electron avalanche photodiode, in 2006 Digest of the IEEE LEOS
Summer Topical Meetings, 2006, pp. 36-37

G. Finger et al., Development of high speed low noise NIR HgCdTe avalanche photodiode
arrays for adaptive optics and interferometry, Proc. SPIE 7742, 77421K-1-77421K-14 (2010)
Cl. Weitkamp (ed.), Lidar, range-resolved optical remote sensing of the atmosphere, Springer
Series in Optical Sciences, 102 (Ed.) 460, 162 (2005). ISBN: 978-0-387-40075-4

J.J. Degnan, Present and future space applications of photon counting lidars, Proc. SPIE 7323,
73230E-1-73230E-12-73230E (2009)

J.J. Degnan, Unified approach to photon-counting microlaser rangers, transponders, and
altimeters, Surv. Geophys. 22(5-6), 431-447, Kluwer Academic Publishers (2001)

M. Krainak et al., Photon-counting detectors on ICESat1 and candidates for ICESat2, in Single
Photon Workshop 2009, Boulder, Colorado, USA, 2009

B. Dierickx, Hybrid avalanche photodiode ranging and photon-counting altimeter, Proc. SPIE
7826, 78261Q1-78261Q6 (2010)

A. Heliere et al., The EarthCARE mission: mission concept and lidar instrument pre-
development, in IEEE International Geoscience and Remote Sensing Symposium IGARSS 2007
Proceedings, 2007, pp. 4975-4978

R. Meynart, Lidars in ESA’s earth observation missions, in CLRC Conference, Snowmass,
09-12 July 2007

B. De Monte, R.T. Bell, Development of an emccd for lidar applications, in International
Conference on Space Optics ICSO 2010, Rhodes, Greece, 4-8 October 2010

D.R. Smith, EMCCD:s for space applications, Proc. SPIE 6276, 62760K1-62760K12 (2006)
N. Scheidegger et al. Low Cost Earth Sensor based on Oxygen Airglow, Final Report ESA
Contract #20267/06/NL/JA (2008)

P. Léna et al., Observational Astrophysics, 2nd ed. (Springer, New York, 1998), ISBN 3-540—
634827



Chapter 14
Exploiting Molecular Biology by Time-Resolved
Fluorescence Imaging

Francis Miiller and Christof Fattinger

Abstract Many contemporary biological investigations rely on highly sensitive in
vitro assays for the analysis of specific molecules in biological specimens, and
the main part of these assays depends on high-sensitivity fluorescence detection
techniques for the final readout. The analyzed molecules and molecular interactions
in the specimen need to be detected in the presence of other highly abundant
biomolecules, while the analyzed molecules themselves are only present at nano-,
pico-, or even femtomolar concentration.

A short scientific rationale of fluorescence is presented. It emphasizes the use
of fluorescent labels for sensitive assays in life sciences and specifies the main
properties of an ideal fluorophore. With fluorescence lifetimes in the microsecond
range and fluorescence quantum yield of 0.4 some water soluble complexes of
Ruthenium like modified Ru(sulfobathophenanthroline) complexes fulfill these
properties. They are outstanding fluorescent labels for ultrasensitive assays as
illustrated in two examples, in drug discovery and in point of care testing.

We discuss the fundamentals and the state-of-the-art of the most sensitive
time-gated fluorescence assays. We reflect on how the imaging devices currently
employed for readout of these assays might evolve in the future.

14.1 Introduction: Time-Resolved Fluorescence as a Uniquely
Sensitive Detection Method for the Analysis of Molecular
Biology

The proficient design and application of miniaturized in vitro assays have become
indispensable for studying and exploiting a large range of molecular interactions
and the associated biochemical phenomena in drug discovery in particular and in the
life sciences in general. Many contemporary biological investigations rely on highly
sensitive assays for the analysis of specific molecules in biological specimens, and
the main part of these assays depends on high-sensitivity fluorescence detection
techniques for the final readout [1]. The targeted molecules are recognized and their
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interactions are characterized by these assays. In vitro assays involve the analysis
of molecular concentrations, the analysis of biomolecular binding or cleavage
processes, or the analysis of conformational changes of the investigated molecular
entities. In many assays, the analyzed molecules and molecular interactions in the
specimen need to be detected in the presence of other highly abundant biomolecules,
while the analyzed molecules themselves are only present at nano-, pico-, or even
femtomolar concentration.

This chapter describes the scientific rationale, the design, the sensitivity, and the
physical implementation of highly sensitive assays based on fluorescence detection.
Many of these assays rely on four major characteristics, that is

. Labeling of specific molecules by a long-lifetime fluorophore.

. Integration of the investigated specimens in a planar array.

. Excitation of multiple specimens in the array by intense light pulses.

. Imaging of the arrayed specimens on an image sensor conceived for time-gated
high-sensitivity readout of the fluorescence signal.

AW =

We discuss the fundamentals and the state-of-the-art of the most sensitive
time-gated fluorescence assays, we reflect on how the imaging devices currently
employed for readout of these assays might evolve in the future, and we conjecture
what the impact of such specialized ultra-low-noise-gated image sensors will be in
the domain of life sciences.

14.1.1 Labeling of Specific Molecules
by a Long-Lifetime Fluorophore

In the last decade, a multitude of miniaturized assays based on fluorescence
detection for analysis of biomolecular concentrations and interactions have evolved
[1]. Fluorescence assays substitute most of the assays involving radio nucleotide
detection, such as radio-ligand binding assays and scintillation proximity assays.
Fluorescence assays are broadly applicable; they do not require the specialized labs
and safety precautions needed for assays based on radio nucleotides. In contrast
to radio nucleotide detection, fluorescence detection as such is not hampered by
miniaturization of the assay. Even at femtomolar concentration of the analyte, a
minute 1 1 sample still contains 600 analyte molecules. The fluorophores used in
the assay can be excited several thousand times before they bleach. In most of the
relevant applications, the sensitivity of fluorescence detection is not limited by the
size of the specimen, but by the background fluorescence originating from weakly
fluorescent but highly abundant molecules in the specimen.

Many of the abundant molecules in biological specimens are intrinsically
weakly fluorescent (so-called background fluorescence). In addition, the container
of the investigated specimens might also contribute to background fluorescence,
in particular when it is made out of glass or a polymeric material. Because the
fluorescent light generated in the specimen contains background components, it
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is of utmost importance to suppress these unwanted signals from the fluorescence
signals indicating the assay result. The method of choice for suppression of the
background fluorescence is time-resolved (time-gated) fluorescence detection using
long-lifetime fluorophores, exhibiting typical lifetimes of about 100 ns or longer.

Effective suppression of background fluorescence depends on the availability
of long-lifetime fluorophores with high quantum yield and efficient excitability
and emission in the visible to near-infrared region of the spectrum. Nature only
grants scarce access to such fluorophores! The available long-lifetime fluorophores
enabling most effective suppression of background fluorescence in fluorescence
assays are described in Sect. 14.2.

14.1.2 Integration of the Investigated Specimens in a Planar
Array: Homogeneous and Heterogeneous Assays

Carrying out an assay often requires relatively long time spans (some minutes,
hours, or even days) for incubation and conditioning of the specimens prior to
readout of the assay result. Most assays require comparative measurements at
defined time points involving blank, standard and control samples for calibration
of the assay result and also for quality control. Arrangement of the specimens in
a planar array facilitates “parallel processing and conditioning” of the specimens
prior to readout of the assay result [2]. Integration of the specimens to be analyzed
in a planar array provides for parallel execution of many process steps in the assay,
such as allocation of the samples, sample preparation, incubation and conditioning,
separation and washing steps, and — last but not least — parallel readout of the
assay results by making use of a high-sensitivity image sensor for time-resolved
fluorescence detection.

Time-resolved (time-gated) detection of a long-lifetime fluorophore is widely
used in drug discovery for the construction of homogeneous assays that do not
require separation steps [1]. In these homogeneous assays, the samples under
investigation are processed in arrays of small containers, so-called microwell plates.

Suppression of background fluorescence might also be needed for achieving
optimum sensitivity in heterogeneous assays, such as reversed phase protein arrays
(RPAs). In the RPA assay, the samples under investigation are immobilized in
high-density arrays on solid supports and then detected by fluorescently labeled
antibodies. This methodology is most suited to the simultaneous analysis of multiple
proteins in small volume samples [3]. The basic principle of time-gated high-
sensitivity fluorescence detection in a heterogeneous assay, such as RPA, is still
awaiting routine application in the life sciences, because no suitable detection
system for time-resolved readout of fluorescence microarrays has been made
available at this time. The detection limit of commercially available fluorescence
microarray scanners these days is about 0.5 fluorophores/ym?. This low limit of
detection is inaccessible in RPA assays at the present time, because background
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fluorescence in the specimen conceals the short lifetime fluorescence labels that are
currently used in such assays.

14.1.3 Excitation of Multiple Specimens in the Array by Intense
Light Pulses and Imaging of the Arrayed Specimens
on an Image Sensor conceived for Time-Gated Readout
of the Fluorescence Signal

An example of a miniaturized high-throughput assay used in drug discovery
research is the quantification of cyclic adenosine monophosphate (cAMP) in
homogenous solution as described in Sect. 14.4.1. This robust, homogeneous
“mix-and-measure” assay with optical readout plays a central role in today’s drug-
discovery process. It is used to explore the biological activity of small, drug-like
molecules by high-throughput screening (HTS) of diverse compound collections
comprising several hundred thousand to a few million compounds [2,4].

In high-throughput assays, there is a strong demand for parallel detection of
multiple samples at a time. The HTS samples are assembled and handled in
micro titer plates containing a planar array of 384 or 1,536 individual microwells.
Each of these microwells is individually imaged onto a group of pixels on a
high-sensitivity image sensor. Each group of pixels is then employed for the time-
resolved observation of the fluorescence response of the sample in each microwell,
after all microwells are simultaneously exposed to an excitation light pulse. Since
the fluorescence response is a relatively weak signal, the following three measures
are necessary to obtain a useful signal-to-noise ratio: (1) The excitation experiment
needs to be repeated some hundred to several thousand times, and the generated
photocharges must be accumulated at the pixel sites before readout, (2) the samples
need to be excited by relatively intense light pulses with a typical pulse duration of
the order of nanoseconds and a pulse energy of around 1 mJ for the irradiation of
the entire microwell plate. (3) Since accumulation times typically exceed 1 s, very
low dark noise densities need to be achieved, either by employing image sensor
technologies with dark noise densities of the order of 1 pA/cm?, or by cooling the
image sensor down to appropriately low temperatures.

A typical setup for the simultaneous readout of high-throughput fluorescence
assays is depicted in Fig. 14.1. Parallel readout of the analytical results is achieved
through imaging of the microwell array on an ultra-low-noise detector array, such as
a charge-coupled device (CCD), an intensified charge-coupled device (ICCD), or a
high-sensitivity complementary metal oxide semiconductor (CMOS) image sensor.

The 96 fluorescence signals, emitted from 96 volumes of solution under investi-
gation in one 96-well partition of the high-density microwell plate, are condensed
by a high-aperture imaging system consisting of a 0.5 numerical aperture (NA)
mini-lens array (MLA) and two telescope lenses. The telecentric, high-aperture
optical system images 96 volumes of solution onto the detector array. A gated



14 Exploiting Molecular Biology by Time-Resolved Fluorescence Imaging 333

Gated
ICCD
(5ns)

shutter
SO it ﬁ OPO |-|YAG Laser
96 channel MLA filter ==
420 - 680 nm 355 nm

attenuatuor

_—
N Arot

Fig. 14.1 Detection system for time-resolved FRET assay: 96-channel, time-gated detection with
nanosecond resolution

NA=0.5

ICCD image sensor is used for time-resolved analysis of the fluorescence signals
generated by pulsed excitation of the long-lifetime fluorophores used in the assay.
In the current setup, a pulsed YAG laser and an optical parametric oscillator (OPO)
are used for generation of excitation pulses in the visible to near infrared region of
the spectrum.

The time-gated readout of the FRET signal (fluorescence resonant energy
transfer, see Sects. 14.3 and 14.4.1) allows for very effective suppression of the
background fluorescence in the assay. The background suppression is so efficient
that even serum samples exhibiting a very intense background fluorescence can be
investigated.

14.1.4 Microarray Assays

The attainment of high sensitivity in microarray assays requires detection of
very low surface densities of labeled molecules on the microarray by minimizing
background fluorescence.

The use of fluorescence labels that can be discriminated against the background
fluorescence permit the detection of 0.01 labeled analyte molecules/mm? in het-
erogeneous assays, suggesting that detection limits approximating 10!” mol/L (i.e.,
103 — 10* molecules/mL) are attainable in miniaturized microarray assays [5].

Microarray assays permit ultrasensitive measurement of multiple analytes in
small volume samples, a comprehensive review on the development of this assay
format is found in [5].

In this context it is important to note that extremely low concentrations of analyte
molecules are not accessible by single molecule detection methods in free solution.
Single molecule detection technologies, like fluorescence correlation spectroscopy
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(FCS) [6], are hampered at very low concentration of the analyte because of
inaccessible long measurement times.

14.2 Properties of the Ideal Fluorophore for Ultra-Sensitive
Fluorescence Detection

All molecules of a biological assay can show various types of fluorescence
(wavelength, intensity, lifetime, etc.) before, during, and after the assay. To detect
an analyte of interest with high sensitivity, a suitable fluorescent label is mandatory.

Labeling as such is warranted for biological specificity, detection specificity,
sensitivity, and stability. Most of the fluorescent labels are stable, can be repeatedly
excited, and show long shelf life. With their molar mass between 500 and 2,000 Da,
they represent, however, relatively bulky molecules which can interact unfavorably —
stickiness, steric hindrance — with other assay components. They have also to
be chemically coupled to one specific reagent with minimum modification of its
reactive properties.

An atom or a molecule only fluoresces if it is first excited by absorption of light
through an electronic transition. Relaxation to the ground state proceeds at different
timescales through interaction with the neighborhood, and a photon of lower energy
than the exciting photon can be emitted. In nature, however, most of the atoms and
molecules do not, if at all, fluoresce strongly. This is due to nonexistent or weak
absorption and to the quenching of emission through the environment, for example
through water and oxygen molecules. Excitation and relaxation is illustrated
(Fig. 14.2) by the Jablonski energy level diagram [7]. Absorption occurs on a
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Fig. 14.2 Jablonski energy level diagram. S is the ground state, S; andS, are the first and second
excited singlet states, T; and T, are the first and second excited triplet states. VR represents
vibrational relaxation, while ISC is the inter-system crossing spin conversion from singlet to triplet
state. Emission can occur from the lowest excited state
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timescale of 1071 s, which is too fast for nuclei displacement. Thus, the electronic
transition is vertical (Franck—Condon principle). Then, vibrational relaxation occurs
on a timescale of 107!2s. Emission of a photon from the lowest excited singlet
state S is called fluorescence and takes place in 107'°-1077 s after completion of
vibrational relaxation so that this energy state is already in thermal equilibrium.
Thus, the absorption spectrum reflects the vibrational levels of the electronically
excited states, while the emission spectrum reflects the vibrational levels of the
ground state. Allowed through the spin conversion during the internal system
crossing, the lowest triplet state T; can be reached. The transition from T; to
the ground state is called phosphorescence. Because this transition is so-called
Laporte-forbidden, the phosphorescence lifetimes can be very long, in the range
of microseconds to seconds.

Sensitive time-resolved fluorescence allowing for signal detection against sig-
nificant background levels requires therefore labels with long lifetimes, that is
phosphorescent labels. Independently of the fact that a label does fluoresce or does
phosphoresce, the biologists, however, call a luminescent label “fluorophore” and
describe the corresponding assays and techniques with the term “fluorescence.”
Accordingly, the terms fluorescence and fluorophores will be used in the following.

Nature does not offer a lot of compounds with long emission lifetimes of many
tens of nanoseconds. Among organic molecules, pyrene shows an extremely long
fluorescence decay of ~100 ns, though being strongly quenched by oxygen present
in all biological specimens. Among inorganic elements, the 4f lanthanides ions are
well known. In particular, Eu’>" and Tb?T exhibit very long lifetimes of several
hundreds of microseconds to milliseconds, respectively, with the characteristic
fingerprint emission spectrum consisting of very narrow bands, even in solution.
Photoabsorption by ions is extremely feeble. A strongly absorbing organic moiety
linked with the ion like an antenna is therefore required for efficient excitation.

The ideal fluorophore for ultra-sensitive fluorescence detection in biological
specimens must exhibit a high absorption coefficient, a high fluorescence quantum
yield and a strong, long-lasting emission, red shifted by more than 20nm from
the excitation wavelength (Stokes shift). It should be noted that a very long
lifetime requires a corresponding increase of the fluorescence detection time, thus
increasing, unfortunately, also accumulation of detector dark noise. Accordingly, an
optimal fluorescence lifetime would lie in the range of 1 s up to some hundreds
of microseconds. Long wavelength excitation, above 400nm, markedly reduces
the background fluorescence because most of the molecules strongly absorb in
the UV. Furthermore, for chemical coupling purposes, the fluorophore needs to be
chemically stable and water soluble. Since such fluorophores do not exist in nature,
they have to be designed according to the properties listed in Table 14.1.

Eu’t and Tb>* tailored with organic moieties building chelates fulfill the first
five properties, except property 4. Excitation in the visible range is hampered by
the too high energy level of the resonant energy level from which the lanthanide
emission occurs. While lanthanide chelates are unstable and dissociate by strong
dilution, the Eu-cryptates [8] are stable. However, the Eu-cryptates still suffer from
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Table 14.1 Properties of an

. . 1 High absorption coefficient &> 25000M!cm™!
ideal label for ultra-sensitive . .
S 2 High fluorescence quantum yield @ > 0.3
fluorescence detection in .
. - - 3 Long fluorescence lifetime Ips <7 <500pus
biological specimens e
4 Excitation wavelength Agx > 400 nm
5  Emission wavelength Stokes shift > 20 nm
6 Chemical stability
7 Water solubility

N

Fig. 14.3 Ruthenium complex in octahedral ligand coordination. N is the nitrogen atom, while
L;-L; represents the ligands. On the right side, the structure shows bathophenanthroline as a
ligand. The complex can be made water soluble by derivating the phenyl groups of the ligands
L,-L; with sulfonyl groups SO5 . As an alternative, one phenyl group can be supplied with a
spacer and a reactive group such as a carboxyl COOH™ allowing for chemical labeling

efficient water quenching due to O-H vibrations near the Eu*" resonant energy
level. Appropriate design of the cryptate molecules, which literally encage the ion,
drastically decreases this quenching by keeping water molecules far away from the
ion [9].

All seven requirements for an ideal label for ultra-sensitive fluorescence detection
are fulfilled by another class of fluorophores, the stable complexes of Ruthe-
nium [10].

14.3 Ruthenium Complexes

Ruthenium is a d® transition metal forming very stable complexes with nitrogen
donors such as bipyridine and phenathroline derivatives (Fig. 14.3). Water solubility
is provided by sulfonyl groups.

In the complex form, the Ru atom is two times positively charged. Its electronic
configuration is strongly biased by the field of the octahedral ligand coordination.
Figure 14.4 shows the absorption and emission spectra of Ru>* (sulfobathophenan-
throline)s; in aqueous solution (PBS, 10 mM phosphate, 150 mM NaCl, pH 7.4).
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Fig. 14.4 Absorption and emission spectra of the Ruthenium complex Ru?* (sulfobathophenan-
throline); in PBS (10 mM phosphate, 150 mM NaCl, pH 7.4). The absorption band in the blue
range is due to the metal-to-ligand charge transfer (MLCT). The absorption band at 275 nm is a
ligand centered transition (LC)

Table 14.2 Spectroscopic Excitation wavelength Agx Apx = 465nm

Absorption coefficient at Apx  £453 = 30,000M ! cm™!
Emission wavelength Ay max ~ AEMmax = 611 1nm
Fluorescence quantum yield =04

Fluorescence lifetime T=45us

properties of Ru?™ (sulfo-
bathophenanthroline); in
PBS

Preferentially, the excitation is performed in the blue range of the optical
spectrum using the metal-to-ligand charge transfer (MLCT) transition. Thereby,
a 4d metal electron is excited to a ligand excited singlet state. After efficient
intersystem crossing, a triplet state is reached from which, due to spin-orbit
coupling, a broad emission with lifetime in the ps range occurs [11, 12]. For
Ru?" (sulfobathophenanthroline)s, a lifetime of 7.5 s was obtained through the
removal of dissolved oxygen by addition of Na-disulfite to the PBS [13].

All spectroscopic properties of the Ru-complexes, even the emission, are
governed by the strength of the ligand field. This is in contrast to the lanthanide
chelates where the ion itself determines the emission. Some spectroscopic
properties of the Ru-complex with 3 sulfonated bathophenanthroline ligands,
Ru?" (sulfobathophen)s, are given in Table 14.2.

The broad emission band facilitates the matching between emission and absorp-
tion of the donor/acceptor pair of fluorescence resonant energy transfer (FRET)
systems. FRET is a fluorescence technique often applied in biological assays
(see Sect.14.4.1 below). It relies on a nonradiative energy transfer through
dipole—dipole interaction between two proximate fluorophores, from an energy
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donor to an energy acceptor according to Forster [14]:

9In10 - k2 - &p

oo

0

kpa

where kpa is the transfer rate, k is the orientation factor which takes values
between 0, for perpendicular, and 4 for collinear transition dipoles of both
molecules. @p is the fluorescence quantum yield of the donor in absence of the
acceptor, n is the refractive index of the medium, N is the number of molecules
(6.02 x 10%° per millimole), 7y is the fluorescence lifetime in s of the donor in
absence of the acceptor, R is the distance in cm between donor and acceptor, Fp is
the donor emission spectrum, and €4 is the absorption coefficient of the acceptor
in M~' cm™!. The efficiency of the transfer is directly proportional to the overlap
integral between donor emission and acceptor absorption and inversely proportional
to the sixth power of the distance. Good transfer is observed between 10 and 50 A.

14.4 Applications in the Life Sciences

14.4.1 Assay for Drug Discovery

This application concerns the detection of cCAMP (see Sect. 14.1.3). Shortly, cAMP
is a nucleotide derivative, which serves as signal molecule between cells and also
regulates intracellular reactions through phosphorylation of enzymes. Phosphoryla-
tion activated enzymes induce metabolic steps, while phosphorylation inactivated
enzymes stimulate synthetic pathways. In pharmacological drug screening, the
cAMP content is therefore an important parameter to detect the agonist/antagonist
activity of a small molecule on an enzyme.

The cAMP-Nano — TRF™ Detection Assay [4], developed for use in HTS
in drug discovery, directly quantifies cAMP in homogeneous solution (Fig. 14.5).
In this assay, cCAMP labeled with the Ru-complex competes with endogenous
cAMP (unlabeled) for binding to a monoclonal antibody raised against cAMP. This
antibody is labeled with the acceptor dye AlexaFluor® 700. Through binding to
the antibody, the Ru-complex donor and the AlexaFluor® 700 acceptor are brought
together, giving rise to a FRET signal, which is inversely proportional to the cAMP
concentration.

Because of the challenging synthesis of Ru®>* (sulfobathophen)s, Roche Applied
Science uses Ru’T (sulfobathophen),bpy in its cAMP-Nano-TRF™ Detection
Assay [4]. This Ru-complex (see structure in Fig. 14.6a) has one sulfobathophenan-
throline ligand replaced by a modified bipyridine (bpy) with carboxyl group
allowing coupling to cAMP. Excitation and emission spectra of the FRET pair are
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Fig. 14.5 cAMP-Nano-TRF detection assay. The cAMP antibody is labeled with the acceptor
AlexaFluor700™ . Endogeneous cAMP competes with Ru-labeled cAMP for binding to the
antibody. Excitation occurs at 470 nm. FRET arises if a labeled cAMP is bound to the antibody.
The emission is then detected at 700 nm
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Fig. 14.6 Donor Ru?* (sulfobathophen),bpy and acceptor AlexaFluor® 700 as FRET pair.
(a) Structure of the donor: For chemical coupling, a short linker with the carbonyl group COOH™
is attached to the bipyridine moiety. (b) Excitation and emission spectra of donor and acceptor.
The dashed area corresponds to the overlap between donor emission and acceptor excitation

depicted in Fig. 14.6b. The overlap between donor emission and acceptor excitation
is indicated by the dashed area.

With a delay of 100ns after the ending of the excitation pulse, the time-gated
detection system opens the window for photon accumulation for the duration of
400ns (see timing diagram of Fig. 14.7a). The cAMP standard curve shown in
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Fig. 14.7 Nano-TR-FRET assay. (a) Timing detection diagram: filled diamond: FRET; dotted
open diamond: Ru-complex; solid open diamond: AlexaFluor® 700. Detection delay and detection
window corresponding to 100 and 400 ns, respectively. (b) cAMP standard curve at different
incubation times: 30 (solid), 60 (dashed), and 150 min (dotted)
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Fig. 14.7b demonstrates an ICsy value of 80nM. This is the cAMP concentration
at which the FRET signal is reduced to 50%.

Forskolin is a small molecule commonly used to raise the production of cAMP
in cell physiology studies. Figure 14.8 illustrates the forskolin dose response of
the cellular assay for a Gj-coupled receptor in absence and in presence of agonist
[15]. Gij-coupled receptors activation — due to the presence of agonist — results
characteristically in a decrease of cAMP production. The assay is performed in a
384-well plate format with about 10,000 cells/well. After stimulation with forskolin
and incubation for 30 min, the detection mix — containing the reagents labeled
cAMP, labeled cAMP antibody and detergents for cell lysis —is added. The presence
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of the agonist clearly shifts the response curve to higher forskolin concentration
referred to the response obtained without agonist.

14.4.2 Assay for Point of Care Testing

Point of care testing requires convenient and robust instrumentation as well as easy-
to-use assay procedures. In the following, the principle of a two-step fluorescent
CEA assay investigated at Hoffmann—La Roche in the 1980s [10] is described.

Carcinoembryonic antigen (CEA) is a glycoprotein of 200 kDa molecular weight,
which appears in higher concentration in the serum of cancer patients. CEA
determination is important to monitor the state of those patients as well as to follow
the evolution of the applied therapies.

The assay works as follows (see Fig.14.9). CEA is sandwiched between a
first monoclonal anti-CEA antibody (Ab;), immobilized on a polystyrene bead,
and a second polyclonal antibody (Ab,) directed against another epitope of CEA.
Through a linker and a carbonyl group, Abs, is labeled with Ru®>* (sulfobathophenan-
throline);. After completion of the immunological reaction — resulting from the
incubation of the sample with the reagents (bead with immobilized Ab; and labeled
Aby) — the sandwich is removed from the bead with the help of a sulfuric solution
wherein the Ru-complex is detected by time-resolved fluorescence photon counting.

Using the MLCT band, Ru®* (sulfobathophenanthroline); (see Fig. 14.4) was
excited at 453nm with a Coumarin 460 dye laser pumped by a nitrogen laser at
a repetition frequency of 12.5 Hz. The emission, filtered by dielectric edge filters,
was detected by a photomultiplier in single photon counting mode. The detection
timing was set at a delay of 2 us with a counting window of 3 jus. The measuring
time lasted 3 min, resulting in an effective counting time of only 13.5 ms due to the
low repetition frequency of the light source. The excitation light pulse duration was
<1 ns with an energy per pulse of 6 |1J.

The sensitivity defined for a signal-to-background ratio of 2 was 60 pg/ml or
3 x 107* M. The assay response was linear over 3 orders of magnitude. Under
the same excitation and emission settings, the label alone, in a deoxygenated PBS
solution, showed a sensitivity of 4 x 10714 M.

15t step:

- Mixing of sample and reagents Ab

- Incubation P°"$§;ene
2nd step:

. Ru**(sulfobathophen),
- Separation step

- Optical readout in a quartz cuvette

Fig. 14.9 CEA sandwich fluorescent assay. CEA is bound to the antibody Ab; immobilized on
the polystyrene bead and to the labeled antibody Ab, through different epitopes
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In this experiment, the excitation light source shows two types of inefficiencies
(1) the low repetition rate of the nitrogen laser heightens the accumulated detector
dark noise and (2) the energy per pulse of 6uJ excites at most 3.6% of the
fluorophores. An optimal light source would exhibit a pulse duration 7 < t/100
and a repetition rate of about fr,, = (10 - 7)~!, 7 being the fluorophore lifetime.
Thus, the ideal light source for the Ru-complex considered here (z = 4.5 s) should
have an energy of about 60 uJ per pulse to excite some 30% of the fluorophore
molecules, a pulse duration of 7T < 45ns and a repetition rate of 20kHz. At that
time this assay method was unsuitable for diagnostic application for point of care
testing because of the cumbersome, bulky and expensive light source and detection
system.

Nowadays, this extremely sensitive and highly relevant assay could be carried
out on a portable measurement system based on high-sensitivity and ultra-low-noise
semiconductor detector technology as described in this book and elsewhere [16].

14.5 Prospective Use of Ultra-Low-Noise CMOS Image Sensors
for Time-Resolved Fluorescence Imaging

The healthcare system of the future will rely profoundly on the availability of
diagnostic capabilities that are at the same time highly selective, sensitive, reliable,
robust, and affordable. In most real-world diagnostic applications, the presence of
high numbers of other molecules in essentially unknown composition obstructs the
analyte of interest in the chemical reaction employed for detection.

As a consequence, this chapter has clearly shown that the real challenge in
medical diagnostics is not the development of innovative photonic devices but rather
the availability of a highly refined assay chemistry.

Such assay procedures are available today, and as indicated above, current
efforts toward ubiquitous, cost-effective diagnostics microsystems call for afford-
able miniature light-sources for fluorescence excitation and ultra-low-noise image
sensors for high-sensitivity-gated detection of the fluorescence response of the
reporter fluorophore.

In summary, the ideal photosensor for diagnostic applications in the life sciences
should have the following properties:

— Imaging capability: To observe a multitude of samples in a compact assay
format, the samples need to be processed, imaged, examined, and evaluated
simultaneously. The typical geometrical resolution required for multiwell plates
currently in use starts with about 256 x 256 pixels.

— High detection quantum efficiency: To achieve high sensitivity of the assay, no
photon should be wasted, neither in the imaging nor in the detection process.
As a consequence, the quantum efficiency in the interesting wavelength range of
500-700nm, in particular at 611 nm as indicated in Table 14.2, should be close
to 100%.
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— High sensitivity: For the same reason, each incident photon should be detected,
calling for single-photon-sensitivity pixels, as discussed in several chapters of
this book.

— Low dark noise: The repetition rate of available pulsed light sources, the
delivered photon energy in each pulse and the fluorescence light yield are all so
low that exposure times of several seconds are necessary in practice to obtain
sufficient sensor signals. As a consequence, the dark noise properties of the
semiconductor process should be optimally tuned, for example by using special
CCD or PPD (pinned photo diode) devices with minimum dark noise density. In
addition, it might be necessary to cool the devices, which typically halves the
dark noise density for each reduction in temperature by about 8°C.

— Fast gating: Because of the predominance of short-lived fluorescence com-
ponents in the total light output of excited assay samples, gating is of key
importance in measuring only the fluorophore part in the fluorescence response
of a sample. As explained in Sect. 14.4.1, adequate gating times for Ru-based
fluorophores call for a delay time of several 10ns and an integration time of
several 100ns. Since the detected fluorescence light is so weak, photogenerated
charge carriers from several hundred to thousand excitation events need to be
accumulated before the photosignal is finally read out. As a consequence, the
pixel of our ideal fluorescence image sensor needs to have a gating capability
with switching speeds of the order of 10 ns and an extremely high rejection ratio
between accumulated photocharges and gated-out photocharges.

As discussed in several chapters of this book, it is clearly possible today to manufac-
ture fluorescence image sensors with the required specifications: A combination of
state-of-the-art CMOS or CCD image sensor process with dark current densities
of around 10pA/cm? at room temperature, gated pixels using either multi-tap
CCDs, pinned photodiodes, or photogate devices, small enough geometries that pho-
tocharge diffusion plays a minor role, and antireflection coatings for quantum effi-
ciencies of 80-95% in the wavelength region 500—-700 nm are clearly possible. Such
pixels can have a gating speed of less than 2 ns [17], and when combined with sub-
electron noise photocharge detection circuits, as described, for example, in Chap. 8
of this book, the “ideal,” affordable fluorescence image sensor for a miniature, high-
sensitivity assay-based diagnostic instrument for the life sciences has been realized.
Ultra-low-noise CMOS image sensors devised for time-resolved fluorescence assays
will become available in the future for numerous applications in the life sciences.
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