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Preface

The focused ion beam (FIB) instrument has experienced an intensive
period of maturation since its inception. Numerous new techniques and
applications have been brought to fruition by the tireless efforts of some very
innovative scientists with the foresight to recognize the potential of this
upstart apparatus. Over the past few years, the FIB has gained acceptance as
more than just an expensive sample preparation tool, and has taken its place
among the suite of other instruments commonly available in analytical and
forensic laboratories, universities, geological, medical and biclogical
research institutions, manufacturing plants, and more. The applications for
FIB that have yet to be realized are endless. The future for this instrument is
certain to be filled with innovation and excitement,

Although the utility of the FIB is not limited to the preparation of
specimens for subsequent analysis by other analytical techniques, it has
revolutionized the area of TEM specimen preparation. One anecdotal
example is relayed by Lucille Giannuzzi, one of the editors of this book.
Approximately 18 months of Lucille’s graduate research effort was devoted
to the development of a TEM specimen preparation technique for the cross-
section analysis of galvanized steel. Upon her introduction to an FEl 611
FIB in 1995, the value of the FIB instrument, which was then capable of
preparing TEM specimens of semiconductor materials in about five hours,
was overwhelmingly and immediately apparent.

Today’s FIB instruments can prepare TEM specimens in less than an
hour. The FIB has also been used to prepare samples for numerous other
analytical techniques, and offers a wide range of other capabilities. While the
mainstream of FIB usage remains within the semiconductor industry, FIB
usage has expanded to applications in metallurgy, ceramics, composites,
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polymers, geology, art, biology, pharmaceuticals, forensics, and other
disciplines. In addition, the FIB has been used to prepare samples for
numerous other analytical techniques. Computer automated procedures have
been configured for unattended use of FIB and dual platform instruments.
New applications of FIB and dual platform instrumentation are constantly
being developed for materials characterization and nanotechnology. The site
specific nature of the FIB milling and deposition capabilities allows
preparation and processing of materials in ways that are limited only by
one’s imagination. Additional uses and applications will likely have been
discovered by the time that this volume hits the shelves. The hardest task in
editing this compilation was to decide when to stop and send it to press,

In this bock we have attempted to produce a reference on FIB geared
towards techniques and applications. The first portion of this book
introduces the basics of FIB instrumentation, milling, and deposition
capabilities. The chapter dedicated to ion-solid interactions is presented so
that the FIB user can undersiand which parameters will influence FIB
milling behavior. The remainder of the book focuses on how to prepare and
analyze samples using FIB and related tools, and presents specific
applications and techniques of the uses of FIB milling, deposition, and dual
platform techniques. May you have as much fun working with FIB
instruments as we continue to have!!



The Editors

Lucille A. Giannuzzi recently changed positions from Professor,
Mechanical Materials and Aerospace Engineering at the University of
Central [lorida, to Field Product Marketing Engineer for FEI Company. Her
research endeavors have broadly focused on structure/property relationships
of matertals using FIB/TEM methods, ion-solid interactions, and FIB and
DualBeam applications and development. She has co-taught short courses
on FIB and FIB/TEM specimen preparation at UCF and Lehigh University
and has been a local affiliates and traveling speaker for both the Microscopy
Society of America and the Microbeam Analysis Society. Dr. Giannvzzj is
on the editorial board of Microscopy and Microanalysis, on MAS Council,
on the MSA education committee, and is also a member of ACerS, ASM
[nternational, AVS, MRS, and TMS.

Fred A. Stevie is a Senior Researcher at North Carolina State University,
His career in materials characterization spans more than 30 years with a
range of techniques, principally with SIMS and FIB. His FIB work has
concentrated on the interaction of FIB with other analytical methods,
particularly in sample preparation for TEM analysis and EDS quantitication.
He is the AVS instructor for SIMS and co-instructor for FIB, and has co-
taught short courses on FIB/TEM specimen preparation. He is on the
advisory board of Surface and Interface Analysis, an Associate Editor of
Surface Science Spectra, a Fellow of AVS, and a member of ASM
International and MAS.



Acknowledgments

First and foremost, we are indebted to the hard work, dedication, and
patience from the numerous authors who made coniributions to this book.
Funding agencies that have contributed to this work over the years are
gratefully acknowledged. In addition, we thank our employers, both past
and present, for allowing us the opportunity to dedicate time and resources
in this area. Last but not least, we also recognize the encouragement and
support of our families.



Chapter 1
THE FOCUSED ION BEAM INSTRUMENT

F. A. Stevie', L. A. Giannuzzi’, and B. . Prenitzer’
!North Carolina State University, Analyrical Insirumentation Facility, Raleigh, NC 27695.
‘FEI Company, Hilisboro, OR 97124, "NanoSpective inc., Orlando, FL 32826.

Abstract: The typical focused ion beam (FIB) instrument consists of a vacuum system,
liquid metal ion source, ion column, stage, detectors, gas inlets, and computer,
The liquid metal ion source provides the finely focused ion beam that makes
possible high lateral resolution removal of material. Five axis motorized
eucentric stage motion allows rapid sputtering at various angles to the
specimen, The ion beam interaction with organo-metallic species facilitates
sile specific deposition of metallic or insulating species. Other gases may be
used for enhanced etching of materials. The combination of a scanning
electron microscope column and a FIB column forms a dual platform system
that provides enhanced capabilitics.

Key words:  Focused ion beam, FiB, liguid metal ion sowree, LMIS, Ga

1. THE BASIC FIB INSTRUMENT

The basic FIB instrument consists of a vacuum system and chamber, a
liquid metal ion source, an ion column, a sample stage, detectors, gas
delivery system, and a computer to run the complete instrument as shown
schematically in Figure 1. The instrument is very similar to a scanning
electron microscope (SEM). FIB instruments may be stand-alone single
beam instruments. Alternatively, FIB columns have been incorporated into
other analytical instruments (either commercially or in research labs) such as
an SEM, Auger electron spectroscopy, transmission electron microscopy, or
secondary ion mass spectrometry, the most common of which is a FIB/SEM
dual platform instrument. The ion celumn in a single beam FIB instrument
is typically mounted vertically. In contrast, dual platform instruments
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usually have the FIB mounted at some angle with respect to vertical (i.e., the
SEM column). Details on combined FIB/SEM applications are discussed
elsewhere in this volume.

What follows below is a basic description of how a FIB instrument
works. The interested reader may visit the references listed for additional
details on ion optics and on the physics of liquid metal ion sources.

a .
gas injection

T ion column

sample
H p

’ sample stage

vacuum chamber

Figure I. (a) A schematic diagram of a basic FIB system. (b) A single beam FEI 200TEM
FIB instrument located at the University of Central Florida.
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2. THE VACUUM SYSTEM

A vacuum system is required to make use of the ion beam for analysis.
The typical FIB system may have three vacuum pumping regions, one for
the source and ion column, one for the sample and detectors, and a third for
sample exchange. The source and column require a vacuum similar to that
used for field emission SEM sources (i.e., on the order of 1x10* torr) to
avoid contamination of the source and 1o prevent electrical discharges in the
high voltage ion column. The sample chamber vacuum cap be at higher
pressure and the system can be used with this chamber in the 1x10° torr
range. Pressures in the 1x10™ torr range will show evidence of interaction of
the ion beam with gas molecules because the mean free path of the ions
decreases as the chamber pressure is increased. The mean free path at high
pressure is reduced to the point where the ions can no longer traverse the
distance to the sample without undergoing collisions with the gas atoms or
molecules. lon pumps are normally uvsed for the primary column and
turbomolecular pumps backed by oil or dry forepumps are typically used for
the sample and sample exchange chambers.

3. THE LIQUID METAL ION SOURCE

The capabilities of the FIB for small probe sputtering are made possible
by the liquid metal ion source (LMIS). The LMIS has the ability to provide a
source of ions of ~ 5 nm in diameter. Figure 2a shows a schematic diagram
of a typical LMIS which contains a tungsten needle attached to a reservoir
that holds the metal source material. There are several metallic elements or
alloy sources that can be used in a LMIS. Gallium (Ga) is currently the most
commonly used LMIS for commercial FIB instruments for a number of
reasons: (i) its low melting point (T, = 29.8 °C) minimizes any reaction or
interdiffusion between the liquid and the tungsten needle substrate, (if) its
low volatility at the melting point conserves the supply of metal and yields a
long source life, (iii) its low surface free energy promotes viscous behaviour
on the (usually W) substrate, (iv) its low vapor pressure allows Ga to be used
in its pure form instead of in the form of an alloy source and yields a long
lifetime since the liquid will not evaporate, (v) it has excellent mechanical,
electrical, and vacuum properties, and (v1) its emission characteristics enable
high angular intensity with a small energy spread.
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Figure 2. (2) A schematic diagram of a liguid metal ion seurce (LMIS) and (b) an actual
commercial Ga LMIS (courlesy of FEI Company).
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Ga' ion emission occurs via a two step process as described below: (i)
The heated Ga flows and wets a W needle having a tip radius of ~ 2-5 um.
Once heated, the Ga may remain molten at ambient conditions for weeks due
to its super-cooling properties. An electric field (10° V/em) applied to the
end of the wetted tip causes the liquid Ga to form a point source on the order
of 2-5 nm in diameter in the shape of a “Taylor cone.” The conical shape
forms as a result of the electrostatic and surface tension force balance that is
set up due to the applied electric field. (ii) Once force balance is achieved,
the cone tip is small encugh such that the extraction voltage can pull Ga
trom the W tip and efficiently ionize it by field evaporation of the metal at
the end of the Taylor cone. The current density of ions that may be extracted
is on the order of ~ 1x10* A/cm®. A flow of Ga fo the cone continuously
replaces the evaporated ions.

The applied voltage/emission current output characteristics of a LMIS are
non-linear. In FEI instruments, the extraction voltage is typically set to a
constant value and the suppressor voltage is used to generate entission
current from the LMIS. A finite voltage i1s needed to create the Taylor cone
shape and result in emission current. The emission current will then rise
with applied voltage on the order of 20 pA/kV. The source is generally
operated at low emission currents (~ 1-3 pA) to reduce the energy spread of
the beam and to yield a stable beam. At low emission current, the beam may
consist of singly or doubly charged menomer ions, and neutral atoms which
are not ionized. As the current increase, the propensity for the formation of
dimmers, trimers, charged clusters, and charged droplets increases.

As the source ages, the suppressor voltage is gradually increased to
maintain the beam current necessary for the constant extraction voltage.
When an increase in suppressor voltage will no longer yield a working beam
current (i.e., will no longer start the source), the source must be re-heated.
Sometimes a larger extraction voltage (i.e., an “over voltage”) may be used
to start the source which is then reduced as soon as emission begins. The
reservoir size is quite small and thus, the source can only be heated a limited
number of times. To extend the source lifetime, heating should be performed
only when necessary. The lifetime of a LMIS depends on its inherent
material properties and the amount of material in the reservoir and is
measured in terms of pA-hours per mg of source material. Typical source
lifetimes for Ga are ~ 400 pA-hours/mg.

4, THE ION COLUMN

Once the Ga” ions are extracted from the LMIS, they are accelerated
through a potential down the jon column, Typical FIB accelerating voltages
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range from 5-50 keV. A schematic diagram of the FIB column is shown in
figure 3. The ion column typically has two lenses, i.e., a condenser lens and
an objective lens. The condenser lens (Jens 1) is the probe forming lens and
the objective lens (lens 2) is used to focus the beam of ions at the sample
surface. A set of apertures of various diameters also help in defining the
probe size and provides a range of ion currents that may be used for different
applications. Beam currents from a few pA to as high as 20 or 30 nA can be
obtained. Methods for manual or automatic aperture selection have been
developed. Optimizing the beam shape is obtained by centering each
aperture, tuning the column lenses, and fine tuning the beam with the use of
stigmators. Cylindrical octopele lenses may be used to perform multiple
functions such as beam deflection, alignment, and stigmation correction. In
addition, the scan field can be rotated using octopole lenses. Beam blankers
are used to prevent unwanted erosion of the sample by deflecting the beam
away from the center of the column.

Suppressor & LMIS
Extractor Cap

Beam Acceptance Aperture

Lens 1

Beam Defining Aperture

Beam Blanking

Deflection Octopole

Lens 2

Figure 3. The basic FIB column. (courtesy FEI Company)

The FIB has a relatively large working distance with a typical value of
about 2 cm or less. This Jarge working distance permits the intreduction of
samples with varied topography without concern for field variations. When
the Ga' beam strikes the sample surface, many species are generated
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including sputtered atoms and molecules, secondary electrons, and
secondary ions. A more detailed description of the sputtering process is
presented elsewhere in this volume.

The energy spread of a finely confined ion beam is generally larger than
the energy spread of an electron beam and is ~ 5 €V. Since ions are much
more massive than electrons, space charge effects limit the apparent source
size and increase the width of the energy distributien of the emitting ions.
Thus, chromatic aberration is often the limiting factor in the resolution of a
FIB system.

S. THE STAGE

The sample stage typically has the ability to provide S-axis movement
(X, Y, Z, rotation and tilt). All five axis stage motions may be motorized for
automatic positioning. The stage can be of sufficient size to handle 300 mm
wafers. New FIB stages often have the capability for eucentric motion to
avoid having to realign the sample every time the stage is moved. The large
stage must be very stable and not be subject to significant heating as a result
of the mechanical action required for stage movement. Thermal stability
prevents specimen drift during FIB milling or deposition. Automated stage
navigation can be used for precise location of sites on large wafers or for
device repairs that invelve multiple layers of material.

6. IMAGING DETECTORS

Two different types of detectors are typically used to collect secondary
electrons for image formation, a multi-channel plate or an electron
multiplier. A multi-channel plate is generally mounted directly above the
sample. The electron multiplier is usually oriented to one side of the ion
column. A typical alignment of the electron multiplier would put the detector
at an angle of 45° to the incident beam. The electron multiplier detector can
be biased to detect either secondary electrons or secondary positive jons
emitted from the sample. It is imporlant to note that the sample is being
sputtering during the FIB imaging process. Therefore, small beam currents
(< 100 pA) are typically used for FIB observation and image capture to
minimize material removal during imaging.

Several contrast mechanisms can be used to provide various imaging
capabilities. The secondary electron images provide images with good depth
of fleld. The penetration of the ion beam into the specimen varies with
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different materials and for different grain orientations. Channelling contrast
is observed for different grain orientations such that polycrystalline
microstructures can be easily delineated. Secondary ion imaging provides a
different type of conirast compared to secondary electron imaging. Note that
the penetration of a 30 to 50 keV Ga" beam is limited 1o only a few tens of
nanometers and therefore the secondary electron imaging capabilities are
directly related to the surface effects of the collision cascade. Thus,
observation of a region of interest under an oxide in an FIB system will
require use of an optical microscope, or extensive pre-marking of the
specimen before entry into the system.

The bombardment of charged species to the surface of an insulator can
cause sample charging. The bombardment of an insulator with Ga" will
cause the specimen to accumulate excess positive charge. Thus, any emitted
secondary electrons will be attracted back to the surface, and will not be
detected. Hence, charging effects in secondary electron FIB images are
defined by dark regions in the image because the secondary electrons in
these regions do not reach the detector. Analyzing a specimen that contains
both insulating and charging regions is possible using because the insulating
and conductive regions will appear dark and light, respectively. “Passive
voltage contrast” is often used in semiconductor applications to test for
circuit failure sites (see chapter by Holdford).

If the sample charges significantly, charge reduction methods may be
required. Sometimes, good grounding of the specimen may be sufficient and
it may be necessary to ground the inputs or bond pads of a semiconductor
device. Charging can also be reduced or eliminated by coating the sample, or
with the use of an electron flood gun (i.e., charge neutralizer), or by also
imaging or milling with the SEM column turned on in the case of a dual
platform instrument. Carbon coating can be removed in a plasma etcher after
the sample is modified in the FIB, whereas metal cealings such as Au,
Aw/Pd, or Cr are not easily removed. It is interesting to note that for a wide
range of materials and applications, coating is normally not required for
analysis.

In addition, secondary ion (SI) imaging may be used to image insulating
materials. The implementation of a tflood gun (a charge neutralizer) in
addition to SI imaging may also aid in observing or milling insulating
materials. Figure 4 shows FIB images of a semiconductor device that is
charging. Figure 4a shows a SE FIB image. Note that nearly the entire
image is dark in contrast indicating that charging of the sample has tken
place. Figure 4b shows a SI FIB image. Note that the details of the circuitry
are now very will defined. In Figure 4c, a charge neutralizer is used in
conjunction with SI FIB imaging. A brighter contrast image is observed
with slightly better image details in figure 4c.
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Charging can also affect the quality of FIB milling in insulating
materials. Figure S shows an SEM image of two FIB milled square trenches
in an insulator. The trench on the left was performed without charge
neutralization and the trench on the right was performed with charge
neutralization. Note that the use of FIB milling of an insulator without
charge neutralization shows an irregular FIB milled box plus charging
artifacts that are observed on the surface of the specimen. Conversely, the
FIB milled trench performed with charge neutralization shows a uniformly
milled box with no other apparent charging artifacts.

7. THE USE OF GAS SOURCES

Gas delivery systems can be used in conjunctien with the ion beam to
produce site specific deposition of metals or insulators or to provide
enhanced etching capabilities. Metals, such as W or Pt, are deposited by ion
beam assisted chemical vapor deposition of a precursor organometallic gas.
A controlled amount of gas is introduced inte the chamber by opening a
valve that separates the reservoir and an inlet capillary that is positioned
~100 pm above the sample surface. The gas molecules are adsorbed on the
surface in the vicinity of the gas inlet, but decompose only where the ion
beam strikes. Repeated adsorption and decomposition result in the buitdup
of material in the ion scanned region. The ion beam assisted chemical vapor
deposition process consists of a fine balance between sputtering and
deposition. 1f the primary beam current density is too high for the deposition
region, milling will occur. In addition to the CVD deposition of material,
chemically enhanced sputtering is facilitated by the introduction of select
species into the FIB chamber. For example, halogen-based species may
enhance sputtering rates for specific substrate materials in the presence of
the Ga ion beam. In addition, water has been shown to provide enhanced
etching for carbonaceous materials. More details on deposition and etch are
provided in a chapter dedicated to those processes.
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Figure 4. FIB images of a semiconductor device. (a) SE FIB image (b) SIFIB
image (c) SI FIB image + charge neutralization.



1. The Basic FIB Instrument 11

‘Figure 5. SEM image comparing two FIB milled 20 um x 20 um box trenches in an insulator.
{left) A FIB milled trench without the use of charge neutralization and {right) a FIB milled
trench with the use of charge neutralization. (courtesy of FEI Company)

8. DUAL PLATFORM INSTRUMENTS

The most common dual platform system incorporates an ion column and
an electron column (i.e, an SEM) and has advanced capabilities. The
electron beam can be used for imaging without concern of spuitering the
sample surface. As a result, very creative ion beam milling and
characterization can be obtained. In addition, electron beam deposition of
materials can be used to produce very low energy deposition that will not
affect the underlying surface of interest as dramatically as ion beam assisted
deposition. It is possible to integrate the electron and ion beam operation to
provide three dimensional information by sputtering the sample in
increments and obtaining an SEM image of the specimen after each
sputtering cycle. An energy dispersive spectrometry (EDS) detector can be
added to provide elemental analysis. An electron backscatter diffraction
detector (EBSD) can also be added to provide crystallographic analysis. In
other cases, a combination FIB/SIMS instrument has been available for site
specific specimen preparation plus elemental analysis at the trace impurity
level. The benefits of FIB/SEM instruments are discussed in later chapters.



12 Chapter |
9. SUMMARY

The fundamental principles of a generalized FIB source, column, and
detection systems have been summarized. The basic FIB system is
comprised of a liquid metal ion source, stage, computer system, and
detectors. Additional options can include a gas injector system used for
either CVD deposition or eshanced etching. FIB platforms can be single ion
beam or multi-column systems. There are certain advantages unique to
combined FIB/SEM systems. Non-destructive imaging of the sample may
be accomplished with an integrated SEM and additjonal peripherals such as
EDS and EBSD may be used for elemental or crystallographic information.
Specific details regarding the operation of the LMIS and ion optics may be
found in the references listed below.
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Chapter 2
TION - SOLID INTERACTIONS

Lucille A. Giannuzzi', Brenda I. Prenitzer,” Brian W. Kempshall?
'FEJ Compary, Hillsboro, OR 97124, “Narospective Inc., Orlando FL 32826,

Abstract: In this chapter we summarize reactions that take place when an energetic ion
impinges on a target surface. The results based on equations that are usually
used to estimate ion range and ion sputtering in amorphous malerials are
presented. A discussion on ion channeling and ion damage in crystalline
materials is presented. The problems of redeposition associated with an
increase in sputtering yield within a confined irench are presented.
Knowledge of ion - solid interactions may be used to prepare excellent quality
FIB milled surfaces.

Key words:  secondary clectron imaging, secondary ion imaging, ion range, incident angle,
ion energy., sputiering, backsputiering, channeling, ion damage,
amorphization, redeposition

1. INTRODUCTION

The ability to mill, image, and deposit material using a focused ion beam
(FIB) instrument depends critically on the nature of the ion beam - solid
interactions. Figure 1 shows a schematic diagram illustrating some of the
possible ion beam/material interactions that can result from ion
bombardment of a solid. Milling takes place as a result of physical sputtering
of the target. An understanding of sputtering requires consideration of the
interaction between an ion beam and the target. Sputtering occurs as the
result of a series of elastic collisions where momentum is transferred from
the incident ions te the target atoms within a collision cascade region. A
surface atom may be ejected as a sputtered particle if it receives a
component of kinetic energy that is sufficient to overcome the surface
binding energy (SBE) of the target material. A portion of the gjected atoms
may be ionized and collected to either form an image or be mass analyzed
(see chapters on FIB/SIMS). Inelastic interactions also occur as the result of
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ion bombardment. Inelastic scattering events can result in the production of
phonons, plasmons {in metals), and the emission of secondary electrons
(SE). Detection of the emitted SE is the standard mede for imaging in the
FIB; however, as previously mentioned secondary ions (SI) can also be
detected and used to form images.

In general, the number of secondary electrons generated per incident ion
is ~ 1 and is 10-1000x greater than the number of secondary ions generated
per incident ion (Orloff et al., 2003). A comparison of an ion beam induced
SE image and an ion beam induced SI image from the same region of the
eye of a typical Florida bug is shown in figure 2. Note the complementary
information that may be obtained using both of these imaging conditions.
Non-conducting regions of a sample will accumulate a net positive charge as
a result of the impinging Ga" ions. The net positive charge will inhibit the
escape of SEs emitted from the surface. This type of charging artifact is
observed as dark contrast in the image. For example, the regions around the
bug eye in the Jower left shows charging artifacts in the SE image, but are
clearly delineated in the SI image. In addition, the dark feature on top of the
eye shown in the SE tmage also shows evidence of charging, while the SI
image clearly shows the details of the feature. Thus, secondary ion imaging
is a vseful alternative to circumvent charging artifacts during FIB imaging
and milling of non-conducting samples.

Interactions between the incident ion and the selid occur at the expense
of the initia] kinetic energy of the ion. Consequently, if the ion is not
backscattered out of the target surface, the ion will eventually come to rest,
implanted within the target at some depth (i.e.,, R, as shown in Figure 1)
below the specimen surface.

The quality of the milled cuts or CVD deposited regions depends
critically on the interactions between the impinging ion beam and the target.
Thus, understanding the basics of jon beam-solid interactions may greatly
enhance the ability to achieve optimum results using an FIB system. In this
chapter, we present a brief introduction to the interaciions that occur when
an energetic jon impinges on a solid target surface. The interactions
summarized below are those that are important within the energy regime that
is characteristically used in the FIB (~ 5-50 keV). More extensive details on
ion-solid interactions are avajlable elsewhere (see ¢.g., Orloff et al., 2003;
Nastasi et al., 1996).
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Figure 2-1. Schematic diagram of the sputtering process and ion-solid interactions (adapted
from Nastasi et al., 1996).

Figure 2-2. Jon induced (left) secondary electron end (right) secondary ion images of the eye
of a typical Flerida bug.
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2. THE RANGE OF IONS INAMORPHOUS SOLIDS

When a solid material is bombarded with an ion beam. a number of
mechanisms operate to slow the ion and dissipate the energy. These
mechanisms can be subdivided into two general categories: (i) nuclear
energy losses, and (ii) electronic energy losses. Nuclear energy transfer
occurs in discrete steps as the result of elastic collisions where energy is
imparted from the incident ion to the target atom by momentum transfer.
Electronic energy losses occur as the result of inelastic scattering events
where the electrons of the jon interact with the electrons of the target atems,
The rate of ion energy loss per unit path length, dE/dx, and has beth nuclear
and electronic contributions. However, sputtering in typical FIB processes
occur in energy ranges that are dominated by nuclear energy losses.
Therefore, it is sufficient to present ion-solid interactions due only to the
nuclear energy loss of ions as discussed below. The interested reader may
find a discussion on electronic energy losses elsewhere (e.g., Nastasi et al,
1996).

2.1 The Concept of Ion Range

There tends to be some ambiguity in the terms and conventions used to
describe ion range data. There are several distinctions between closely
related concepts that should be emphasized. The first source of confusion
can stem from the shear number of parameters used to quantify the distance
that an energetic ion travels in a solid: i.e.. range (R), projected range (R,),
penetration depth (X,), transverse projected range (R,"), spreading range (R;),
radial range (R,), and projected range straggling (AR,). It is simplest to
establish range definitions in terms of the interaction of a single ion with a
solid. A sound physical interpretation of these definitions allows their
application to actval ion beam processes that enlist the action of many ions.
Ultimately, the implantation behavior of a single ion can be extrapolated to
reflect the implantation behavior of multiple ions in terms of population
dynamics.

Beginning with definitions as applied to a single jon, the range (R)
described by Equation 1, is defined as the integrated distance that an ion
travels while moving in a solid, and is inversely related to its stopping power
(Nastasi et al., 1996; Ziegler et al., 1985; Townsend et al,, 1976). The
stopping cross-section, S(E), is defined as S(E) = (dE/dx)/N, where N is the
atomic density, The stopping cross-section may be thought of as the energy
loss rate per scattering center.
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Thus, R may be defined by the path length for a single ion as illustrated in
the schematic diagram in Figure 3. Examination of figure 3 reveals that R is
not the same as the longitudinal projected range for a single ion (R;). R, for
a single ion is the projection of its R onto its incident trajectory vector
(sometimes denoted as 1,). Figure 3 is the generic case for arbitrary
incidence angle. Only when 6 = 0° (i.e., when the beam is normal to the
surface), does R, equal the implant depth (X,) as measured perpendicular to
the target surface (Nastasi et al., 1996; Gibbons et al., 1975). It should be
noted that the statistical Ry, as applied to a collection of ions, is the quantity
most frequently used to describe depth for an ion implant. Where R, for a
distribution of ions in a target material is most commonly defined by
convention, as the distance measured along the incident ion trajectory at
which the highest concentration of implanted ions will be found. It should
be noted that the statistical value, X, is a more pertinent value of interest for
understanding sidewall implantation {e.g., in a FIB prepared TEM
specimen).

Surface

Figure 2-3. A 2D schematic diagram of the path of a single ion that has entered the target at
an angle not equal to the surface normal. Note that R, = X; only when the incident angle is 0°.
(adapted from Mayer, et al. 1970)

A summary of the parameters of interest for the range of travel of an
incident ion for the more general 3D case of a single energetic particle
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entering the solid at (0,0,0) and coming to rest at (X, ¥;, Zs) is shown in the
schematic diagram in figure 4 may be described as follows (Nastasi et al.,

1996):

» Ris the range as defined above
R, is the projected range for a single ion as defined above
X, is the projected range as measured along a vector normal to the
surface as shown in figure 3.

e R, is the radial range which is the distance from (0,0,0) to (X.. s, ).
Note: R, is the projection of R, on the direction vector of 1.

» R is the spreading range which is the distance between (0,0,0) and the
projection of R, on the surface (the yz plane)

e R, is the transverse projected range which is the vector connecting R,
and R,

\ 4

Figure 2-4. A 3D representation of a path taken by an jon that enters a solid at angle € from
the surface normal. (Adapted from Eckstein, 1991)
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Although the range definitions above were presented in terms of the
penetration behavior of a single ion, ion beam processes require the
collective effect of a large number of ions. For the energy ranges associated
with FIB applications, stopping of an energetic projectile is a random
process, and the range distribution of a sufficiently large population of ions
is statistical in nature. The probability function describing implant depth
distributions is approximately Gaussian when dealing with relatively low
implanted ion concentrations (i.e., less than a few atomic percent) and in the
absence of crystallographic chaoneling effects (Nastasi et al,, 1996). The
mean of the distribution is the projected range, R, and the standard
deviation is the projected range straggle, AR,. In a normal Gaussian range
distribution of implanted ions, the the largest number of ions will be located
at R, and AR, is R;/2.35 (Nastasi et al., 1996). It should be noted that the
range distribution tends to deviate from a Gaussian profile in the presence of
either crystallographic orientation effects or high ion doses. Jon channeling
causes the depth distribution to be skewed because channeled ions penetrate
to depths several times greater than R,

2.2 Moedeling Ion-Solid Interactions in Amorpheus
Materials

2.2.1 The Collision Cascade

When a target atom is knocked from its position, it can contribute to the
collision cascade, (i.c., the moving sea of particles) within a selid under ion
bombardment. Sputtering occurs if sufficient momentum is transferred from
the collision cascade to a surface or near surface particle. The main
parameters that govern the energy loss rate of the incident ion are its energy
(E,), the atomic masses (M, and M,), and atomic numbers (Z, and Z;), of the
ion and the target atoms, respectively. The nature of the cascade is
dependent on the ratio of the target to ion masses (M,/M,) and the incident
ion energy. The classification of collision cascades is divided into three
regimes. Regime I is called the single knock-on regime, and occurs when
either My << M; or E, is low. In this regime, the recoil atoms do not receive
enough energy to generate a cascade and sputtering is minimal. Regime II is
the linear cascade regime where E, is moderate and M, ~ M,. In this regime
recoil atoms receive enough energy fo generate a cascade, but the density of
moving atons is dilute enough to disregard both multiple collisions and
collisions between moving atoms. Linear assumptions that lead to the binary
collision approximation are valid in regime II. The linear collision cascade
model of regime II is where the FIB generally operates. Regime III is called
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the spike regime where M, >> M, and/or E, is large. The result is that the
majority of the atoms within the spike volume move during the collision
cascade. Regime III is seldom reached during conventional FIB operation
{Townsend et al., 1976).

222 Modeling Energy Loss in lon-Solid Interactions

The dominant mechanism of energy loss in the energy range used in the
FIB process (e.g., 5-50 keV) involves elastic interactions between the ion
and a screened nucleus (i.e., nuclear stopping). This is generally modeled
using a two-body billiard ball collision model. The “collision” is the distance
of closest approach governed by interatomic potentials between the incident
ion and the target atom. The influence that the nuclear charge of one atom
can exert on another atom is modulated by the shielding efficiency of the
orbital electrons. Thus, physical phenomena tend to exhibit pericdic
fluctuations based on electronic structure and atomic radii of the atoms
under consideration.

With each collision, the incident ion losses energy and changes direction
by an angle, ®. Using conservation of momentum in a center of mass
coordinate system, the recoil energy of the struck atom is the energy
transferred to target atom, T, as shown in equation (2).
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In equation (2), E; = (E,M2)Y/(M+M>), and M, =(M M)/ (M+M,). The
final angle of scatter, ®, may be expressed in terms of the initial center of
mass energy, E,, the potential, V(r), and an impact parameter, p, as shown by
equation (3) (Ziegler et al. 1984), where r,;, is the distance of closest
approach during the collision.
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By taking the initial seed value, ® =7, and iteratively integrating over the
entire collision path, the final angle of scatter for the projectile (®) can be
evaluated in terms of the initial cenler of mass energy E., the interatomic
potential V(r), and the impact parameter p. The impact or scattering
parameter, p, is basically the effective interaction distance for “collision”
between two atoms. Since the nuclei do net actually touch, the impact
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parameter is defined as a circle of area np® around the target nucleus. Any
incident projectile that passes anywhere within this circle will be deflected
by some angle greater than 6, The actual interaction distance during a
collision depends on the energy of the collision. A useful frame of reference
for describing collisional interaction distances is bounded by the Bohr radius
(a, = 0.053 nm) and the equilibrium separation, (r, ~0.25 nm).

Since there is no single potential function that is appropriate for all pairs
of ions and all energies, empirical parameters are usually fitted to pre-
existing examples of inferatomic potentials. Equation 4 describes the range
of ions in terms of energy loss (or stopping power). The manner in which
energetic particles interact with a lattice of stationary atoms can be described
by the way the potential energy of a two-particle system varies with the
distance between their centers. Ziegler, Biersack, and Littmark (ZBL)
(1984) optimized a function originally developed by Lindhard, Scharff and
Schiott {LSS) (1963). The result was a generalized analytical expression
called the “Universal Screening Function™ used to medel interatomic
potentials as given by equation 4 (Ziegler et al., 1984).

() =222 a(R) @)

In equation (4), ®(R) is the universal screening function, R = 1/a the
reduced interatomic separation. Z; and Z; are the atomic numbers of the each
of the two interacting species, and V(r) is the functional form of the
interaction potential between the two atoms. The stopping power, S(E), is
the average energy transferred when summed over all impact parameters as
given in equation (5):
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Thus, both the conservation of momentum and the interatomic potential
are taken into account when the nuclear stopping power of an incident ion in
a target material is considered.
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223 Using TRIM for Monte Carlo Modeling of Ion - Solid
Interactions in Amorphous Materials

Monte Carlo {MC) simulation of ion-solid interactions does have certain
advantages over analytical formulations such as molecular dynamics (MD)
calculations. MC methods allow more rigorous treatment of elastic
scattering, and explicit consideration of swfaces and interfaces.
Additionally, MC models allow energy and angular distributions to be
readily determined. MC simulation methods rely on the statistical or random
nature of the processes that are modeled. Energy transfer models of this sort
are based on the linear superposition of sequential events or the random
walk. The validity of the linear cascade approximation holds for cascade
Regime II, when the number of moving atoms is small with respect 1o the
total number of atoms contained within the collision volume.

As mentioned above, the nature of the collision cascade depends on
M,/Mg, and the incident ion energy. For a typical FIB application using a 5-
50 keV Ga’ ion beam, E, is moderate, M, ~ M,, and thus the conditions to
produce a cascade characterized by linear collision dynamics are satisfied.
Therefore, elastic energy losses can be assumed to be the result of a series of
uncorrelated binary collisions and, the resulting phenomena can be readily
modeled with MC computer simulation methods.

“Transport of lons in Matter” (TRIM) is a sub-routine of a group of
programs called “Stopping and Range of lons in Matter” (SRIM) created by
Ziegler et al. (1983, and Ziegler, 2003). TRIM can be effectively used to
physically model the final 3D spatial distributions of ions in either simple or
complex target materials, TRIM c¢an generate data regarding the final 3D
distributions of ions, as well as all kinetic data associated with the energy
loss of the ion to the solid. For example, target damage, average sputtering
vield per incident ion, ionization, and phonon production can all be
quantitatively modeled using TRIM.

It should be noted that TRIM treats all targets as amorphous, thereby
discarding the potential contribution of channeling or other orientation
dependent phenomena to range distributions. This is an important
consideration when attempting to correlate damage cascades with apparent
damage layers that may develop during FIB milling of crystalline materials.
TRIM was used to determine ranges for 100 Ga ions at different energies
and incident angles for periodic table of elements (for solids) and are listed
in the appendix.

With the strengths and the limitations of the SRIM package in mind, the
code may be used to produce reasonable models of the variables that govern
the FIB ion bombardment process. TRIM was used to physically model final
3D spatial distributions for 25 keV Ga' at 0° in elements Z = 3-84. The
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range data was generated using the “Ion Distribution and Quick Calculation
of Damage” option (Ziegler, 2003). This option allows the calculation to run
more expeditiously by eliminating details about target damage or sputtering
yields, while maintaining accurate results for the final distribution of ions in
the solid.
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Figure 2-5. TRIM calculations showing the relationship between the total stopping power and
the mass density for target elements Z= 1-92 at a Ga+ energy of 25 keV and 0° incident angle.
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Figure 2-6. TRIM calculations showing the relationship between the total stopping power and
the absolute melting temperature for target elements Z = 1-92 for a Ga+ beam at 25 keV and
0° incident angle.

The utility of such calculations can be extended by examining the
periodic trends associated with S(E). Figures 5 and 6 show how the physical
properties (i.e., melting temperature (T,,) and mass density (p,)) of the
elements compare with their corresponding stopping powers for a 25 keV
Ga" beam at 0° incidence angle. Figure 5 shows a strong positive correlation
between p,, and S(E). The position of the density and stopping power peaks
are coincident for all the elements modeled. This illustrates that S(E) for
each element follows the trends associated with its particular group when
moving from left to right across the periodic table. In contrast, the
magnitude of the individual S(E) peaks exhibit a nearly random distribution
in height. This indicates the absence of periodic influence generally
associated with increasing mass of the elements when moving from top to
bottom within a group. There is an apparent anomaly observed in the peak
heights among the elements Z = 58-71, which corresponds to the lanthanide
series of elements. The diminished values observed for the physical
properties among the lanthanide group are caused by population of the 4f
shell in the absence of the covalent bonding contribution of the 5d shell. It is
the covalent character of the d shells that imparts the exceptionally high
strength of the interatomic bonding forces observed among the transition
metals.



2. Ion-Solid Interactions 25

Figure 6 shows how stopping power compares with melting temperature
for a 25 keV Ga’ beam at 0° incidence angle. Similar to the example shown
in Figure 5, there is also a strong positive correlation between T,, and S(E).

Collectively, the computer modeled data plotted in Figures 5 and 6
illustrates that stopping powers and associated range distributions strongly
conform to the periodic trends associated with the electronic configuration of
the elements across the periodic table, and to a lesser extent, to the trends
associated with mass variations down a group. Thus, predictions with
respect to anticipated implantation depth for a given target material may be
made based on the position of the element in the periodic table.

2.3 Steady State Ion Implantation Conditions and the
Concept of Ion Dose

Established terminology conventions used to describe the characteristics
of an ion beam such as ion flux, fluence, dose, beam current, and current
density have been used interchangeably and in some cases ambiguously in
the literature. Many of the distinctions between the terms are subtle at best
and warrant careful clarification. F/ux is defined as the time rate of flow of
energy; the radiant or luminous power in a beam. In the case of an ion beam
flux is measured as the number of particles flowing through a given area per
unit time and has units of ions/cm®/s. Flux is a rate and remains constant for
a given set of parameters such as beam current/aperture setting. (ASTM
E1620-97). Fiuence is, the sum of energies, the number of particles or
photons incident during a given time interval on a small sphere centered at a
given point in space divided by the cross-sectional area of that sphere.
Fluence has units of ions/em®. Fluence is identical with the time integral of
the particle flux density and thus, cumulatively increases as a function of the
duration of the time interval that the beam is active {(ANSI N1.1-1976).
Dose is a general term denoting the quantity of radiation, energy, or particles
absorbed by a medium. In the case of an ion beam, dose has units of
ions/cm®. Dose is the analogue of fluence with the distinction that fluence is
the number of ions that pass through a defined area prior to impacting the
target and dose is the number of ions that are impacted and absorbed into the
target through a similarly defined area. Dose, like fluence, cumulatively
increases as a function of the duration of the time interval that the beam is
active. (ICRP 60-1990) Similar to flux, the beam current is also a measure
of the time rate flow of energy or how many ions are delivered per unit time.
The beam current is measured in amperes, which is equivalent to units of
charge per unit time or Coulombs(C)/sec. In the case of a singly charged jon
like Ga’, the beam current can be described in terms of ions/s and is closely
related to the flux, which is ions/cm’/s, where the area is the cross-sectional
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area of the beam. Current density is a measure of the energy intensity or
number of ions in a given area at any instant in time. Current density has
units of C/cm’® or in the case of a singly charged ion like Ga' this is
equivalent to ions/cnt’.

Although these conventions have origins in the ion implant community,
it should be duly noted that certain aspects of the ion-solid interactions
inherent to FIB processes are divergent from those that are characteristic of
ion implantation. The major manifestation of these differences is seen in the
dose i.e., the number of ions that are absorbed and retained in the target.
FIB instruments typically operate in an energy range of 5-50 keV, whereas
ion implantation is carried out over a broad array of energies that can range
from tens of kilo-electron volts to several million electron volts. The energy
of the incident beam and the atomic masses of the incident ions and target
atoms govern the energy loss mechanisms operative in slowing and stopping
the incident ions.

Ton implantation is performed in the energy regime where electronic
stopping tends to dominate and sputtering is minimal. This is in contrast to
FIB processes where the energy regime and masses are optimal for nuclear
stopping which leads to efficient sputtering. Sputtering affects the implant
profile as well as limiting the concentration of impurity atoms that can be
implanted. As the target material is being bombarded with moderate energy
ions, some of the incident beam ions are implanted and retained in the target
while the surface that is exposed to the ion beam is simultaneously and
constantly receding due to sputtering. FIB sputteting ultimately creates a
steady-state condition between impurity implantation and impurity removal
by sputtering. Once this steady state condition is reached, the concentration
of impurity atoms reaches a maximum value. In general, the maximum
concenfration value (i.e, the steady-state condition) is attained after
sputtering away a thickness comparable to the projected range.  The
concentration limit is proportional to the reciprocal of the sputtering yield,
1/Y. (Liau et al., 1980) Thus, a material that sputters very rapidly will have a
lower peak impurity concentration than one with a correspondingly lower
sputter yield.

In addition to the sputtering yield, the characteristics of the implanted
impurity atoms also affect the implant profile and peak concentration. As
impurity atoms are added to the solid, the attributes of the material are often
altered. (Liau et al., 1980) This can lead to modification of the overall
sputtering yield due to a change in the SBE and preferential sputtering where
generally the ejection of light elements is favored. The preferential
sputtering parameter, r, is essentially a ratio of the sputtering rate of the
target to the sputtering rate of the impurity atoms. Since sputtering occurs
from within the first few surface layers, preferential sputtering can lead to
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significant variation in the maximum surface concentration of implanted
atoms. Note that in contrast to FIB milling or other spuitering phenomena,
ion implantation processes operate at very high beam energies and do not
result in significant sputtering, Thus, during e.g., semiconductor ion
implantation, an increase in ion implantation time (i.e., dose} corresponds to
an increase in concentration, since steady state implantation conditions are
not met. lon implantation however, is a non-equilibrium process with the
capability of producing materials with compositions unattainable by other
conventional means. Thus, in FIB milling, an increase in dose does not alter
the steady state equilibrium process of ion implantation, but rather, just
increases the time in which the FIB milled surface will recede. Thus, in FIB
milling, knowledge of dose may be useful for determining the depth of a
receding surface, e.g., the depth of a FIB milled box cut.

In the absence of crystalline orientation effects and at low ion doses, the
projected jon range distributions may be characterized by a simple Gaussian
curve. However, as the dose increases (for a given beam energy), sputtering
occurs and the depth distribution of implanted atoms typically has a
maximum at the surface and falls off over a distance comparable to the
initial ion range. This phenomenon is shown schematically in figure 7.
Figure 7a shows the normalized ion concentration as a function of arbitrary
distance units where no sputtering is observed (e.g., similar to that obtained
via a simple TRIM calculation). Figure 7b shows an implanted ion
concentration distribution as a function of distance once steady state
sputtering conditions have been met.

It is therefore important to understand that simple generated TRIM
collision cascades are statistical distributions of ion collisions and hence,
does not account for steady state conditions between implantation and
sputtering. The steady state surface composition for a single element target
may be described by the following equation (Nastasi et al., 1996):

Ny __r (6)
Ng (F=1 :

In equation (6), N4 and N are the concentrations (per unit volume) of
the implanted atom and the target atom respectively, r is a preferential
sputtering factor (e.g., the ratio of the sputtering yield for a B atom to the
sputtering yield for an A atom and is generally in the range of 0.5 to 2), and
Y is the sputtering yield (Sigmund, 1991). At high doses, influences of
preferential sputtering, segregation, atomic mixing, and chemical effects
become important,
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Figure 2-7. Schematic diagram of the implanted ion distribution once steady state sputtering
is reached {figure obtained courtesy of Dr. T. Ishitani).

Implanted Ga concentrations of FIB prepared cross-sections in Si were
estimated by Ishitani et al. (1998) to be 3.9 at % for r = 1, and 4.3 at % for r
= 0.889, for a 30 keV Ga' beam at an incident angle of 87.5°. Since TEM
specimens contain two surfaces that are FIB milled, they showed that a 50
nm thick TEM specimen would contain 1.3 at % Ga, while a 100 nm thick
TEM specimen would contain 0.7 at % Ga.

3. SPUTTERING

The sputtering yield, Y, is defined as the number of ejected particles per
incident ion. Sputtering can be considered as a statistical phenomena caused
by surface erosion on an atomic scale. In this section we will discuss
physical sputtering, whereby a transfer of kinetic energy from the incident
ion to target atoms result in the ¢jection of surface and near surface atoms,
also referred to as knock-on sputtering. Sputtering yields for typical FIB
energies vary between ~107"<Y<10° depending on target and incident angle
(Andersen and Bay, 1981). Chemical sputtering will be discussed in the
chapter on gas enhanced etching, where the physical sputtering rate may be
enhanced by chemical reactions which produce an unstable compound with a
diminished SBE at the target surface. The mean number of atoms ejected
per incident ion with an energy exceeding some arbitrary minimum energy
E, may be expressed by equation (7) as
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where o is a dimensionless function incorporating the incidence angle,
the mass ratio M,/M,, and the ion energy E, and Ax, is the depth interval for
which the atoms set in motion have an energy > E,. (Sigmund, 1981). TRIM
was used to determine the sputter yield for 100 Ga ions at different energies
and incident angles for periodic table of elements (for solids). These values
are Jisted in the appendix.

31 Ejection Direction During Sputtering

Sputtered particles generally possess an energy between ~ 2-5 eV. The
emission of sputtered particles generally follows a cosine distribution for
normal incidence ion bombardment (Behrisch, 1981). As the angle of
incidence increases, the maximum emission of sputtered particles shifts
away from the incoming ion beam as shown in figure 8.

Figure 2-8. Schematic diagram of emission of sputtered particles with incident beam angle.
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3.2 Backsputtering

Backsputtering occurs when an incident ion is scattered either directly, or
after some number of multiple collisions, out of the target (Sigmund, 1981).
(This phenomenon is analogous to backscattering in electron-solid
interactions), As shown in figure 9 below, the backsputtering yield of the
incident ion increases with angle of incidence. In addition, comparing the
backsputtering yields between Si and Cu in figure 9 shows an increase in
backsputtering with an increase in mass ratio M,/M,;. Comparing figure 9
with the discussion on sputtering above, we see that in general, materials
with a higher sputtering yield, have a correspondingly higher backsputtering
yield of incident ions. Thus, more particles are available for the possibility
of redeposition as will be discussed below. TRIM was used to determine the
backsputter yield for 100 Ga ions at different energies and incident angles
for periodic table of elements (for solids) and are listed in the appendix.
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Figure 2-9. TRIM calculations showing backsputtering yield for Cu and Si as a function of
incidence angle for 100 Ga ions at 30 ke V.
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4. REDEPOSITION

FIBs are most often used to create features of high aspect ratio (i.e., deep
narrow trenches). Sputtered material and backsputtered ions may therefore
deposit on surfaces that are in close proximity to the active milling site {e.g.,
the sidewalls of a deep narrow trench). Thus, surface degradation duve to
redeposition of sputtered material must also be considered during FIB
milling. Controlling or at least predicting the manner in which redeposition
of sputtered material will occur can be significant for the successful and
rapid production of high quality TEM and other specimens by FIB
techniques.

A hole milled with an FIB tends to be wide at the top surface and tapers
down to a point at the bottom of the hole. The formation of this classic “V-
shape™ has been attributed to the redeposition of sputtered material that
occurs when milling at high beam currents (Tartuani et al., 1993; Ishitani et
al.,, 1994; Thayer, 1993; Yamaguchi et al., 1985; FEI, 1993; Walker, 1993).
As the hole is made deeper, the effects of redeposition become increasingly
severe uatil the rate of redeposition equals the rate of sputtering, thus
limiting the aspect ratio of the milled hole. This effect of redeposition can
be counteracted by the local introduction of a reactive gas species (i.e., Clz,
I, and XeF;) to the milling area (Thayer, 1993; FEIL, 1993; Walker, 1993).
The gas reacts with the sputtered material allowing it to be volatilized and
removed by the vacuum system. Although reactive gas enhanced etching is
an attractive solution to the problems resulting from redeposition, the gas has
the potential to react with the sample material. The V-shaping that occurs in
TEM specimens may be overcome by altering the angle of incidence with
respect to the specimen surface for subsequent milling operations. The angle
of incidence needed to prevent V-shaping is material dependent (e.g., it
depends on the material sputtering rate). For example, while Si-based
samples are generally tilted into the beam at 1-2°, it has been shown that a
faster sputtering Zn sample must be tilted +/- 14° to create parallel sidewalls
for TEM analysis (Prenitzer et al,, 1998),

Redeposition is a function of a number of physically and chemically
controlled variables, some of which include:

e The kinetic energy of the atoms leaving the surface
* The sticking coefficient of the target material

o The geometry of the feature being milled

e The sputtering yield (Y) of the target material
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When an atom leaves a target material as a sputtered particle, it is ejected
with a finite kinetic energy. A sputtered particle can, therefore, be
considered a projectile capable of producing secondary interactions with
local targets that lie in its trajectory. The direction and velocity of the
eiected particle will be altered if it collides with another particle or the
surface. Depending on the energy of impact and the sticking coefficient of
the material, the sputtered atom may be redeposited on the surface that it
strikes. The sticking coefficient is a statistical measure of a material’s
affinity to adhere to a surface, with a value of 1 equal to a 100% probability
for sticking. It has been observed that there is very little difference in
sticking probabilities for different materials for the low energy range
exhibited by FIB spuftered particles (Andersen and Bay, 1981). However, it
is shown below that the geometry of the feature to be milled and the
sputfering yield play critical roles in the amount observed redeposition
effects.

Figures 10a-c are SEM images of three trenches observed at a 70° tilt.
The trenches were all milled at normal incidence in (100) Si. A beam
current of 1000 pA was used to deliver a variable but known fluence per unit
area to the three trenches. The doses were varied by controlling the scan
time of the beam. The trench in figure 10a received a fluence of 1.5 x 10%
Ga' jons in 4 minutes, the trench in figure 10b received a fluence of 3.0 x
10" Ga* ions in 8 minutes, and the trench in figure 10¢ received a fluence of
6.0 x 10" Ga' ions in 16 minutes. The series of doses allows the
progression of milling to be followed in time. The images provide evidence
suggesting an increase in redeposition as the aspect ratio is increased. The
shallowest trench has a fairly smooth appearance on the sidewalls and
bottom. The sidewalls are still relatively vertical although they are
somewhat rounded at the top. The second trench is beginning to show some
roughening of the sidewalls and corners which is consistent with the
appearance of redeposited material. Also, the sidewalls are beginning to
show a greater deviation from the vertical direction. The third case clearly
shows the effects of redeposition. The sidewalls have roughened
considerably and the shape conforms to a definitive “V”,
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Figure 2-10. Rectangular FIB trenches in (100) Si milled at normal incidence by applying: (a}
single fluence, (b) double fluence, and (c) triple fluence of Ga® ions a1 25 keV,

An increased pressure mechanism for redeposition was proposed by
Prenitzer (1999) where it was observed that both the degree to which the
sputtered material is restricted from escaping the confines of the trench and
the rate at which material is removed from the target have a profound effect
on the observed degree of redeposition. Confining trench geometry such as
large aspect ratios as well as factors that enhance the kinetics of material
removal will tend to increase problems associated with redeposition.

It is important to make a distinction between sputtering rate (Y,) and
sputtering yield, Y. Y can be interpreted as the average number of target
atoms ejected from the sample per incident ion. Y is an event dependent
measure of the material removal. Y, is the number of atoms being sputtered
from the target per unit time. Therefore, Y, is the actual time dependent,
kinetic material removal parameter. A reasonable estimate of Y, can be
made by multiplying Y by the beam current, (i.c., the rate of delivery of jons
to the target surface).

The mechanism that is proposed below to explain the “Classic V Shape”
can be instructive in illustrating how the observed limits on aspect ratios
attainable by FIB milling are influenced by both kinetic factors and trench
geometry, When milling a trench, the rate of material removal can be
considered to be in dynamic equilibrium with the rate of redeposition. For
redeposition to occur atoms must be ejected from the target material with
enough kinetic energy to carty them to a proximal surface with which they
may collide and stick. In order to show how factors that enhance Y, also
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enhance redeposition related problems, Y, must be considered in terms of the
effect it exerts on its surroundings. The rate of material removal from the
target material equals the rate of atoms introduced into the vacuum chamber.
Thus, the rate of redeposition is ultimately a function of the dynamic
equilibrium between Y, and the capacity of the vacuum system to remove
the sputtered atoms from the chamber. If the vacuum system is able to
evacuate the sputtered material at a rate which is greater than or equal to Y,,
theoretically there can be no redeposition because there will be no free
atoms.

As an illustrative example, a2 nominal sputtering yield of 10 and a beam
current of 2000 pA equates to the beam delivering ~1.2 x 10'® Ga' ions per
second with each ion resulting in the sputtering of 10 target atoms. Thus,
1.2 x 10" target atoms are introduced into the chamber per second
(neglecting any contributions from backsputtering). We assume that the
volume of a typical FIB specimen chamber is on the order of 70 L. If the
ideal gas law is assumed to apply within the chamber where the vacuum is
better than 107 torr, then it can be shown that one could sputter at this rate
for 18 days before the pressure was increased by one order of magnitude.

Recalling the proposed mechanism for the “Classic V Shape:” as a trench
deepens, the confining geometry restricts the escape of sputtered material.
Thus, even though the overall pressure may be completely unaffected by
sputtering, it can be shown that localized pressures in a typical trench of
nominal dimensions 20 pm x 10 pm x 5 pm can rise at an estimated 393
torr/sec by the introduction of 10" particles per second.

Thus, as the localized pressure increases, the collisional mean free path
between particles in the confined region is reduced and may be expressed by
equation (8):

1 )
A= (ol kD) ®
where A is the mean free path, d is the collision parameter, p is the
pressure in atm, T is the absolute temperature, and k is Boltzman’s constant
(1.38x107 J/K).

Therefore, for T = 298K and d = 0.25 nm, the mean free path between
collisions for particles in a trench can be expected to decrease by ~10 orders
of magnitude when the Jocalized pressure increases by 2 orders of magnitude
as predicted above. In summary, as Y, increases, the localized pressure
within the confines of a trench increases. This causes a significant decrease
in the collisional mean free path of the sputtered atoms within the trench.
Thus, the probability of sample/sputtered atom collisions resulting in
redeposition increases as Y, increases. For a fixed set of FIB and target
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parameters, redeposition artifacts are observed for smaller trenches. For a
constant trench size and holding all other FIB parameters constant,
redeposition artifacts would increase for either (i) a target with a larger
sputtering yield, (ii) increasing the material sputtering vield via a change in
incidence angle or beam energy, or (iii), increasing the beam current,

4.1 Effect of Collision Cascade on Sputtering Yield

[n order to model sputtering behavior, both the incident ion and the recoil
atoms are followed throughout the deceleration process in 3D until their
energy falls below a predetermined level. The minimum energy is usually
set to < 5 eV for the incident ion, and a value that is less than the SBE of the
target material for the knock-on atoms. The SBE is usually approximated by
the heat of sublimation. Once a recoil atom moves into a position outside
the target surface it is considered a candidate for sputtering. 1f its energy
component normal to the surface is great enough to overcome its SBE, it is
registered along with its emission angle as a sputtered particle. If it the
energy component is less than its SBE, the atom is registered as being
reflected back into the sample and is tracked through further collisions.
TRIM may be used to quantify the average sputtering yield for an incident
ion (Ziegler, 2003).

TRIM was used to determine the projected range and sputtering yield for
500 Ga ions at 30 keV for Si and Cu at 0° and 89° incident angle and at §
keV for Si and Cu at 0° and 85° incident angle. The TRIM plots for these
conditions are shown in figure 11 and figure 12 respectively, where the full
scale for the ion trajectories is S0 nm (500 A). The sputtering yield is noted
in the lower right hand corner of each image.

Sputtering is a surface phenomenon. It is only the collision cascade
atoms that are in motion near the target surface that have the potential to
cause an atom to be ejected as a sputtered particle. Thus from a statistical
perspective, the more collisions that take place proximal to the surface, the
higher the sputtering yield will be. The position of the cascade is determined
by the nuclear stopping power of an ion in a given target material and the
incident angle of the beam with respect to the target surface. This is
illustrated in figures 11 and 12, where the ion trajectories for the Cu are
observed to be closer to the surface than the ion trajectories for Si at the
sanie energy and incidence angle. The sputter yield for Cu is
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Figure 2-12. TRIM ion trajectories for 500 5 keV Ga” ions in Si and Cu and 0° and 85°.
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correspondingly higher than that for Si at each incident angle shown. It
should be noted that the relative difference in sputtering yield between the
two materials is disproportionate to the relative difference in their melting
temperatures. Furthermore, the difference in sputtering yield between the
two materials decreases as the angle of incidence increases. This indicates
that although the dominant mechanism controlling sputter yield is bond
strength or SBE, the position of the collision cascade is also significant and
may be more of an influence at greater incident angles.

Figure 13 shows how the sputter yield varies as a function of energy for
Cu and Si at two different incident angles. The energy range modeled
between 5-30 keV is within the nuclear stopping range for this system. The
graph shows that the sputtering yield increases steadily with an increase in
accelerating voltage at an incident angle of 89°. At the higher incident angle
the collision cascade is confined in a region close to the surface. Thus, an
increase in accelerating voltage would statistically result in an increase in the
number of surface collisions with enough energy to overcome the SBE and
consequently increase the sputtering yield. When the beam is at normal
incidence with respect to the target surface an increase in accelerating
voltage would also statistically result in an increase in the number of
collisions cascade atoms with enough energy to overcome the SBE;
however, at normal incidence the predominant effect of an increase in the
accelerating voltage would be an increased projected range. Thus, the
collision cascade would be located deeper under the surface of the target,
subsequently mediating the effect of the increased energy of the cascade
atoms. The result is a less dramatic increase in sputter yield with an increase
in accelerating voltage at normal incidence. This is particularly evident in
the Si target where the relatively low stopping power is not as effective at
confining the collision cascade relative to Cu.



38 Chapter 2

30
Ga into Si at 0 degrees
25 | = = = Gainto Si at 89 degrees .=
Ga into Cu at 0 degrees - -
o 20 —— = Gainto Cu at 89 degrees . ” L.
K} ~ L.
> - .-
o ~ L=
£ 151 - AR
[9] -
s Lo
o 10 A /&‘

10 15 20 25 30
Energy (keV)

Figure 2-13. TRIM sputtering yields for 30 keV Ga+ ions into Si and Cu.

4.2 Dependence of Sputtering Yield on Target Material
and Incident Angle

Figure 14 shows the effects of incidence angle on the sputtering yield for
Si and Cu at 30 keV. Note that Y increases to a maximum and then
approaches zero for increasing angle of incidence. This maximum
sputtering yield occurs between ~ 75-85° depending in the material. It is
interesting to note that early uses of broad beam Ar ion milling for TEM
specimen preparation were generally performed at these angles of largest
sputtering yield. The work pioneered by Barna et al. (1990) soon showed
that these large sputtering yield angles were the worst possible angles in
which to prepare thin specimens due to the large topography (i.e., “pillows™)
that developed on these surfaces. Barna’s work showed that the best TEM
specimens were obtained when ion milled at glancing angles with respect to
the sample surface and at the lowest energy possible, thereby, producing a
flat and polished surface. These are the same glancing angles (i.e., ~ 89°)
that are now routinely used in FIB specimen preparation. The broad beam
Ar ion mill is now routinely used after FIB milling to replace FIB damage
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with a smaller amount of Ar milling damage (see discussion on FIB damage
elsewhere in this volume).
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Figure 2-14. Sputtering yield as a function of incidence angle for 30 keV
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Figure 2-15. Material dependence of sputtering yield for materials Z = 13-30 at various
angles of incidence from normal for 25 keV Gat. (Data modeled with TRIM*97).
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The material dependence of sputtering yield (Y(Z)) for a given set of
milling parameters is illustrated in figure 15. The results of detailed
calculations with full damage cascades modeled with TRIM for target
materials, Z = 13-30 bombarded with 25 keV Ga’ are shown in Figure 15
(and refer back to figures 11,12,13).

Figure 15 shows how the sputtering yield varies for different elements.
The position of the peaks and valleys with respect to the x-axis indicates that
periodic trends, associated with electronic structure of the elements, exert a
controlling influence on the sputtering yield. The positions of corresponding
peaks among the three data sets are invariant with respect to the incident
milling angle. This suggests that Y{(Z) remains consistent while the angular
orientation between the target and the beam is varied. Thus, a material with
a high relative Y(Z) will mill rapidly at any incident angle. As discussed in
section 4.2, this indicates a physical rather than a chemical control
mechanism for the angular variance of Y. Although the shapes of the three
curves mimic one other, they are not coincident. The relative position of
each curve with respect to the y-axis indicates the sputtering efficiency
associated with that particular incident angle Y(0) as also shown in figure
13. There is also some deviation between the magnitudes of corresponding
peaks with incident angle. This is also consistent with the data shown in
figure 13.

Figures 16a-d are SEM images of trenches milled with a 1000 pA beam
at the same fluence into Zn, Cu, Al, and Si, respectively. The images
provide a clear example of how different materials behave uniquely under
the influence of the ion beam. Relative trench depths are a good indicator of
relative Y(Z) with the incident angle, beam current, milling time, and
accelerating voltage held constant. The relative depth of the trenches in
Figures 16a-d yields a qualitative measure of the volume of material
removed for a given ion fluence. It should be noted that this experiment is
not intended to be presented as a rigorous quantification of Y{Z), but rather
as an generalization to demonstrate the relative periodic behavior of Y(Z) for
various materials.
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Figure 2-76. SEM images of cross-sectioned FIB trenches milled at 25 keV and constant
fluence for Zn, Cu, Al, and Si.

Figure 16a is the trench milled in Zn. The Zn trench is the deepest which
is consistent with the theoretical prediction that Zn will mill the fastest of the
four materials shown at Y(Zn) = 12.9 atoms/25 keV Ga' jon. The Zn also
shows the most severe sloping of the sidewalls. This is expected behavior
based on the concepts developed to explain redeposition as previously
explained. Figure 16b shows a trench milled in Cu. The relative trench
depth of Cu is also in agreement with the predicted relative Y(Cu) = 7.0
atoms/Ga” ion. Figure 16¢ shows that the Al does not show roughening
under ion bombardment at normal incidence. The trench floor and sidewalls
are relatively smooth having a minimum of discontinuities. The relative
depth is in accordance with the modeled Y(AI) = 3.5 atoms/Ga” ion. Figure
16d is the trench milled into Si. Of the four materials shown, the Si appears
to show the least amount of milling induced topography. The Si trench
sidewalls and bottom are relatively uniform, and excluding the non-vertical
sidewalls, the trench appears virtually free from the effects of redeposition as
observed by SEM. The relative trench depth observed in Si also conforms to
the predicted relative Y(Si) = 2.1 atoms/ Ga" ion.

The periodic fluctuations in sputtering yield demonstrated in the previous
section are manifestations of the influence that the interatomic potential
exerts on the physical properties of a given material. Thus, range data and
sputtering yields predicted by computer modeling, as well as the supporting
empirical results show that material dependent properties of a solid are
governed by the forces that bind the constituent atoms together.
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When the data described above are combined with some other well-
established periodic trends, such as T,, as shown in Figure 17, it becomes
evident that there are very useful correlations to be formulated. Sputtering
yield exhibits an inverse correlation with T,,. This type of relationship is
intuitive since T,, is direct indicator of bond strength. The more tightly
bound an atom is, the more difficult it will be to eject it as a sputtered
particle.
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Figure 2-17. The correlation between sputtering yield at 80° angle of incidence and melting
temperature for elements, Z = 13 through 30 and a 25 keV Ga+ beam (Data modeled with
TRIM’97).

It has been established that material dependent milling induced behavior
is influenced by the same interatomic forces that govern other periodic
behaviors of the elements. Therefore, phenomena such as sputtering yields
and range distributions can themselves be regarded as periodic properties of
the elements. This allows the familiar and available periodic table to be used
as a tool for predicting milling behavior. Predictions of how an unfamiliar
material may respond to Ga' milling has many practical implications for FIB
applications.
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4.3 Ion Channeling

In the discussion of range, stopping power, and sputtering behavior
above, it was assumed that the target was disordered, i.e., amorphous. It was
observed that the factors that affect sputtering include the atomic number
(i.e., mass), energy, and angle of incidence of the ion beam, the mass of the
target, and the SBE of the target. The phenomenon of ion channeling occurs
in crystalline materials. Channeling is a process whereby ions may penetrate
greater distances along low index directions compared to non-channeling
directions or amorphous materials. Channeling thereby increases the range
of ions, moving the collision cascade further from the surface. Since
channeling influences the ion range (i.e., the shape of the collision cascade),
it also has dramatic affects on image contrast, damage depths, and sputtering
yields.

Ion channeling is responsible for the varying contrast in secondary
electron images for polycrystalline samples (Franklin et al., 1988; Kola et
al., 1993). Channeling centrast results because the secondary electron yield
varies as a function of crystallographic orientation within the sample. Thus,
a single crystal region (i.e., a grain in a polycrystalling sample) will appear
darker when it is aligned (or nearly aligned) to a low index direction due to a
decrease in the number of emitted secondary electrons. Figure 18 below
shows an example of the dramatic channeling contrast observed for a
polycrystalline Cu specimen. There are many other examples of images
showing channeling contrast in this velume.

Ion channeling will also decrease the sputtering yield of a material, the
physics and mathematics of which may be found elsewhere (Lindhard, 1964;
Onderdelinden, 1966; Sprague et al., 1987; W, Palmer et al., 1990; Hosler et
al.,, 1993). Figure 19 shows secondary electron FIB image of FIB milled
trenches in a Cu bicrystal showing differences in sputtering yield with
channeling effects (Kempshall et al. 2001). The interesting feature to note in
Figure 19 is the correlation between the ion channeling contrast and the
milling characteristics. When a grain is oriented to the [100] channeling
direction, the milling characteristics of the Cu improve as evident by the flat
trench bottoms and clean trench walls. Conversely, the trench milled in the
grain that is not aligned with the [100] direction has poor milling
characteristics as evident by the rough trench bottom and the sioped trench
wall, which is consistent with redeposition effects via an increase in
sputtering rate as described above. Furthermore, it is clearly evident by the
differing depths in the 24 pm x 2 pum trench that the non-channeled side of
the trench mills quicker than the chanueled side of the trench. Since the ion
channeling contrast has been shown te be directly proportional to the
sputtering yield, the differences in milling characteristics can be accounted
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for by looking at the mechanism that affects both the contrast and the
sputtering yield, specifically, channeling. Figure 19 also shows how
channeling affects both image centrast (i.e., the generation of secondary
electrons) as well as sputtering yield. Figure 20 shows a secondary electron
FIB image of the UCF pegasus logo FIB milled into adjacent grains of a
10°/[100] twist boundary. Note that the right grain is aligned to the [100]
direction and shows dark contrast, while the left grain oriented 10° from
[100] shows bright contrast. The faster sputtering left grain also shows
enhanced redeposition artifacts on the sidewalls of the cuts, again showing
the relationship between sputtering rate and redeposition artifacts.

(¥ L

Figure 2-18. An ion induced secondary electron image illustrating channeling contrast ina
FIB polished polycrystalline Cu sample (sample couriesy of S. Merchant).
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Figure 2-19. Secondary electron FIB image of milled trenches in a Cu bicrystal indicating
differences in sputiering yield with channeling effects.

Figure 2-20. A secondary electron FIB image of the UCF pegasus loge FIB milled into
adjacent grains separated by a 10%{100] twist boundary.
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The relative channeling contrast that is observed from one material to the
next depends mainly on the interatomic planar distances, the atomic density
of the target material, and the Thomas-Fermi screening length. In the case
of using 30keV Ga' as the incident ion, ion channeling is significant for
materials that have close packed crystal structures with higher atomic
densities like Al, Cu, Ni, and Au and less significant for materials that have
lower atomic densities like Si. As a result, the amount of ion channeling
contrast, and hence, differential sputtering observed for a material like Cu is
significant, while Si tends to not yield a readily observable amount of ion
channeling contrast or differential sputtering,

S. ION IRRADIATION DAMAGE IN MATERIALS

S.1 Amorphization

An inherent ion-solid interaction in the FIB process is the result of ion
implantation into the target sutface. The degree of ion implantation depends
on ion energy, angle of incidence, ion species, and target material as
discussed above. Sample preparation by FIB uses the process of ion
bombardment to selectively remove material. Atoms that are displaced from
their equilibrium pesitions by the impingement of energetic icns generate a
collision cascade within the target material. Sputtering occurs if sufficient
momentum is transferred to a surface atom. One consequence of ion
implantation can be the development of a surface amorphous phase. The
amorphous phase induced in crystalline materials by ion bombardment is
typically metastable, and its formation depends on unit cell size, complexity
of chemical ordering, and the width of an intermetallic phase field (Nastasi,
24). The restoration of the collision cascade induced disorder requires
correlated and cooperative motion of alloying atems. The more complex the
material unit cell, the larger the amorphous layer will be. Likewise, smaller
unit-celled materials are difficult to amorphize. Additionally, alloys or
materials with a broad phase field will remain crystalline, since the atomiic
packing arrangement is less stringent than line compounds or stochiometric
intermetallics. Consistent with the discussion above, we have observed that
Si amorphizes when FIB milled, while Cu does not {(Matteson et al., 2002).
It should be noted that Cu has been observed to form a Cu;Ga phase when
FIB milled at certain crystallographic directions (see chapter by Phaneuf in
this volume).
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5.2 Local Heating in FIB Milled Surfaces?

Averbeck et al. (1994) have used molecular dynamics simulations to
investigate the collision cascade during ion bombardment in crystalline
materials. An example of a [0 keV Au particle impinging on a (100} Au
surface is shown in figure 2!. At the onset of particle bombardment (figure
21a), displaced atoms are observed within the collision cascade.
After ~ 1ps (figure 21b), the atoms in the collision cascade are in such
disorder that they may be considered to be a liquid. This disorder continues
through to ~ 4ps (figure 21c). However, between ~ 10 ps (figure 21d) to ~
20 ps (figure 21e), the atoms in the collision cascade begin to relax or “self
anneal” back into their equilibrium lattice positions. The entire process is
over within ~ 30 ps (figure 21f) and the atomic region that included the
collision cascade is shown to consist of crystalline point defects. Thus, for
the simple centered-close-packed Au structure, jon bombardment results in
the generation of crystalline defects. In addition, local heating by the FIB
process is restricted to the region defined by the collision cascade. Since the
small FIB beam must be rastered over an area in order for milling to occur
(conirary to broad beam ion milling where a sample region may experience
constant bombardment by the impinging ions), where the beam dwell times
are on the order of micro-seconds, heating effects for most materials may be
deemed to be negligible. In our lab, we have only observed one case in a
proprietary pelymeric material where beam damage was so extensive that a
thin TEM membrane could not be prepared. Thus, any specimen “heating”
due to FIB milling will be confined to the collision cascade which is on the
order of a few tens of nanometers or less for most materials.
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Figure 2-21. MD simulation of'a 10 keV Au particle on a (100} Au surface (Averbeck et al.,
1994, used with permission, Joumal of Applied Physics, © American Institute of Physics)

5.3 Amorphization vs. Redeposition

There seems to be some disparity in the literature as to how much Ga is
actually implanted in materials, and how much amorphization damage is
expected to occur in certain materials. There is a distinct difference between
damage due to inherent jon-solid interactions and redeposition artifacts
(Rajsiri et al., 2002). FIB milled side-walls in Si were cross-sectioned using
the FIB in-situ lift-out technique as described elsewhere in this volume. As
shown by figure 22, the damage along the side-wall actually consists of two
distinct regions. The bright contrast region adjacent to the single crystal Si
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shows ~ 20 nm of amorphization damage. Between the amerphization
region and a protective Cr layer is a region of darker contrast (~ 50 nm).
XEDS spectra obtained from the dark region shows large amounts of Ga
(~37 wt % or ~ 15 at %) in Si. As shown by figure 22, ~70% of the incident
Ga" ions may be backsputtered during FIB milling at the large incident
angles used FIB milling sidewalls. This dark region in the bright field TEM
image is consistent with mass/thickness contrast and thus clearly indicates a
redeposition Jayer containing sputtered Si and Ga plus backsputtered Ga.

Figure 2-22. Cross-section TEM image of the side-wall of Si FIB milled with 30 keV Ga'
ions at 1000pA showing an amorphization region and a redeposition region,

If a simple case is considered where 100 Ga® ions bombard a Si surface
at 89° and 30 keV, then 70 jons will be backsputtered, and the remaining 30
ions will produce ~ 600 sputtered Si atoms. Assuming that no backsputtered
ions will contribute to the Si sputter yield, and neglecting that steady state
sputtering also removes implanted Ga ions, then ~ 10 at % Ga will be
available in the sputtered material. Thus, the ~ 15 at % Ga that is observed
in the redeposition region is consistent with the amount of Ga that is also
available in the sputtered particles in this simple comparison.

The amorphization layer yielded ~ 0.4 wt % Ga (0.16 at %) within this
region, XEDS results obtained from the Si just below the amorphization
region showed ~0.1 wt % Ga. This implies that the amount of Ga implanted
into the crystalline Si is on the order of the resolution of the XEDS
technique. These results are also less than that predicted by Ishitani et al.
discussed in section 1.3 above, although the differences may be explained
due to differences in incident angles. The importance of these results is that
any significant amount of Ga observed in FIB milled Si (i.e., > 1 wt %) is
due to redeposition artifacts and not due to inherent jon-solid interactions,
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6. SUMMARY

The basics of ion-solid interactions particular to FIB milling have been
presented. The concepts and methods to model ion range, sputtering, and
ion irradiation damage have been reviewed. It was shown that materials
subjected to bombardment by energetic ions tend to exhibit microstructural
and topographical distuption. The response of a given target material fo the
ion beam is strongly dependent on factors such as beam current, incident ion
energy, trench/feature geometry, raster pattern, and milling angle. Many of
the artifacts that are typically associated with FIB prepared TEM specimens
are due to redeposition and not to inherent ion-solid interactions, Problems
associated with redeposition (i.e., exaggerated sidewall sloping, formation of
undesired topegraphy, or the inclusion of high levels of Ga® in the specimen)
are controllable. Redeposition is enhanced by factors that increase the rate
of sputtering and/or restrict the removal of the sputtered material from the
active milling site. The sputtering rate is increased by increasing the beam
current, and/or changing parameters that increase the sputtering yvield {e.g.,
milling at an incident angle of ~80°, milling a material with an inherently
high sputtering yield, or crystallographic effects). The removal of sputtered
material from the active milling site js particularly impeded when milling
high aspect ratio trenches. Redeposition related artifacts may be minimized
by understanding and selecting appropriate combinations of the milling
parameters (e.g., reducing the beam current when milling a material with an
inherently high sputtering yield).

Material inberent properties such as sputtering yield or stopping power
are dictated by the same interatomic forces that govern other periodic
behaviors of the elements. Therefore, phenomena such as sputtering yield
and range distributions can themselves be regarded as periodic properties of
the elements. This allows the familiar periodic table to be used as a tool for
predicting milling behavior.

The objective of the FIB LO method is to rapidly produce a high quality
electron transparent membrane to be imaged in the TEM. Because a TEM
specimen must be representative of the bulk microstructure, any
modifications that the specimen might incur during the preparation process
must be well characterized. An understanding of the fundamental jon/solid
interactions that govern the milling process as outlined above insures the
accuracy of the information obtained from an FIB prepared TEM specimen.
Such an understanding of ion/solid interactions can also be used to predict
milling behavior of novel materials, improve overall specimen quality and
increase the success rates for FIB EM specimen preparation,



2. lon-Solid Interactions 51

ACKNOWLEDGEMENTS

The authors would like te thank the I4/UCF/Cirent/Agere Partnership,
NSF DMR #9703281, AMPAC, Florida Space Grant Consortium, Florida
Solar Energy Center, and the DOE OIT program for financial support.
Special thanks to Jeff Bindell for his undying support of the
UCF/Cirent/Agere partnership.

REFERENCES

American Society for Testing and Materials. E1620-97, “Standard Terminology Relating 1o
Liquid Particles and Atomization,” in Annual Book of ASTM Standards v. 14.02 General
Test Methods; Forensic Sciences; Terminology: Conformity Assessment; Statistical
Methods, ASTM International, West Censhohockon, PA, v.14.02 (1997)

Andersen HH and Bay ML, “Sputtering Yield Measurements,” in Sputtering by Particle
Bombardment I, Physical Sputtering of Single-Elemeni Solids, ed. R Belwisch, Springer
Verlag, Berlin, 145-218 (1981).

ANSI N1.1-1976, American National Standards Glossary of Terms in Nuclear Science and
Technelogy, American National Standards Institule New York, NY (1976)

Averbeck RS, Ghaly M, “A Mode! for Surface Damage in Ion-Jrradiated Solids,” Journal of
Applied Physics, 76, 6, 3908 (1994),

Bama A. Barna, PB, Zalar A, “lon Beam induced roughness and its cffect in ALS depth
profiling of multilayer Ni/Cr thin films,” Surface and Interface Analysis, 12 1-2, 144-150
(1988).

Barna A and Bama PB, Zalar, A, “Analysis of the development of large area surfacc
topography during ion etching,” Vacuum, 40, 1-2, 115-120 (1990).

Behrisch R, “Introduction and Overview,” in Sputtering by Particle Bombardment 1, Physical
Sputtering of Single-Element Sclids, ed. R Bebrisch, Springer Verlag, Berlin, 1-8. (1981).

FEI Focused lon Beam Application Note, “High Aspect Ratio Hole Drilling Using FIB
Enhanced Etch Process,” FEI Company 7451 NE Evergreen Parkway; Hillsboro, OR
97124, (1993).

Franklin RE, Kirk ECC, Cleaver JRA, and Ahmed H, Journal of Materials Science Letters 7,
39 (1988).

Gibbons JF, Johnson WS, Mylroic SW, Projected Range Statistics: Semiconductors and
Related Materials, Dowden, Hutchinson, and Ross. Inc. Stroudsburg, PA, pp. 3-27. {1975).

Hosler W and Palmer W, Surface and Interface Analysis, 20, 609 {1993).

ICRP 60-1990, “Recommendations of the International Commission o Radiclogical
Protection,” in Annals of the ICRP Vol. 21/1-3 Edited by 1CRP (1991)

Ishitani T, Tsuboi H, Yaguchi T, and Koike H, “Transmission Electron Microscope Sample
Preparation Using a Focused Ion Beam,” I. Electron Microse., Vol 43, pp. 322-26 (1994).

Kempshall BW, Schwarz SM, Preniteer BI, Giannuzzi LA, and Stevie FA, “lon Channeling
Effects on the FIB Milling of Copper,” Journal of Vacuum Science & Technology B.
19(3), 749-754 (May/Jun 2001).

Kola RR, Celler GK, and Harriot LR, Materials Research Society Symposivm Proceedings
279, 593 (1993).



52 Chapter 2

Liau, ZL and Mayer, JW, “lon Bombardment Effects on Material Composition,” in Treatise
on materials Science and Technology , ed. T K Hirvonen, Academic Press, New York, NY
17-50 (1980)

Lindhard J, Scharff M, and Schiott HE, “Range Concepts on Heavy lon Ranges™ (Notes on
Atomic Collisions II), Mat. Fys. Medd. Dan. Vid. Sclsk. 33, No. 14, p15. (1963).

Lindhard J, Physics Letters 12, 126 (1964).

Matteson TL, Kempshall BW, Schwarz SW, Houge EC, and Giannuzzi LA, “EBSP
Investigation of Focused Ien Beam Surfaces,” Journal of Electronic Materials, 33(1). 33-
39 (2002).

Nastasi M, Mayer JW and Hirvonen JK, Ion-Sclid Interactions: Fundamentals and
Applications. Cambridge University Press, Great Britain, (1996).

Onderdelinden D, Applied Physics Letters 8, 189 (1966).

Orloff J, Utlaut M, and Swanson L, High Resolution Focused lon Beams: FIB and its
Applications, Kluwer Academic/Plenum Publishers, NY, {2003).

Palmer W, Wangemann K, Kampermann S, and Hosler W, Nuclear Instruments and Methods
in Physics Research B 51, 34 (1990).

Prenitzer B], Giannuzzi LA, Newman K, Brown SR, Irwin RB, Shotfher TL, and Stevie FA,
“Transmission Electron Microscope Specimen Preparation of Zn Powders Using the
Focused Ion Beam Lift-Out Technique,” Met. Trans. A, Vol. 29A, pp. 2399-2405. (1998).

Prenitzer, BI, “Investigation of Vartables Aifecting Focused fon Beam Miiling as Applied to
Specimen Preparation for Electron Microscopy. A Corrclation Between Monte Carlo
Based Simulation and Empirical Observation, Ph.D. Dissertation, University of Central
Florida, {1999).

Rajsirt S, Kempshall BW, Schwarz SM, and Giannvzzi LA, “FIB Damage i Silicon:
Amorphization or Redeposition?.” Microsc. and Microanal. 8§ (Suppl. 2), Microscopy
Society of America, 50-51 (2002).

Sigmund, P., Sputtering by Ion Bombardment: Theoretical Concepts, in Sputtering by Particle
Bombardment [: Physical Sputtering of Single Element-Solids, R. Behrisch. ed., Topics in
Applied Physics vol. 47 (Springer-Verlag, Berlin), (1991). :

Sprague JA, Malmberg PR, Reynolds GW, Lambert JM, Treado PA, and Vincenz AM,
Nuclear Instruments and Methods in Physics Rescarch B24/25. 572 (1987).

Tartuani M, Takai Y. Shimizu R, Uda K, and TakahashiH, “Development of a Focused lon
Beam Apparatus for Preparing Cross-Sectional Electron Microscope Specimens,” Tech.
Rep. Osaka Univ., Vol. 43. No. 2143, pp. 167-73. (1993).

Thayer ML, “Enbanced Focused Ion Beam Milling Applications,” ISTFA 93, Proc. Int.
Symp. Test. Failure Anal., 19th, pp. 425-29 (1993).

Townsend PD, Kelly R, and Hartly NEW, lon Implantation, Sputtering and Their
Applications, Academic Press, pp. 137-42 (1976).

Walker JF, “Focused Ton Beam Applications Using Enhanced Eich,” FE] Company 7351 NE
Evergreen Parkway; Hillsboro, QR 97124 (1993).

Yamaguchi H, Shimase A, Haraaichi S, and Miyauchi T, “Characteristics of Silicon Removal
by Fine Gallium Ion Beam,” J. Vac. Sci. Technol. B3(1), pp. 71-4 (1985).

Zeigler JF, Biersack JP, and Littmark U, The Stopping Range of Jons in Solids, Pergamon
Press, New York, (1985).

Ziegler, J.F., SRIM 2003, www.srim.org



Chapter 3

FOCUSED ION BEAM GASES FOR DEPOSITION
AND ENHANCED ETCH

F. A. Stevie, D. P. Griffis, and P. E. Russel!
North Carolina State University, Analyrical Instrumentation Facility, Roleigh, NC 27695

Abstract: The utility of a focused ion beam {[1B) to provide material removal for
micromachining via sputtering with resolution of better than 10 nm has led to
meany important applications. In addition, FIB combined with a gas scurce
containing the chemical precursors for deposition of materials or for enhanced,
selective material removal provides the capabilities for a much wider range of
micremachining applications. This chapter introduces FIB material deposition
and chemically enhanced material removal processes, lists some of the FIB
chemical precursors in common use and discusses the parameters for their use,
and presents several examples.

Keywords: Deposition, enhanced etch, gas sources

1. PROCESS

The material deposition and enhanced material removal processes are
similar in that the focused ion beam interacts with a gas phase chemical
precursor that is adsorbed on the surface of the sample. Both the material
removal and deposition processes utilize essentially the same
instrumentation. The chemical precursors are obfained from a gas, liquid, or
solid source that can be heated if required to produce the desired vaper
pressure. A valve admits the chemical precursor gas to the sample chamber
through a narrow delivery tube. The tube or needle, which directs the gas
toward the surface of the sample, is similar in dimensicns to a hypodermic
needle (~0.5 mm) and can be manipulated for proper positioning with
respect to the specimen surface. This experimental arrangement is shown
schematically in Fig. J.
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The precursor gas density desired at the sample surface is obtained via
regulation of the precursor gas flow and by the proximity of the end of the
needle with respect to the sample surface (approximately 100 um). (Xu,
1993). The rate of precursor flow is controlled by suitable adjustment of the
temperature of the chemical precursor to control precursor vapor pressure
combined with either a leak valve or a limiting aperture to control flow.
Additionally, the use of a smaller diameter needle can be used increase the
local precursor pressure at the sample surface, but the use of too small a
needle can lead to clogging. Multiple precursors can be accessed through
several individual precursor sources/needles or by using a manifold and a
single needle.

ION COLUMN
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Figure 3.1. Schematic of FIB instrument with gas introduction system for material deposition
or enhanced material removal, From Ratta, 1993, with permission of author and American
Institute of Physics.

Both the FIB induced deposition and material removal processes involve
adsorption of the chemical precursor onto the sample surface followed by
deposition of energy by the focused ion beam. This deposition of energy by
the ion beam results in a chemical reaction involving the precursor, and,
particularly when it is desired to control material removal rate, with the
sample surface. The FIB induced chemical reaction can result in deposition
of material or provide material removal selectivity. For material deposition,
a precursor is selected that will decompose into non-volatile products having
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desired materials properties depending on the application, For material
removal control, chemical precursors are selected either to retard or enhance
the sputtering rate of the sample. To retard the removal rate of a material, a
precursor is selected that reacts with the substrate to form reaction products
that are non volatile and have a reduced sputtering rate. To enhance the
material removal rate, a precursor is selected that will react with the
substrate to produce volatile products or products which have a higher
sputtering rate than the native sample material.
Fig. 2 shows the spatial relationship of the gas source, the Ga' focused

ion beam, the sample surface, and the volatilized and sputtered species.

Ion Beam

volatile
products

sputtered
species

moeoin N

/H I

Figure 3.2. Schematic drawing of deposition/controlied material removal process. The
enhanced etch process is shown. If adsorbed gas decomposes to non-volatile products, then
deposition will take place.

In order to optimize the micromachining process, whether for material
deposition or chemically enhanced material removal, a detailed
understanding of the micremachining process (Harriot, 1993; Bannerjee,
1993} is required. The micromachining process can be broken down into
two separate components, precursor deposition and focused ion
beam/precursor/sample interaction, which must both be controlled with
respect to the other to obtain optimum micromachining,

First consider non-chemically enhanced FIB material removal. For this
process, the focused ion beam is digitally steered in a repeating raster pattern
as shown in Figure 3. To form the raster, the digitally steered focused ion
beam is stepped in a serpentine pattern over the area to be micromachined.
When the farthest extreme of the raster scan is reached, the FIB is quickly
stepped back to the beginning of the pattern and the pattern is repeated.
Generally, the raster scan is repeated many times. The size of the beam
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steps in the raster pattern is usually set to equal one half of the FIB beam
diameter in order to provide sufficient beam overlap ensuring that the
rastered area is uniformly exposed to the FIB ions, i.e., the FIB ion dose
(ions/cm?) is uniform. Thus the diameter of the focused ion beam and the
size of the rastered area dictate the number of beam steps or the number of
pixels in the raster. The number of pixels and the time per pixel determine
the time required to complete one raster which is called the raster refresh
time.

For chemically enhanced FIB material removal, each pixel of the rastered
area must adsorb or otherwise have available an optimal amount of the
chemical precursor. If there is too little precursor with which the FIB
ions/sample surface can interact, the optimal (highest) material removal rate
will not be achieved. 1f there is too much precurser adsorbed, the FIB must
remove the excess precursor before sample material can be removed and the
material removal rate is again reduced as compared to the optimal rate. The
amount of precursor available for reaction js determined by three
parameters: 1) the precursor flux or the amount of precursor impinging on
the rastered area per unit time; 2) the combination of the precursor sticking
coefficient and the evaporation rate which determine the likelihood of an
impinging precursor molecule remaining on the sample surface; and 3) the
raster refresh time which determines the amount of time for the precursor to
collect on the surface before being impinged upon by the FIB ions.
Assuming that optimum coverage of a pixel by the precursor has been
achieved (most often a single monolayer of the precursor), optimum
utilization of the adsorbed precursor molecules depends on the proper
selection of the focused ion beam current or flux and the pixel dwell time
which in combination determine the pixel dose or the number of FIB ions
impinging on a particular pixel diameter during the pixel dwell time, If too
few FIB ions impinge on the pixel during one pixel dwell time, all precursor
molecules coving that pixel area will not be reacted and thus will not be
utilized for material removal rate enhancement. If too may FIB ions
impinge on the pixel, the material removal rate enhancing precursors will be
consumed before the pixel dwell time elapses and the removal rate will
revert to the material removal rate resulting from physical sputtering only.

While theoretically possible, it is difficult to calculate the optimum
parameters for chemically enhanced FIB material removal (Harriot, 1993).
In practice, the optimuwn micromachining parameters can be experimentally
determined by systematically varying FIB ion current, pixel dwell time,
raster refresh time or precursor flux while holding the remaining parameters
constant (e.g.,, Harriot, 1993; Stark, 1995). In these experiments, the
material removal yield, i.e., the volume of sample material removed per
incoming FIB ien, is determined as the selected experimental parameter is
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varied and the other parameters held constant. The combination of results is
then analyzed to determine the set of experimental parameters that provide
the optimal removal rate.

While the discussion above has focused on enhanced material removal,
the micromachining parameters discussed above also apply to FIB induced
material deposition and to chemically enhanced selective material removal
whether through retardation or enhancement of material removal rate, All
FIB processes based on chemical precursors are dependent on the
combination of FIB ion current, pixel dwell time, raster refresh time and
precursor flux chosen for a particular process. Finally, while most
micromachining is performed using the raster scanning method described
above, there are specialized cases when more exotic beam scanning
strategies, both with and without the use of chemical precursors, are used
(Thaus, 1996; Casey, 2002).

B3
I

Figure 3.3. Drawing showing exposure parameters. The beam is repeatedly scanned over the
milled area. (Area = LXW, beam step = d, and beam diameter = d;} From Stark, 1995, with
permission of author and American Institute of Physics.

2. DEPOSITION

FIB induced material deposition provides the ability to deposit useful
materials on almost any solid surface with very high (nanometer) spatial
precision. FIB material deposition is currently commonly employed for
deposition of conductors and insulators for IC circuit edit and for deposition
of material to mask or protect the sample surface during FIB
micromachining for cross section analysis, for TEM/STEM sample
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preparation and other micromachining applications {Bannerjee,1993;
Giannuzzi, 1999; Yaguchi, 1999). The high precision and resolution of FIB
material deposition also provides the ability to construct novel
microstructures which many believe will have increasing application in the
future (discussed below),

For FIB induced material deposition to occur, a precursor must have two
properties. The precursor must have a sufficient sticking probability to stick
to a surface of interest in sufficient quantity, and it must, when bombarded
by an energetic ion beam, decompose more rapidly than it is sputtered away
by the ion beam. A commonly utilized example of FIB material deposition
employs the precursor W(CO), which decomposes to W (with volatile C and
O containing compounds given oft) for deposition of W (see discussion
below). Although the deposited material also contains significant Ga and C,
the deposited W containing material is sufficiently conductive to be
technologically useful by providing the capability to perform circuit rewiring
for FIB IC edits.

To optimize the precursor flux available for FIB induced material
deposition, the precursor injector needle must be positioned as close 1o the
area as possible and must be oriented such that the precurser impinging on
the area is maximized. On non planar samples, any obstruction that would
interfere with precwsor flow to the deposition site must be avoided.
Following precursor injector needle positioning, for optimal FIB deposition
rate and material composition, a combination of FIB current, pixel dwell
time, raster refresh time and precursor flux must be chosen. For a given
precursor flux and focused ion beam current, a pixel dwell time and refresh
time must be defined to allow sufficient build up of the precursor at each
pixel before the rastered ion beam returns to that pixel. The pixel dwell time
must be sufficienily long to decompose as much of the available precursor as
possible as completely as possible, but short enough to remove the minimum
amount of material via sputtering. If the dwell time/refresh time/ion current
is not optimum, the deposition rate will be slowed. In addition, the
deposited materials properties will not be optimum due to incomplete
decomposition resulting in incorporation of unwanted impurities. In the
extreme, sample sputtering will occur and a crater will form where the
deposition was to take place. It must be remembered that these parameters
will vary with the area over which deposition is desired. For example, if FIB
induced deposition conditions are optimized for a 10um by 10um area and
those same micromachining parameters are used for a Ium by 1jum area, it is
highly likely that a hole will be sputtered in the sample. The reduction of the
area by 100 will reduce the refresh time by 100 and insufficient precursor
will deposit between exposures of a given pixel. The precursor will be
quickly decomposed and then be sputtered away along with significant
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amounts of the sample. Unintenticnal sputtering of a sample as a result of
an improper poor choice of deposition conditions is presented in the left
micrograph in Figure 4 (Mohr, 1993). The right micrograph in Figure 4
shows the result after more appropriate deposition parameters are selected.

6.2?5?{ 38KV KD:22MM  5:088808 P:68216

Figure 3.4. Examples of effect of choice of deposition parameters on quality of
deposition. The lefl figure shows a poor deposition for tungsten deposited with 135 ps
dwell and 0.16 pm step size, because the sputtering rate exceeds the deposition rate. The
figure on the right shows that tungsten deposited with 0.3 pis dwell and 0.6 pm step size
provides a good deposition. From Mohr, 1993, with permission of ASM International.

Of the many precursors that have been successfully used for FIB
deposition (See Table 1), those whose FIB induced decomposition results in
metal deposition (e.g. W, Pt, Au, Al, and Cu) are the most commonly used
(Overwijk, 1993, Mohr, 1993, Ro, 1994). The microstructure, composition
and resistivity of the deposited metals varies. FIB deposited Pt and W films
are amorphous, but FIB deposition of Cu and Av produces polycrystalline
films, W and Pt are by far the most commonly deposited metals (See Pt
example in Figure 5) and are routinely and mostly interchangeably used for
semiconductor circuit edits and as a surface protection for SEM or
TEM/STEM specimen preparation.

All deposited films contain not only the desired metals but also
incorporate impurities from the incompletely decomposed precursor and
contain Ga from the focused ion beam (See Table 2). The percentage of
contamination can vary significantly depending on the deposition conditions,
but in all cases, the amount of gallium and carbon is a significant amount of
the total. Depositions made using high pixel dose have Jower resistivity and
fewer contaminants compared with those deposited using low pixel dose
although the material deposition rate is lowered under the high pixel dose
conditions (Li, 1994; Telari, 2002). While the presence of these impurities
increases resistivity e.g. 250pQcm for the FIB deposited W film versus
5.5uQcm for pure W (Langfischer, 2002), the resistivity is sufficiently Jow
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for IC circuit editing except when exceptionally long conductors must be
written. It has also been shown that resistivity varies with the thickness of
the FIB deposited metal film. For example, during the initial stages of
deposition, resistivity for a W film was relatively high. While increasing
thickness initially resulted in decreased resistivity, a limit in this decrease
was reached. In one study, the resistivity of a W film decreased with
thickness until a film thickness of about 0.2pm was reached (Langfischer,
2002). For IC device edits, the practical length limit for an edit is ~1000 um
at which point signal delays can become significant because of the total
resistance of the line. This length is also a practical limit in terms of
deposition time. Longer conductors are usually deposited using other
methods such as plating or by deposition by decomposing an adsorbed
precursor using an ultraviolet beam (Van Doorselaer, 1993; Van Doorselaer,
1994).

Figure 3.5. A FIB induced platinum used to connect two metallization lines on an
integrated circuit. The Pt deposition resulling from each pass of the ion beam and the layer
accumulation can be discerned. The width of the deposited line on the right Jcading up to
the top of the page is 2pm (Jim Cargo, Agere Systems)
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Table {. Common deposition gases and source lemperature

Element  Precurser gas

W Tungsien Hexacarbonyl, W(CQ);  55°C

Pt Methylcyclopentadienyl platinum  30° C (melting point)
trimethyl, {CH,)5(CH;CsH,)Pt

Al Trimethylamine alane (TMAA), 25° C, 1 tosr vapor pressure

(CH;)NAIH,

Si0; O- and tetracthoxysilanc (TEQS)

Si0, O, and tetramethoxysilane
{(TMQS), Si{OCH;),

C Phenanthrene

1uble 2 Composition and resistivity of deposited metals

Metal Compesition (metal:C:Ga:0) Resistivity (Lohm-cm)
W 75:10:10:5 150-225
Pt 45:24:28:3 70-700

While deposition of metal films is the most common application of FIB
induced deposition, the deposition of insutating materials is also of great
technological importance. The FIB induced deposition of silicon oxide is
used commonly used for complex 1C device edits where space is limited and
micromachining through more than one set of alternating conductor and
insulator layers is required In order to aveid unintended connection of FIB
deposited metal layers with sample conducting layers, a layer of insulator
must be often be FIB deposited. There are many cxamples for insulator
deposition presented in the literature. (Young, 1995; Campbell, 1997,
Edinger, 1998).

Other applications of FIB induced material deposition include
lithography mask repair and the fabrication of three dimensional structures.
The almost limitless range of applications for a focused ion beam system
with deposition capability is exemplified by the capability of producing three
dimensional objects with nanoscale resolution. Perhaps the best example of
this capability is the work by Matsui (Matsui, 2000; Hoshino, 2003; Morita,
2003). Using phenanthrene as the precursor and innovative software for
writing three dimensional structures, both fanciful (See figure 6) and
potentially technological useful structures have been fabricated. A 30 keV,
0.4 pA Ga' beam with diameter of 7 nm was used to decompose the
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phenanthrene to diamond like carbon to fabricate the structures shown in
Figure & a and b. Although the spaceship in Figure 6a is quite fanciful, it
ably demonstrates the level of complexity that can be attained uvsing this
technique. The wire structures in figure 6 b show promise for more practical
application. A 4um length of 110nm diameter diamond like "wire” of the
same composition of those used in Figure 6b had a resistance of 600M£2
indicating a resistivity of approximately 100Qcm.

(b) SIM image (tilt 45deg )

Figure 3.6, 312 space ship fabricated of diamond produced by FIB induced
decomposition of phenanthrene precursor. From Hoshine, 2003, with permission of author
and American Institule of Physics.
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Figure 3.7. SEM micrographs of (a) fiee space wiring with bridge shape, (b) frce space
wiring with paralle] resistances. Both are fabricated of diamond produced by FIB induced
decomposition ol phenanthrene precursor. From Merita, 2003, with permission of author and
American Institute of Physics

3. ENHANCED ETCH

The reliance on physical sputtering alone for material removal using FIB
has significant disadvantages. Material removal rates are often an order of
magnitude slower than those obtained using a suitable removal rate
enhancing chemical precursor gas. In addition, the lack of precursor
enhanced volatility of the material physically sputtered from the sample can
result in unwanted redeposition of the material. This redepesited material
can result in short circuits after 1C edit and often limits the obtainable aspect
ratio of a micromachined feature to 10.  Physical sputtering alone can also
produce unwanted selectjvity and thus unwanted topography due to
differential sputtering rates, particularly in polycrystalline materials. The
topography resulting from uneven material removal is often sufficiently
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severe to make unenhanced FIB micromachining (FIBM) of materials
exhibiting these sputtering properties impractical. The need for rapid,
controlled material removal is such that most practical FIBM tasks rely on
chemical precursors for material removal enhancement,

The ideal precursor gas for chemically enhanced focused ion beam
micromachining (CE-FIBM) of a particular material must provide the
desired material selectivity, most often material removal rate enhancement,
desired while avoiding any deleterious effects. The ideal precursor has a
high sticking coefficient for the material to be micromachined and only
chemically reacts with the material when bombarded by the Ga* focused ion
beam. The ideal precursor does not spontaneously chemically react to
produce unwanted residues, byproducts or velatility; does not react with the
components of the FIB system; and does not require specialized chemical
handling techniques due to corrosiveness, toxicity or environmental issues
(Thaus, 1996).

The precursor gas chosen for a specific CE-FIBM process must, when
bombarded by the focused ion beam, react with the maierial for which
material removal rate enhancement or selectivity enhancement is desired.
Selectivity is defined as the ability to remove one sample constituent while
leaving other sample constituents relatively unaffected. In cases where a
single material is being micromachined, i.e., no other sample constituents
present, an increase in material removal rate is all that is required. In this
case, a precursor is chosen that will increase the material removal rate of a
desired sample constituent. In complex integrated circuit samples having
multiple layers of many materials particularly where micromachining end
point detection is required, it is often also advantageous if the precursor at
least does not also accelerate or ideally retards the material removal rate of
other sample materials. In cases where a material removal rate enhancing
precursor cannot be found for a material, a precursor is chosen that will
retard the removal rate of other sample materials (Gonzalez, 2001; Gonzalez,
2002).

The selectivity produced by the CE-FIBM process is a function of the
sticking coefficient and reactivity of the precursor with the material(s) being
micromachined and the micromachining parameters discussed in the Process
section of this chapter. Assuming that a precursor with a sufficient sticking
coefficient and reactivity has been chosen, the optimum CE-FIBM process
parameters can then be determined through careful, systematic variation of
these parameters as previously described. As always, a refresh time must be
chosen that allows sufficient accumulation (often a single monolayer is
ideal) of the precursor on the sample surface and a pixel dwell time must be
chosen such that the Ga” dose during the chosen dwell time is just sufficient
to react all of the adsorbed precursor. For example, for CE-FIBM of Si using
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Cl, refresh times for the pattern are generally at least 1msec, and dwell times
no more than 0.5us. Ton flux will be limited to about 5x10'* ions/em¥/sec.

The most commonly used precursor gases are halogens or halogen
containing molecules including halogenated organic compounds because
these gases form volatile reaction preducts with many materials including
those of interest to the semiconductor industry (Abramo, 1994; Young
1993), Water provides tremendous selectivity for carbon based materials by
dramatically increasing the material removal rate of carbonaceous materials
and retarding the removal rate of many other materials (Stark, 1993). Table 3
shows the material removal rate enhancement for some materials in common
use by the semiconductor industry. The numbers indicate the change in the
material removal rate versus physical sputtering alone when a CE-FIBM is
employed.

Table 3 Etch rate enhancement of CE-FIBM vs. FIBM

Gas Si Si0, Al W GaAs InP PMMA i
Cl, 7-10 } 7-10 1 50 4 -

Br, 5-6 ] 8-16 1 - - -

1; 3-10 ] 5-15 - - 11-13 2
XeF, 7-12 7-10 ] 7-10 - -
H,0 0.05-0.1 | 0.1-0.15 | 0.02-.05 - - - 18

Examples of applications utilizing CE-FIBM include semiconductor
device modification (Van Doorselaer, 1993), semiconductor device analysis
(Casey, 1994), and other applications such as diamond micromachining
(Russell, 1998).

Semiconductor integrated circuit (IC) editing for current technology
devices would not be possible without CE-FIBM. Device editing usually
requires material to be removed, both for exposing and often for cutting
selected conductors (device metallization) that are used to distribute
electrical signals and power. Due to the small feature size of modern IC
devices, very high aspect ratio (depth to width ratios of greater than 10)
micromachining is often required to expose structures of interest without
damaging neighboring device structures. High aspect ratio cuts cannot be
produced unless the material removed is volatile and does not deposit on the
walls of the cut. In addition, since the intent of circuit editing is usually to
edit or alter the electrical conducting metallization of the IC by cutting
and/or rerouting conductors, any redeposition of micromachined material
which may result in unwanted conduction paths or interfere with the
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electrical connection of FIB deposited conductors to circuit metallization
cannot be tolerated. The required high aspect ratio cuts and in many cases
the circuit rewrite are not feasible without the ability of CE-FIBM to convert
micromachined material into volatile species (Abramo, 1994),

An example of the material selectivity that can be obtained using CE-
FIBM is provided by CE-FIBM of an IC that has PMMA passivation and Al
metallization (Stark, 1995). Figure 8 shows a 30um x 30pm feature cut into
such a device using water CE-FIBM. CE-FIBM parameters used were
70mTorr H,O pressure at the sample surface, a InA 0.16pum diameter 25keV
Ga'" jon beam, a pixel dwell time of 0.5us and a raster refresh time of 10ms.
Pixel overlap was 50%. This feature was micromachined in 11 minutes.
Using physical sputtering alone to remove the PMMA would have required
225 minutes and the Al metallization would be completely removed. The
water CE-FIBM provides a selectivity for PMMA versus Al of over 500
which allows the rapid remeoval of the PMMA while preserving the Al
metallization.

Figure 3.8. Use of water enhanced etch to remove polyimide passivation layer
over a 30um x 30um region and expose intact two levels of aluminum metal.
From {Stark. 1995, with permission of author and American Institute of Physics.
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With the advent of wide usage of Cu metallization on state of the art
integrated circuits, the ability to analyze and edit integrated circuits with
copper (Cu) metallization is critical. Unfortunately, CE-FIBM techniques
developed for A) metallization are not directly transferable. Commonty used
halogen precursors are not applicable since these precursors often react
spontanecusly with the Cu preducing unwanted often cenductive residues
(Casey, 2002). If no chemical assistance is employed, FIB physical
sputtering alone results in very non homogeneous Cu removal due to
differential sputtering resulting from the varying crystalline orientation of
the crystallographically textured Cu metallization films (Phillips, 2000) as
illustrated in Figure 9a.

Various CE-FIBM methods have been developed which provide
uniform Cu removal. One method (Casey, 2002) develeped for thick Cu
films (>0.5um) employs a novel FIB scan strategy along with simultaneous
introduction of W(CQ)s which combine to greatly reduce the channeling of
the Ga” in polycrystalline Cu films by increasing scattering. Since material
removal is slower in the channeling direction, the reduction in channeling
results in more uniform Cu removal. For thin Cu films {<0.5um), non
uniform Cu removal due to differential sputtering of Cu grains is
significantly less of a problem due to the limited thickness of the Cu film. In
this case, H,O and O, CE-FIBM are employed to provide the Cu/SiQ,
selectivity necessary to completely clear the Cu without undue damage to
the underlying Si0O, dielectric. A CE-FIBM approach with demonstrated
applicability for textured Cu films over a wide range of Cu thickness
(demonstrated for uwp to 3um Cu thickness) has also been developed that
utilizes 1-Propanol (Gonzalez, 2002) (See Figure 9b). While CE-FIBM
selectivity for Cu versus Si0O, will continue to be important, there is much
development currently underway to switch from SiO; to low K dielectrics
for some applications. 1t should also be noted that 1-propanol provides the
best selectivity for Cu versus SiLK, one of the low K dielectrics currently in
use. Figure 10 shows dielectric selectivity for some chemical precursors that
have been studied for use in CE-FIBM of Cu.
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Cu vs Dielectric Selectivity
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Figure 3.10. CE-FIBM selectivities obtained for SiO, and SiLK using various precursors.
From Gonzalez. 2002, with permission of author and American Institute of Physics.

Figure 3.9. SEM micrographs of Cu films FIB micromachined (a) with no chemical
enhancement and (b) with 1-Propanol CE-FIBM. From Gonzalez, 2002, with permission
of author and American Institute of Physics.
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Machining at an edge is faster than over a flat region because
significantly more surface area receives energy from the collision cascade
sufficient to eject atemic or molecular species. Addition of enhanced etch to
edge machining improves the removal rate. It should be noted that the
refresh time for edge machining will be shorter than for a flat region because
of larger surface area, The orientation of the gas needle with respect to the
edge is also important. Best results are obtained with the needle facing the
edge where material is removed. (Thaus, 1996)

The selectivity of CE-FIBM can also facilitate device analysis via SEM.
The selectivity of CE-FIBM provides the means to duplicate etch methods
used for decoration of specimens prepared for SEM analysis. For example,
the selectivity of Cl, CE-FIBM results in Si and Al material removal rates
that are almost an order of magnitude greater than that of SiO;. An SEM
micrograph of a cross sectioned sample decorated to delineate the sample
structure using Cl, CE-FIBM is shown in Figure 11 {(Weiland, 2000).
Alternatively, XeF, CE-FIBM which provides Si and SiQ; material removal
rates that are almost an order of magnitude greater than that of Al could have
been used. If a dual beam FIB/SEM instrument is available, the analysis can
be performed without removing the sample from the instrument. Otherwise,
the sample must be transferred to an SEM.

E Beam Spot Magn Det WD
3.00kv 3.0 50000x TLD 3.3 Delineation Etch

Figure 3.711. SEM image of F1B prepared cross section. Identification of layers improved
with delineation etch, From Weiland, 2000, with permission of ASM International.

Finally, CE-FIBM combined with geometrical micromachining
enhancement can further enhance micromachining capability. This
combination has been exploited for micromachining permalloy (C,Cl, CE-
FIBM; Thaus, 1996), for sharpening of diamend cutting tools (H;O CE-
FIBM: Russell, 1998; Adams, 2003) and for measurement of photoresist line
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widths without sample cleaving (H,O CE-FIBM: Stark, 1996). Geometrical
micromachining enhancement takes advantage of the greater sputtering rates
available at very high impact angle, i.¢., close to parallel to the surface to be
micromachined. The addition of chemical enhancement further improves
material removal rate and minimizes redeposition. Figure 12 illustrates the
advantage of this technique by comparing photoresist feature cross sections
obtained employing sample cleaving, physical sputtering only and H,O CE-
FIBM. It is clear that CE-FIBM cross sectional micromachining prevents
the redeposition of substrate material onto the edge of the structures,
allowing clean cross sections with minimal artifacts to be produced.

Cleaved WE-FIBM

cleaved WE-FIBM

Figure 3.12. Photoresist lines cross sectioned using FIBM only (top right), by sample
cleaving (top center) and using H,O CE-FIBM (top right}). Holes in photoresist cross
sectioned by cleaving (bottom left) and vsing H;O CE-FIBM {bottom right). From Stark,
1996, with permission of author and American Institute of Physics.
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4. SUMMARY COMMENTS

The utilization of chemical precursors for FIB induced deposition and for
enhancement of micromachining material selectivity, whether through
enhancement or judicious retardation of material removal rafes, greatly
broadens the applicability of FIB to a wide variety of technological
problems. The development of new circuit edit methods as 1C technology
advances is testament to the fact that research into FIB deposition and
material removal methods not a stagnant area of development. Continued
investigation of new FIB precursors insures that the range of applications for
FIB will continue to be expanded.
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Chapter 4

THREE-DIMENSIONAL NANOFABRICATION
USING FOCUSED ION BEAMS

Takashi Kaito

Seiko Instruments, Inc.,. Japan

Abstract: Crealing nanometer scale structures vsing a FiB has been a topic of recent
interest. In this chapter we report on complicated nanemeter level structures,
such as a nano-wine glass and a nano-toifet, based on CAD data produced by
the FIB CVD process,

Kcy words:  FIB-CVD, Carbon deposition, 3D nanofabrication, 3D CAD data

1. INTRODUCTION

The Focused Jon Beam (FIB) instrument has three functions: imaging,
etching, and deposition, and has been used for wide range of applications
including the preparation of site-specific cross section TEM specimens, The
“deposition™ function is achieved by FIB chemical vapor deposition (FIB-
CVD) techniques. Seiko Instruments Inc. (SII) has developed the use of FIB
deposition techniques (Kaito, 1984, 1986) for a number of specific
applications (Kaite and Yamamoto, 1985; Kaito et al., 1986; Kaito and
Adachi, 1988).

The three-dimensional nanofabrication technology introduced in this
chapter has been jointly developed by Himeji Institute of Technology, NEC,
and SII (Matsui, Kaito and Fujita, 2000). Using the FIB-CVD technique
allows the formation of 3D structures that cannot be made with existing
technologies.
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We will first explain the configuration of the FIB equipment and its basic
functions. Then we will describe the 3D nanofabrication technology and
present several examples of 3D structures, applications, and suggested future
applications.

2. CONFIGURATION OF THE FIB EQUIPMENT

The external view of FIB equipment used for smaller sample preparation
(model SMI2050) is shown in Figure 1. The FIB consists of the main body,
a computer table and a power rack. The equipment is mainly operated with a
mouse while observing the PC display. The adjustment of focus, stigmators,
contrast and/or brightness can be made via the operation panel. The sample
stage is driven by a 5 axis motorized and computer contrelled stage (e.g., X,
Y, Z, T (tilt), and R (rotate)).

The ion optical system is usually used with an acceleration voltage of
30kV. The aligner electrode placed between the condenser lens and object
lens contributes to make the beam alignment easier. The liquid metallic
gallium is used as an ion source. A two-stage electrostatic type lens is used
to improve both chromatic aberration and spherical aberration resulting in
the improvement of beam performance. A wide range of ion beam currents,
from 0.1pA to 20nA, can be used by switching movable apertures and the
strength of the condenser lens. The beam diameter at the minimum beam
current is Snm, so it allows observation at magnification of up to ~ 100,000x
with the scanning ion microscope. The maximum current density is ~ 20
Afem® and high-speed processing and ultrafine processing in the units of a
few nA may be realized.
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Figure 4-J. Schematic diagram of FIB equipment used for specimen preparation.

3. BASIC FUNCTIONS OF THE FIB

3.1 The Imaging Function (Scanning ion microscope)

The principal function of FIB equipment is that of a scanning ion
microscope. The secondary electrons excited by the ion beam is collected
and displayed to form an image. This secondary electron image using a
scanning ion microscope is called a SIM image and is used for the
positioning of processing points, monitoring of processing conditions, and
observing cross sections. Comparing images obtained with a scanning
electron microscope (SEM), the SIM image can show the channeling
contrast more strongly. For example, precipitation of silicon in aluminwm
wiring can be easily observed. One of the biggest features of SIM image
observation is the crystal grain structures of metals. The resolution of a SIM
image was only about 100nm in 1985 but today it has improved to 5 nm.
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3.2 The Etching Function (Maskless Etching)

Another function of FIB equipment is the maskless etching function, If
the FIB is irradiated over one area requiring processing, several tens of
nanometer level of processing can be made without using a mask process.
Also, contrary to processing with using broad ion beams, FIB processing is a
“soft” process that uses small beam current and yields little heating or
distortion problems. Moreover, since the processing conditions can be
observed using the microscope function mentioned above, very accurate and
high precisien results may be produced.

33 The Deposition Function (Maskless Deposition)

As mentioned above, the deposition function is achieved by the FIB-
CVD technique. This function is the most important aspect of 3D
nanofabrication using a focused ion beam. This aspect will be explained in
detail.

The FIB-CVD method uses the ion beam to decompose a source gas that
adsorbs onto a sample surface into nonvolatile products resulting in the net
formation of a deposited film. It is also referred to as “beam excitation
surface reaction technology.” Carbon films and metallic films such ag
tungsten have been routinely used for depositioin applications. Both films
are amorphous films which include impurities from ion beam such as Ga,

3.3.1 Keys for Increasing Film Growth Speed

The most important variable in increasing the film growth speed is to
increase the source gas spraying density. The increase in spray density,
however, should be limited to the range in which the source gas does not
precipitate. By moving the spray nozzle of the source gas as close as
possible to the irradiation position on the sample surface, the density of the
gas can be increased locally without deteriorating the vacuum level of the
sample chamber. The best combination of nozzle size and distance to the
sample consists of a nozzle diameter of 500um or less with the distance
‘between the nozzle tip and the sample of S00um or less.

Another important consideration is the selection of a suitable gas. The
gas selected should include a large number of atoms that easily adsorbs onto
the sample surface in a single adsorption layer. For the deposition of C,
phenanthrene, Cy4Hyo, is a gas that yields rapid growth. An example of a gas
used to deposit a conducting metal (e.g., W) is tungsten hexacarbonyl
W(CO);.
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Comparing the gas structure with the deposition of these two materials, it
is observed that 14 C atoms can be used to create films from the former gas,
while the latter gas has just onc (1) W atom. Thus, it is observed that C films
grow faster than W films,

3.3.2 The Upper Limit of Film Growth Speed

The theoretical limits and the experimental values for several kinds of
source gases and film growth speed are described below. The theoretical
limit described here is a film growth speed calculated based upon the
simplest assumptions that the all source gases are adsorbed, decomposed,
and accumulated, and that the density of an accumulated film is equal to the
bulk density of the atoms. The theoretical limits and the experimental values
calculated from these assumptions are shown in the Table 1.

Tuble 4-1. Source Gas and Growth Speed

Type of Gas Chemical Theoretical Experimental Expernmental
Formula Growth Limit Growth Limit Limitation
(1tm/min}) {(pm/min)

Phenanthrene CisHyy 18.1 11 Controller
temnperature
limit

Pyrene CisHio 2.4 2 Precipitation
lisnit
Tungsten W {CO), 6.7 | Sample

Hexacarbony} chamber

vacuum Hmit

For phenanthrene, the precipitation limit cannot be reached due to the
design limit of temperature controller (i.e., the maximum temperature sefting
of the gas reservoir is low). If there is no limit for temperature control, then
the film growth speed could reach the theoretical limit. Although the
experimental value of 11 wm/min does not reach the theoretical limit of 18
um/min, the growth speed of phenanthrene is S to 10 times faster than that of
other kinds of gases. With phenanthrene gas, the sample chamber pressure is
10” Pa even near the precipitation limit, so it can be considered as a very
efficient source gas.

For pyrene, since its vapor pressure is lower than that of phenanthrene,
the precipitation limit of the source gas restricts the growth speed much
lower than that of phenanthrene.

For tungsten hexacarbony! used for metal deposition, in addition to the
reason mentioned in section 3-3-1 above, the pressure limit of the sample
chamber restricts the growth speed much below the theoretical value. The
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experimental growth value using tungsten hexacarbonyl compared to
phenanthrene is smaller by a factor of 2,

4. THREE-DIMENSIONAL NANOFABRICATION
TECHNOLOGY

Details of the 3D nanofabrication technology using FIB-CVD will be
explained herein. The feature of this technology is the accumulation of a
layer from the bottom up by overlapping each layer with the one beneath it
as shown in figure 2. This allows the formation of an over-hang structure,
which cannot be formed by etching from the top down. The computer-
controlled beam also allows the formation of structures having a high degree
of freedom. As indicated from Table 1, using phenanthrene as a source gas
results in the formation of an amorphous carbon film at a growth speed of 10
um/min.

4 5
23 Direction of beam scan

Structure fabricated

Substrate

Figure 4-2. A schematic diagram of the premisc of the 3D nanofabrication technology.

Several examples of basic structures and the methods of their formation
are described below. All of these examples were made by the deposition of
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amorphous carbon. A beam current of 1pA was used to make these

structures. The processing time was less than 10 minutes for all examples.
Figure 3 shows the 3D fabrication of a circular cylinder. This feature is

deposited by rotating the ion beam with a fixed radius at a high speed.

Figure 4-3. 3D fabrication of a circular cylinders having out diameter of 1.7 pm and .2 pm.

Figure 4 shows the 3D nanofabrication of a pillar feature. This feature
was prepared in only 60s by keeping the ion beam spot at a constant
location. The upward growth of the film creates the pillar structure that is
100nm in diameter.



80 Chapter 4

O
$
:
4.
L
)
)

Figure 4-4. 3D nanofabriction of a 100 nm diameter pillar.

Figure 5 shows the 3D fabrication of a spring coil structure. The spring

coil was formed by rotating the ion beam at a 13s cycle. The diameter of the
coil is 600 nm, while the diameter of the wire is 80 nm.

Figure 4-5. 3D fabrication of a spring coil.
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Figure 6 shows the 3D deposition of a bellows structure that js 2.75 pym
in diameter. Rotating the ion beam at high speed while periodically
changing the radius of beam rotation makes the bellows structure.

Figure 4-6. 3D fabrication of a bellows structure.

A wine glass having the diameter of less than 3 pm formed using this
technique has appeared frequently in the media as well as technical
magazines and is widely known by the general public. This nano-wine glass
is shown in the Figure 7. The 3 um diameter dimension of the wine glass is
one third that of red blood cell. The wine glass was prepared by rotating the
ion beam at a high speed while slowly changing its radius.
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Figure 4-7. 31 fabrication of a wine glass.

These examples demonstrate that the FIB-CVD technique allows for
forming three-dimensional structures at a fixed position, which could not be
achieved using existing techniques. The SIM2000 series scanning ion
microscope has a function of making FIB processing data automatically
based upon the 3-D CAD data. This function allows users to form three-
dimensional nano structures very easily.

An example of this function is shown in the Figures 8 and 9. First, the
user makes a CAD file of any three-dimensional structure as shown in the
Figure 8. This CAD data is divided in the Z-axis direction into several
pieces of data to make a series of FIB processing data automatically. Then
this series of data is loaded to the SMI2000 series scanning ion microscope
and deposition begins. The SMI2000 uses the CAD data to autematically
form the three-dimensional nano-structure as shown in the Figure 9.
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P

Figure 4-8. 3D CAD drawing of a feature.

Figure 4-9. 3D FIB fabrication performed automatically from the CAD drawing in figure 8.
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5. APPLICATIONS AND POSSIBLE APPLICATIONS
OF 3D NANOFABRICATION

5.1 Tips for Scanning Probe Microscope

A cylindrical probe for measuring critical dimensions may be formed by
cutting the tip of a conventional Si probe and depositing a high-aspect
tungsten pillar that is 80 am in diameter and 1pm in length. This probe will
allow for e.g., the microscopic measurement and resistance measurement of
semiconductor devices.

Figure 4-10. An 80 nm diameter tip FIB prepared for a sconning probe microscepe.

5.2 Extractor Electrode of a2 Scanning Atom Probe

To realize a scanning atom probe instrument, an ultrafine extractor
electrode is needed. Using a current metal foil electrode as a base, a cone-
shaped electrode having an ultrafine open tip formed by FIB-CVD may be
added to it. It is now expected that the use of this technology will accelerate
the practical application of a scanning atom probe.
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5.3 Micro-nano mold for nanoimprint

Much research relating to the preparation of a nano-mold may be
performed. 1 is considered that the use of FIB-CVD and FIB milling
methods may allow the formation of a small mold that may easily compare
with other methods requiring several kinds of expensive devices.

53.1 Processing the tip of micro-manipulator

Applying the following processes to the tip of micro-manipulators using
FIB-CVD and FIB milling may allow the preparation of useful tools in the
field of biotechnology for cell operation and protein analysis. Some of these
features may include:

a) High-aspect ratio needles with the size on the order of a few 10°s nm.
b) Nozzles having a hole diameter of a few score 10°s nm (e.g., a nano-pipetie)
¢) Nano-tweezers

6. SUMMARY

In this chapter, the configuration and functions of a FIB having an ion
beam diameter as small as 5nm has been described. Three-dimensional
nanofabrication techniques and jts applications have also been presented,

Existing lithography methods are suitable for mass production of features
but reguires expensive facilities and semiconductor processing knowledge.
On the other hand, 3D FIB-CVD technology requires only FIB
instrumentation. This technology can easily form 3D structures with fine
control in the nanometer dimension level. It is proposed that there could be
many possible applications taking advantages of these features; e.g., making
prototypes in small numbers or making toels for research and development.
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Chapter 5
DEVICE EDITS AND MODIFICATIONS

Kultaransingh (Bobby) N. Hooghan
Agere Systems, 555 Union Blvd. Allentown, Pa {18109-3286

Abstract:  The ability to physically modify prototype Integrated Circuits (ICs) helps
in reducing time to market and increases the likelihcod of having fully functional
board level systems before the IC’s come out in mass production. This can be
achieved using 2 Focused Ion Beam (FIB) system, which can be used to make
device/circuit edits on prototype 1C’s, in order to correct and subsequently test,
design/process flaws, in an iterative manner, before mask changes are made. This
includes but is not limited to making metal connections, disconnecting metal Jines,
male probe pads, speed up/ delay circuits etc.

Key words:  Deposition, milling, device edit, device modification, vias, navigation, clean-up.

1. INTRODUCTION

Focused Ion Beam (FIB) systems have come a long way since the early
days of mask repair. A stable Gallium ion source and enhanced resolution
have really turned these systems into very versatile toeols in the
semiconductor industry. In addition to its analytical capabilities, one
application that stands out, is the ability of the FIB system to carry out
device/circuit modifications on prototype chips. A word of caution is
warranted at this point before proceeding further. Gallium beam interaction
with the substrate is inherently destructive. The damage inflicted is
essentially twofold: impact damage due to heavier mass of the Ga' ions, and
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surface and subsurface charging effects. The damage inflicted under both
these categories has been well documented elsewhere in the literature, and
suffice to say, one needs to be aware of the dainage and minimize it when
working on the prototype chips. (Wills, 1998; Campbell, 1998; Benbrick,
1998)

Modifications carried out on prototype chips include, (but are not
limited to) making new connections using metal deposition (either W or Pt),
breaking connections, and making probe points for tapping signals. These
modifications may be to fix design errors, or carry out design modifications
presented by customers. In either case, a FIB system is usvally able to turn
around the modified chips in a matter of hours, compared to mask changes,
which could take a few weeks, are quite expensive and with changes based
only on simulations, run the potential risk of some kind of mismatch.

Eventually, mask changes have to be made, but testing of new
concepts and system level scrutiny can be carried out using the modified
chips before the fab turns out new chips. Prototype chips can be worked on
iteratively unti the right result is achieved.

The basic and underlying theme in working on prototype chips is to
provide fully functicnal chips in a timely manner. In practice, customer needs
change continuously, and these changes are often forwarded to the chip
manufacturers, typically, at the last minute. In order to keep the customer
happy one needs to implement the changes asked for, test the changes on
prototype chips and send them back to the customer. The customer in turn
puts the modified chips on their board level application, and checks their
system out. Traditionally this would take weeks {going through mask and
testing cycles). With a FIB system around, design changes can be made on a
few prototype chips that can literaily save the day. The customer can carry
out all their board level tests, and be assured that the chips being
manufactured will have the necessary changes incorporated in them.

Just like any other project, a device edit can be breadly divided into
two phases namely, (1) planning and (2) execution/implementation. These
are discussed in detail below.

1.1 Planning

The planning phase primarily invelves the engineer requiring the fix, but
efficient planning at this stage ensures smoother execution subsequently.
Defining and explaining what needs to be achieved is vital to the success of
the device edit, whether it is rerouting a signal, gate inversion, tagging
gates/circuits high or low, or making probe points for e-beam/mechanical
probing. The planning stage can be broadly divided into the following
sections: a) decapsulation b) data collection, and c) deposition layout.
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1.1.1 Decapsulation

An important part of planning is to have the devices decapsulated and
tested after decapsulation. Devices are often damaged during decapsulation,
therefore it is imperative to test the devices after decapsulation to ensure
proper functionality, prior to FIB operations.

1.1.2 Data Collection:

This can be further classified into the followinp: (i) targeting information
(ii) accessibility, and (iii) chip orientation

1.1.2.1 Targeting information:

After identifying the fix to be performed, one needs to gather the targeting
information necessary to carry out the fix. Depending on the technology
(interconnect line width) that one is dealing with, this could range from
visual reference plots, to 3-peint alignment co-ordinates and/or database
information for overlaying the CAD layout. In any case, plots are essential
to any technology being dealt with. Plots need to illustrate the fix location,
with the level of metal that one is dealing with, along with metals above that
level so one can have access without damaging them. Basic 8 1/2" x 11"

plots are satisfactory, but larger colored plots are often more useful.

1.1.2.2 Accessibility:

At this point the designer should try to identify the most convenient,
optimal and feasible location to carry out the fix. A point to remember is
that top level metal is always preferred, but lower level metal layers are
acceptable. Alternately one may have to perform FIB fixes from the
backside of the chip, depending upon the technology and/or package type.
This is especially true when carrying out lower level repairs in today’s seven
or eight layer metallizations. It augurs well for the design engineer to trace
signals and see where the fix can be carried out at the most easily accessible
level. Success rates are the highest for top level metal fixes and fall off
considerably when dealing with lower levels of metals. This is especially
true when connections are to be made on lower level metals. This is because
end-point detection gets difficult on lower level metals, and filling up the
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vias is more challenging. Cuts are not that much of a problem. This is
discussed further in 1.2.3.

1.1.2.3 Chip Orientation:

Plots showing the fix location with reference to the entire chip are
essential, because some fix locations may be near bond pads along the
periphery of the chip. These locations require appropriate orientation of the
chip in the system, such that the etch/deposition needles do not touch the
chip on extension.

1.1.3 Deposition layout:

At this point, the FIB engineer might look at the length of the depositions
involved. One can use a different deposition technique (for lengthier
connections) or may use a redundant runner (which is not being used for that
particular circuit). The basic idea behind all this is the optimization of beam
time, se as to impart minimal damage to the chip being FIB’ed.

It behooves the FIB engineers and the design engineers to sit down
together, after all the relevant information is assimilated, and discuss the
fixes involved. Go over the plots and make sure the fix is feasible, and that
it can be done in the manner requested by the designer. This is a good time
to navigate using the plots and fry to carry out the fix “on paper.” Note:
Designers usually lay the most direct route between two points. The FIB
engineer has to make sure that the fixes do not run over active circyitry.
This is so because of the inherently destructive nature of the beam as
mentioned earlier. Capacitors charge up and can be damaged when directly
FIB imaged, and even laying a line across a capacitor causes them to
charge up. In addition, transistors undergo parametric changes when
imaged using the FIB. Some of the changes may be temporary ond
reversible, but that entails additional work, after the FIB repair is complete
(Campbell, 1998; Beam-It)

After all the above is said and done, one moves on to the
implementation/execution phase of the project. Se far the chip has not been
put under the beam but has been “worked” with on paper so as to optimize
the beam time in this phase. Optimizing beam time is essentially a joint
effort between the engineer requesting the design fix, and the FIB engineer
carrying it out. By working in tandem, this team can carry out the required
fixes successfully and in a timely manner.
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1.2 Implementation/Execution

The implementation/execution phase essentially consists of the following
elements: a) sample mounting and grounding, b) imaging and navigation, c)
milling vias, d) filling vias and making connections, ¢) disconnecting lines
and cleanup.

1.2.1 Sample Mounting and Grounding

This is the first step in getting the chip in the system to be worked on and
serves a dual purpose: 1) the chip is mounted such that it does not move in
the chamber, and 2) that the chip is well grounded.

1.2.1.1 Sample Mounting

FIB manufacturers do offer numerous sample-mounting contraptions, but
typically a sample holder machined out of Aluminium works great. This can
be custom machined out of aluminium stock and diameters can vary from 2"
to 8" depending on the size of the chamber. Electron Microscopy suppliers
also offer smaller sample holders, which fit in most electron microscopes
and FIB systems. The choice of sample holders is limited only by the needs,
ingenuity or innovation of the FIB engineer.

The samples can be mounted on these sample holders using double-sided
carbon tape, enhanced with Al tape, depending on the IC package one is
dealing with. Figures 1-4 below show different devices and the way they are
mounted on Al sample holders.

Figure 5.1. A chip mounted with Al tape.
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Figure 5.3. A device mounted and held with Al tape.
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Figure 3.4. A device held by a clamp.

1.2.1.2  Sample Grounding

Being grounded is vital to the health of the chip, as the beam striking
the surface has a positive charge which has to be dissipated as it is being
worked on. Hence, one must ensure that the leads touch a conductive surface
in order to effectively dissipate the charge generated by the beam. On a well
grounded chip, bond pads appear very bright as evident in Figure 5.

Figure 5.5. Wire bonds showing bright contrast indicating a well ground device.
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1.2.2 Imaging and Navigation

1.2.2.1 Imaging:

Imaging essentially is dependent on effective mounting and excellent
grounding of the sample. Occasionally, one runs into samples that will
charge up, despite mounting in the best possible way. For such samples one
can ;

a) lower the beam current, though there is a limit 1o that, since at lower beam
currents, the secondary electron yield reduces significantly and hence,
making out features on the chip becomes difficult, or

b) apply a local Platinum (Pt) coat. This is done by extending the Pt needle,
commence imaging and manually opening the valve in order to let the Pt
flow onto the surface and hence dissipate some of the charge, and/or

¢) apply a global carbon coat. The only caveat to this being, that the carbon
has to be ashed in a plasma etcher after completion of the fix, and one must
make sure that the leads are well grounded while the chip is in the asher.

The last suggestion works very well, as one can image the sample using
low beam currents {(between 30-50 pA), which is a safe working beam
current for a majority of the devices being worked on. Besides, the yield is
good enough to be able to make out surface features easily during imaging
and navigation.

1.2.2.2 Navigation:

The next step in the process is navigating to the location of the repairs or
modifications. As mentioned in the previous section on Planning, one
should have a good idea of target locations on the chip, based on the
information previously assimilated. On-chip navigation broadly falls under
three categories:

1) Dead reckoning, 2) 3-point alignment 3) CAD Navigation
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1.2.2.2.1 Dead Reckoning:

This is just what the name implies, when you use visual references to
reach your target location. Top-level metal plots are essential, and once the
location is identified on paper, the rest is relatively easy. One has to make
sure the orientation of the chip is correct and then proceed to the target
location. Figures 6-9 show a typical example of dead reckoning navigation
on a chip. Figure 6 shows the overall chip with the region of interest (Rol)
indicated by a square. Figures 7-8 show the Rol zoomed in further and
Figure 9 shows the target location. Figure 10 shows the fixes involved.
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Figure 5.6. Overall chip plot, showing region of interest.
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Figure 5.7. Rol zoomed in
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Figure 5.8. Rol zoomed in further
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Figure 3.9 Rol zoomed in, showing FIB modification location
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1.2.2.2.2 3-Point Alignment:

The next level of progression in ravigation is using three-point
alignment. This is where the stage of the FIB system is realigned using the
co-ordinates from the chip obtained from the chip database. This is usually
with the chip center as the origin. Stage alignment software on the FIB
system allows cne to enter the co-ordinates of the three edges of the chip.
Once the alignment is complete the stage is aligned to the user-defined units,
hence one can navigate by entering the co-ordinates of the target lecation.
One suggestion for the alignment would be to get the co-ordinates for all
four corners of the chip. Enter the three peints as required, then enter the
remaining point to gauge the accuracy of the alignment. Stage offsets would
be noticed and corrected at this point. Also the corners are near the bond
pads and charge dissipation is better there. With charge dissipation better
near the bond pads, imaging is easier and subsequently, chip damage due to
the charged beam is minimized.

The same chip is used to illustrafe the 3-pt navigation in the figures
below. Figure 11 is an overall plot of the chip with the cotners marked. A
chip schematic is necessary in order to orient the chip prior to alignment.
One can use a company Jogo or a “pin 1™ notification on the package for
orientation. In this case, box 1 corresponds to the Jower left corner of the
chip. The corners are zoomed into in Figure 12, as shown. These are mask
alignment marks and are oriented this way before the alignment procedure.
They are similar on the other corners also. These marks were used because
they were there and were convenient, but other references i.e. top level metal
features (in each corner) may be used to achieve the same results. One would
have to use the design layout to correlate with features on the chip. Figure 13
shows the target location and fixes involved.
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Figure 5.11. Overall chip plot, showing corners for 3-pt alignment

(X Yuu)

Corner 1 (Lower left)

Figure 5.12. Corner 1, zoomed in
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Figure 5.13. Schematic of moditication, with connections and cut marked.

1.2.2.2.3 CAD Navigation:

The next natural step up for efficient on-chip navigation is using the
database information for the layout of the chip. This can be obtained as a
.gds file. This information is then converted using the x-y mask information
on the different layer structures for the chip. The conversion is typically
done on a separate, dedicated workstation/PC, and there is typically an
interface between the CAD computer and the FIB system. Different FIB
systems use a variety of vendors to convert the information on the .gds files
into tangible information for the FIB stage to facilitate on chip navigation.
Once the conversions are carried out, the stage is aligned to the CAD
navigation software using the 3-pt alignment mentioned above. One
important point worth mentioning here, is the fact that, as one aligns the
stage and database one has to make sure that the deposition and etch needles
do not interfere with the bond pads or wires on their way in and out on the
chip. This is especially critical when the FIB locations are near or around
the bond pads. Of course, one should be aware of this information from the
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earlier planning stage. when the locations are appraised on paper. The
database software usually allows the database information to be rotated as
needed, so the needles have an easy in and out path.

1t would thus suffice to say that one would essentially study the plots, be
aware of the FIB locations, check the path of the etch and deposition
needles, and then align the CAD information from the database. All this can
be checked when the eucentric adjustments are made on the FIB system.

Once the CAD system is aligned to the FIB stage, one can go to the target
location either by entering co-ordinates, or by navigating using the CAD
software. Once the target area is reached, out come the zoomed-in plots,
Also, the different layers can be highlighted on the CAD software. At this
point, in today’s highly planarized chips, one can hope to find a top-level
metal structure, which can be used to fine-tune the alignment. (Van
Doorselear, 1993) Typically one uses alighment marks which are similar to
the ones mentioned in the previous section, and then proceeds to the target
location.

One important point at this juncture is the fact that after the alignment is
done, and the target area is arrived at, and the point of contact is determined,
one has to typically use an enhanced etch gas for efficient milling,
Unfortunately, there is always an image shift when the etch needle is inserted
just above the chip. That may be enough to be milling in the wrong place.
One way out of this predicament is to define the mill box, as needed, and
lightly mill the surface of the chip, so as to make a small indentation on the
surface. In this way when the needle is inserted, and image shift occurs, one
can correct the location of the mill box using the indentation created as
mentioned earljer.

Another unfortunate outcome of planarization is the fact that more often
than not, one has to make some “seeker” holes to align with underlying and
buried targets. Coupled with the extremely accurate stages provided by the
FIB manufacturers, one should be able to reach underlying targets with
relative ease. Depending upon how far the seeker holes are one may need to
fill them in uvsing FIB induced insulator deposition to avoid unwanted
shorting of metals. It is hereby left to the FIB engineer to use whatever means
available at his/her disposal to hit underlying metal targets.

1.2.3 Milling vias:

Vias are typically milled vsing the same beam current used to image the
sample. Beam currents between 30-50pA work well for a majority of
samples, Vias for top-level metal connections can be just a couple of
microns on the side. However, as one needs to make vias on lower level
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metals, via size needs to increase. This is because of the higher aspect ratio
of the holes, and the fact that when one deposits metal in the vias for making
contact, there are chances that the metal bridges on the top of the via instead
of making contact with the metal at the bottom. Also larger contact areas
ensure lower contact resistance. One can increase the area by making via
shapes rectangular instead of being square.

Vias were made in the earlier times using just the regular mill using just
the Ga beam. Over time, gas chemistries have enhanced the milling rates for
specific materials. The enhanced etch gas used to assist the milling of oxides
enhances the milling rate about 7-9 times. What the gas does is essentially
convert the sputtered material into a volatile compound, which is pumped
away by the vacuum system. This ensures that the via hole is made with
minimal redeposition, and the beam is on for a shorter time. It is also a good
idea to watch a real time menitor (RTM), update box etc. to check for drit,
and also to ascertain when one hits metal. Using end point detection is also
highly recommended. (Beam-It; Ashmore; Walker)

1.2.4 Filling vias and making connections with platinum:

1.2.4.1 Filling vias:

Filling vias in top-level metal is straightforward. It is just part of the
connection. One just has to make sure that the deposition box is smaller than
the via dimension. Making fills on lower level vias is a lot trickier. This is
so because if one is not careful, improper deposition techniques will lead to
*“voiding™ in the vias. In this case the Platinum bridges across the top of the
via and does not make contact to the metal below.

A couple of good rules of thumb regarding via filling are as follows: a)
Make the deposition box smaller (in both dimensions, x and y) than the mill
box and b) use the 2 1/2 minute rule. This number was empirically
ascertained. (Beam-It) One needs (o alter the dimensions of the deposition
box (x, y, z} and the beam current so that the time for the deposition is 22 -
minutes, This combination ensures beiter filling in the vias. (Beam-It) Some
FIB systems have material files for via fills. The material files usually alter
the dwell and overlap times, besides dropping the beam current.
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1.24.2 Making connections;

Another suggestion for figuring cut the beam current is to calculate the
area of the deposition box and multiplying by 2-6 pA/um®. These give a
ballpark figure for the beam current to be used. Keep in mind that with higher
beam currents one needs to use different material files in order to keep ahead
of the deposition curve, (Van Doorselear, 1993)

Typical connections run about 10-75 pum long, 1.5-4 um wide and about a
micron to a micron and half thick. (Beam-It; Carlson, 1997) The deposition
tracks need to be wider when using higher beam currents {typically >
350pA). (Beam-It; Carlson, 1997) While doing depositions at higher beam
currents (>350 pA) it is generally a good idea not to grab too many frames
while depositing, so as to minimize over spray. One can check and
compensate for drift using a Real Time Monitor, update box etc.

1.2.5 Discennecting lines and Clean-up:

1.2.5.1 Disconnecting lines:

In order to avoid refilling of cuts with redeposition, lines are cut or
disconnected after all depositions are complete, and prior te over spray clean-
up (discussed in the following section). Typical beam currents for exposing
the lines to be cut are similar to ones used for exposing lines prior to
deposition, i.e. 30-50 pA. It is quite tempting at this stage to use a higher
beam current in order to get the job done quickly. It is however prudent to
maintain control over the cuts and avoid using beam currents greater than 300
pA. One may start exposing underlying metal levels very quickly, when
vsing a higher beam current. Use of insulator and metal enhancing etch gases
is highly recommended so as to have cleaner cuts. Knowledge of barrier
metal materials is essential so one can use gases to attack the barrier metals
and get the cuts done more quickly and cleanly.

1.2.5.2 Clean-up:

Clean up is typically required if there are several modifications in close
proximity to each other and only if the Pt deposition over sprays overlap. If
the depositions are far enough away and do not overlap, no clean up is
necessary.
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Cleanups can be carried out in a couple of ways:

) One can draw individual mill boxes arcund the deposition paths
and mill them in series or parallel. Alternatively, one can use the
outiine mill boxes to achieve the same result. In both cases, one
needs to be extremely careful so as not to mill toe much into the
top surface. Monitoring the mill on the RTM and rapidly grabbing
frames would ensure knowing when to quit. One needs to stop
when the Pt over spray is milled through.

1) One can also do this: Zoom into the sample {typically around 30-
50 KX) extend the enhanced etch needle, start the flow of gas, and
start imaging. Soon one will find the over spray separating out,
then one can just move using the joystick and carry on the clean
up. (Beam-It; Van Doorselear, 1993)

One important point to be remembered during clean up is to make sure that
one does not clean up on lines just deposited. That is quite easy to do and one
has to be extremely careful not to do that. Figure 14 gives an example of a
clean up following a “complex and messy” FIB modification. The thick white
lines are the Pt depositions. The lighter white is the over spray and the black
lines in between are the clean ups. The four cut locations are also marked.
In this case the depositions needed to be isolated from each other, and were
successfully carried out as shown.



5. Device Edits and Modification 105

Figure 5.14. Complex modification and clean-up

2. SUMMARY:

For future reference, it may be a good idea to design spare gates at top
level metals, and also give power and ground contact points at top level
metal. These could be scattered all over the top surface, so FIB engineers
would not have very far to FIB certain changes that are needed. These would
serve two purposes: 1) Provide easy access to tie signals high or low, and 2)
Give additional visual reference points to aid navigating in today’s planarized
multi-layered circuits.
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THE USES OF DUAL BEAM FIB IN
MICROELECTRONIC FAILURE ANALYSIS

Becky Holdford

St TRAC, SC Packaging Development, Texas Instruments, Inc.

Abstract: Focused lon Beam systems have muany uses in failure analysis (FA), and dual
beam systems are a must for state-of-the-art integrated circuit and MEMS
device failure analysis. Finding opens/shorts in circuitry by utilizing passive
voltage contrast is a common usage. Using the dua) beamn for defect review on
waters enables you to find and section defects too small to see with optical
microscopes. To cross-section particles and mechanically-weak structures and
to generate smear-free cross-sections of structures having layers of differing
bardnesses is very difficult to do using mechanical techniques; this becomes
routine using the dual beam FIB. The dual beam FIB is a must-have tool for
cross-sectioning MEMS devices without inducing catastrophic demage.

Key words:  FiB, dual bcam FIB, 1C, MEMS, MOEMS, passive voltage contrast (PVC).
defect review, cross-sectioning, particles, weak struciures, smear-free sections,
Cu metal

1. SINGLE-BEAM VS. DUAL-BEAM

Focused ion beam (FIB) systems have long been recognized as useful
tools for integrated circuit (IC) and microelectromechanical systems
(MEMS) device failure analysis. The introduction of dual beam systems has
made the toel an order of magnitude more useful and a must-have for state-
of-the-art IC/MEMS failure analysis. The drawback to single-beam systems
(ion column only) is the imaging. Imaging is done with the ion beam and
this has two drawbacks. First, the beam is milling the surface as it is
imaging and this causes damage to the surface of interest; the amount of
damage varying by beam size and magnification. Second, the resolution of
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the images generated with the ion beam is lower due to the size of the ions
making up the beam. With dual beam systems, the addition of an electron
column (e-beam) to the ion column (i-beam) solved both these preblems.
The electron column (e-beam) handles the imaging without milling the
surface and the resolution of the image is comparable with high-end
dedicated SEMs. The ion column is free to do the milling but can be used
for itnaging when the user desires. Most of the work in this chapter was
done on an FEI DualBeam 830. The column arrangement of this tool is
shown in Figure 1.

lon Column Electron Column
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&
e, 52° Stage Tilt
Cross-Section Face
Viewing with lon Beam Viewing with Electron Beam
Cross-Section Face Cross-Section Face
Not . Onscreen Views ‘l‘—
Visible
Completely Visible
(Not to Scale)

Figure 6.1. Dval Beam Column Arrangement (image courtesy FEI Company)

The columns are arranged so that, at eucentric sample height, the focus
point of both beams is coincident. When the stage/sample is tilted normal to
the i-beam, the face of interest is at a 52° tilt to the e-beam. The sample can
be milled and imaged without moving the sample just by switching imaging
modes. This arrangement also gives a working distance for the e-beam of 5
mm while the working distance of the i-beam stays at 16 mm, helping 1o
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improve the e-beam resolution. So now there are two columns; what can be
done with them with them?

2. PASSIVE VOLTAGE CONTRAST

Passive voltage contrast (PVC) is a charging phenomenon that is very
helpful in finding opens and/or shorts in circuitry. (Campbell) PVC uses the
charge induced on the surface of a conductor by the e-beam to provide a
contrast between structures charged bright (negative) and those charged dark
(positive). PVC is especially useful on small repetitive structures, such as
via chain test structures. Via chains are sets of metal links on two levels that
are connected by vias. These are typically rectangular structures consisting
of thousands of links with a probe pad at either end of the chain. When
electrical testing shows a particular chain is open, how dees one find the bad
link/via in those thousands? Ground one of the probe pads, usually by
cutting a hole through it to the substrate of the die. Then image the whole
(or largest part you can) at a slow scan rate unti} the charge contrast becomes
evident. Imaging with the e-beam enables the contrast to become apparent
without damaging the surface of your structure. One can then zero in on the
suspect area. Switching 1o i-beam will make the contrast more obvious (as
it’s at a higher accelerating voltage) and then mark the bad link and set up to
cut the cross-section. Figure 2 shows the location of a bad link in a via chain
found by PVC and Figure 3 shows the end result of the cross-section,
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zlon Beam pA Magn Det WD —— 20um

E Beam Spot Magn Det WD —— 2um
500kVv 3.0 35000x TLD 5.0

Figure 6.3. Cross-section of bad via in via chain
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3. CROSS-SECTIONING DIFFICULT MATERIALS

31 Cross-sectioning materials of greatly differing
hardness and/or mechanical strength

Getting a smear-free, defect-free cross-section of a stack of materials that
differ greatly in hardness can be a trying experience if using mechanical
polishing methods. The softer layers will polish faster than the harder
layers, resulting in round off of the cross-section face. Rounding off will
obscure the interface between the layers. 1f the layers are not mechanically
strong or well attached to each other, the cross-sectioning forces will cause
delamination of the layers or destruction of the structure. Using the dual
beam FIB will remove most if not all of the headaches associated with
making these types of cross-sections. A good example of this type of
problem cross-sectien is a gold ball bond on an aluminum bond pad, as
shown in Figure 4.

E Beam Spot Magn Det WD —— 20 pm
5.00kV 3.0 2600x TLD 5.1 bh #3025: xsn ball bond

Figure 6.4. Au bond wire on Al bond pad
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The gold and the aluminum are much softer than the silicon of the die,
also the bond wire and the bond pad will smear and peel off the surface
using conventional mechanical sectioning. One could encapsulate the whole
device to give support to the wire and bond pad, but then no more testing
could be done to that device. In the FIB, this structure can be cross-
sectioned almost as easy as cutting a cake, as shown in Figures 5 and 6.
Depending on the bond pad structures, the pad and wire can still be
electrically connected to the rest of the die.

r—————

“F Beam Spot Magn lOum
5.00kV 8.0 5000x TLD 5.0 bh #3025: xsn ball bond

Figure 6.5. Overview of sectioned ball bond and pad

Another example is shown in Figure 7. This is another bond pad,
aluminum over copper. Blister-type defects had been found at an inspection
step, some blisters open and some intact. Process engineering wanted to
know where the metals had separated and at what level the failure started.
Platinum was applied to protect and even out the surface and the cut was
made along that Pt line. As shown in Figure §, the blister had peeled open at
the oxide interface between the Al and the Cu, pulling out part of the Cu as
well. The opened flap of the blister has not moved, although is it eroded by
jon-beam imaging. The metal cracks and voids are still is their original
condition with no mechanical damage. This defect was eventually traced
back to a CMP slurry problem,
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E Beam YELL Det WD F——— 10m
10.0 kV TLD 5.0 bh #: xsn ball bond

Figure 6.6.Cross-section of ball bond and pad with no smearing or damage

E Beam Spot Magn Det WD F——————— 50 pum
5.00 kV 3.0 1500x TLD 5.0

Figure 6.7 Peeled open blister. The flap is aluminum.
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:__"EBeam Spot Magn Det WD —— 6&um

ms N

Figure 6.8. Cross-section through blister and flap revealing the damage below.

Another example is shown in Figure 9. Flakes of this type were found
prior to a copper CMP (chemo-mechanical polishing) step. The selected
flake is precariously attached to the surface by a few angstroms of copper
and would fly off at an attempt to cleave it by breaking the wafer. The flake
was protected by deposited platinum then cross-sectioned to see the internal
structure.  With this structure revealed, EDX (energy-dispersive x-ray
spectroscopy) can be done to determine elemental makeup. EDX data can
then give clues to the origin of the flake. The section and subsequent EDX
analysis found it to be a thin flake of aluminum fluoride covered with copper
(Figure 10). The aluminum fluoride particles were ultimately traced back to
a prior dielectric etch tool.
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E Beam Spot Mégn. Det WD ———
500kY 30 6500x TLD 53

Figure 6.9. Flake on copper surface

E Beam Spot M
5.00kV 4.0

Figure 6.10. Cross-section of flake showing internal structure. The thin dark line is the
aluminum fluoride flake.
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3.2 Cross-sectioning structures/defects not visible from
surface

Sometimes you have an interest in a structure or defect that is buried
under the surface of the sample, such as vias under blanket metals or an
oxide stack. You have an idea of the location but don’t know it exactly.
Dual beam FIB is an ideal way to gently excavate your way fo the desired
location. One can make the rough cut in the general location of the structure
of interest, then during the polishing or clean up milling one can alternate
between cutting with the ion-beam and imaging with the e-beam to see
exactly when the area of interest is reached. An example is shown in Figure
11. This is a via chain structure after being filled with copper but before
going to CMP. The process engineers would like to know how well the vias
are filled. Copper metallization does not cleave or pelish well and the vias
are under a blanket of copper metal and not visible from the surface. One
can image the vague outline of where the via chain structure is on the wafer,
so make the rough cut somewhere in the middle. Then during the polishing
step, switch between the ion beam and the e-beam to see when the via
centers are reached. The finished cross-section is shown in Figure 12.

. -
E———

E Beam Spot Magn Det WD
500KV 3.0 4999 TLD 5.1 WAFER 01 CENTER

R P o
B, & S —

10 pm

Figure 6.1/. Blanket Cu over vias
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E Beam Spot Magn Det WD — 2pum
5.00kV 3.0 25000x TLD 5.1 WAFER 01 CENTER

Figure 6.12. Final polish of via chain structure showing center of vias and quality of fill

3.3 Cross-sectioning defects on packaged devices

Getting a cross-section of a defect in packaged device is especially
fraught with headaches because typically the package is huge compared to
the area of interest. And if the package material is ceramic, the hardness of
the ceramic material compared to anything else in the stack-up makes it
really difficult to get an acceptable cross-section. The example is Figure 13
is a worst-case scenario. This device is an electromigration (EM) test
structure utilizing minimum linewidths and minimum via sizes and had
failed electrical testing with opens. These structures are right at the edge of
resolution for optical microscopy. They are packaged for testing using
silver-filled die bond epoxy in a metal-lidded ceramic DIP (dual in-line
package). Mechanical cross-sectioning was not really an option due to the
size of the structures, the ceramic package material, and the fact that the die
couldn’t be gotten out of the package without shattering it. Since the desired
structure was not visible from the surface in the FIB, the distance the
structure of interest was from visible landmarks was measured optically and
transferred into the FIB. Now having a general location for the structure, the
rough cut was made. Then a fine polish pattern was set up and milled slowly
into the structure until the middle of the line and via was reached. The EM
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voiding is clearly shown with no polishing debris or damage. Figure 14
shows the opposite end of the structure shown in the previous figure.

o R ————
E Beam Spot Magn Det WD
500 kV 3.0 25000x TLD 4

E Beam Spot Magn Det WD F—— 500 nm
5.00kv 3.0 100000x TLD 5.0

Figure 6.14. QOpposite end of structure showing EM void at the via
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34 Cross-sectioning voids without contamination

As shown in the previous section, dual beam FIB is an excellent tool to
obtain cross-sections of voids/cavities with out contaminating the
voids/cavities. Mechanical polishing will always fill a hole with polishing
debris and polishing media, confusing the results. Shown in Figure 15 is a
die 1D fuse structure after the fuses were blown, then the slag and debris
cleaned up by a wet etch process. The process engineers wanted to see how
much metal remained after cleanup. Figure 16 shows a higher magnification
view of the left side of the fuse. Note that the FIB cross-sections are very
clean with no debris left in the voids to confuse the results.

E Beam Spot Magn Det WD ——— 2m
500kv 30 25000x TLD 5.0

Figure 6.15. Die 1D fuse structure after slag etch
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Beam Spot Magn Det WD ——— 500 nm
kY 3.0 100000x TLD 5.0

Figure 16. Higher magnification of die ID fuse showing very clean cross-section

4. CROSS-SECTION FOR DEFECT REVIEW

With geometries getting smaller, killer defects are also getting smaller.
This fact, coupled with the larger wafer sizes. means defect review tools are
a must in the fab. To be able to find and cross-section defects found by
these tools is also a must to get the full benefit of the tools. Most full-wafer
FIB tools have defect review software available for them. This software
enables them to read the output of the most common defect review tools and
then navigate to the desired location. Figure 17 shows the end result of such
a job. This wafer had many random defects of the type shown by the arrow,
which were tiny cracks or slits in the PO (passivation oxide). Optically the
meta) pattern was very odd. An FIB cross-section showed the defect was
caused by a problem that started at metal 4 and was propagated to the
surface by the rest of the layers. Sometimes, obviously, the defects found by
defect review are large enough to see and cleave manually. But if the metal
stack is copper, confusion can result due to the way copper cleaves. Copper
is a very ductile metal and will stretch and pull-out badly during a
mechanical cleave which can cause voids and/obscure voids and
delaminations.
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Det WD 1 5um
TLD 5.0 bh #1663; site

Bl
. A

Figure 6.17. End result of a defect review job

S. DEVICE MODIFCATIONS OR EDITS

Probably one of the most popular uses for dual beam FIB is device
modification or editing. This is a way of checking a proposed design change
without incurring the expense of mask generation and device fabrication. It
also saves an enormous amount of time, especially if it becomes obvious the
proposed change doesn’t work. This type of modification is alse very handy
in failure analysis for generating test pads for probing and for checking
results. An example: if a particular fail mode is supposed to be caused by a
short/open at a particular node, repair that node and see if it solves the
problem. Most FIBs can be interfaced with pattern navigation software that
can read the device layout database and navigate to a desired node or
structure. Very complex medifications can be made if the FIB is equipped
with some type of insulator deposition. Other authors have shown examples
of this work. (Wills; Li, 1998; Casey, 2002; Wilson, 2002) Figure 18 shows
the end result of a very simple device edit. The designers wanted two of
these nitride-covered test pads opened up and connected together to verify a
design change. Holes were cut in the nitride layer, exposing the metal.
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Then the holes were connected together by filling them with platinum (Pt)
and depositing 2 platinum run between them. The resistivity of the run is
about 10-20 ohms/square per micron of deposited thickness.

Device edits are still somewhat of an art. The trick is to make the
medification without damaging the circuit. Surface charging is a big
problem, not only can it obscure the e-beamn image but can also damage the
device electrically and physically. Devices utilizing dummy metal structures
for CMP flatness are particularly susceptible. The dummy metal structures
charge up and, with no ground connection, can accumulate enough charge to
actually tear themselves out of the surface of the device due to the repulsion
of like charges. This phenomenon can generate a lot of underlying damage.
Some device editors will coat the device with carbon to help bleed off the
unwanted charge. The carbon can be ashed off in an oxygen plasma after
the edit is done, removing the shorting layer. Exposure to a plasma can
generate other problems in some devices, so other editors will do the
modification at very low beam currents to prevent damage. The editor will
need to have an understanding of the circuit to decide how best to proceed.

E Beam Spot Magn Det WD 1 &m
1.00kV 30 10000x TLD 5.0

Figure 6.18 A simple device edit



6. Uses of DualBeam FIB in Microelectronic Failure Analysis 123
6. MEMS DEVICES

Micro-elecromechanical systems (MEMS) devices and their sister
devices, micro-optical-electromechanical systems (MOEMS) devices are
classes of device that are extremely hard if not impossible te analyze without
an FIB. The 3-dimensional, moving nature of MEMS devices precludes
using other cross-sectioning techniques. Cleaving through unsupported or
released structures will pop them right off the surface of the device, losing
what you're interested in. Also, quite a few of the structures are fabricated
using polycrystalline silicon, which doesn’t cleave neatly like single-
crystalline silicon and can shatter. Standard mechanical polishing can’t be
done on unsupported/released siructures, either, without some type of
encapsulation. And this encapsulation will generally ruin the device by
either floating the structures off the surface or crushing them. FIB tools can
cross-section  MEMS  class  devices  without damaging the
unsupported/released structures. Figure 19 shows a tilted view of one pixel
of a DLP™ device, which is a MOEMS device. (Davis, 2002)

These devices, manufactured by Texas Instruments, Inc., consist of
roughly 1.2 million of these pixels on the surface of an integrated circuit, As
the figure shows, this is a 3-D aluminum structure supported by two narrow
metal hinges banging in empty space. The pixel tilts +/-10° due to
electrostatic attraction by the address electrodes underneath the pixel and
reflects light either into or away from a projection lens. The only method of
cross-sectioning these pixels that doesn’t destroy them is by dual beam FIB.
Since the metal in these structures is thin and easily milled, a single beam
FIB (which uses only the ion beam for imaging and navigation) causes the
pixel surface to warp and curl just trying to get to the location of interest.
Figure 20 shows a cross-section through a pixel without disrupting the
adjoining pixels or the hinges of the cross-sectioned pixel.
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Figure 6.19. Tilted view of DLP™ device pixel. Reprinted with permission, ISTFA 2002
Proceedings, Fig. 2, p. 292, ASM International.

)
AN

E Beam Spot Magn Det WD p————— 6pm
100k 30 462 1x COM 170 MIRROR!.ING

Figure 6.20. Cross-section through a DLF™ pixel
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The next figure, Figure 21, shows another type of MEMS device, this one
a polysilicon rotary gear from Sandia National Labs. (Walraven, 2002)

10 um

Figure 6.21. Polysilicon rotary gear. Reprinted with permission, Microelectronics Failure
Analysis Desk Reference, 2002 supplement, Fig. 2, p. 73, ASM International.

Using the FIB, it is possible to cross-section these types of gears and
assess the wear of the gear and detect any unusual damage, as in Figure 21.
This type of cross-section would not be possible with any other method.

Figure 6.22. Cross-section of rotary gear showing wear debris. Reprinted with permission,
Microelecironics Failure Analysis Desk Reference, 2002 supplement, Fig. 17, p. 85, ASM
International.
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For more information on MEMS/MOEMS devices, see De Wolf (2002)
and Waterson (2002).

7. USER CAVEATS

So the dual beam FIB is the greatest thing since sliced silicon, right?
Well, almost. There are things to be aware of, since nothing in FA is “one-
size-fits-all”.

7.1 Cross-section Dimensions

The biggest drawback to cross-sectioning with the FIB is the limited size
of the cut. Cutting through the entire thickness of even a thinned silicon die
is very time-consuming. The same is true for very large (more than 100um)
X and Y dimensions. If one needs these types of cuts, be prepared to use up
a lot of FIB time.

7.2 Charging Damage

A 30kV jon beam induces quite a charge on the sample surface.
Ungrounded structures will be damaged. The user must remember to ground
the structures adequately if they have no ground path and use a carbon
coating, if possible, to suppress charging. Carbon is an excellent choice for
a coating because the sputter yield is low, meaning it will stay on the surface
longer without being milied off by the beam, and it can be removed by
ashing in an oxygen plasma without damaging the sample. Figures 23 and
24 show what can happen when the structure isn’t grounded.

This structure consists of two levels of metal connected by a single via.
The lower-level metal is at right angles to the top-level metal. This whole
structure is isolated from the substrate of the die by several levels of
dielectric, Figure 24 shows the damage that will occur if one tries to cross-
section through the via without grounding one of the metal levels. This will
generate confusing data during the course of FA.
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E Beam Spot Magn Det WD —— 1um
500kV 3.0 65000x TLD 5.0

Figure 6.24. Damaged kelvin via
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7.3 Ion Implantation

Imaging with the ion beam is sometimes a good idea. One can see the
metal grain structure much easier in this mode and charging will be
suppressed. It’s also much easier to tell metal from oxide in this mode. If
the cross-section face is imaged with the ion beam, be aware that gallium
jons (or whatever the ion source is) will get implanted in the surface and
change the surface characteristics. This will affect any wet etching or
decorating of the cross-section face. If any wet chemistry might be done on
the cross-section face, don’t image it with the ion beam.

7.4 Cross-sectioning artifacts

Nothing in this life is perfect and that includes cross-sectioning with the
FIB. FIB cross-sections, like other methods, can generate artifacts. The
trick is to be aware that these occur and take steps to minimize them,

7.4.1 Striations

Striations, also called curtains or veils, occur when milling materials of
differing hardnesses or thicknesses as shown in Figure 25. Changing the
milling parameters and/or depositing a platinum planarizing layer can
control these artifacts.
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E Beam Spot Magn Det WD 1 5um
2 00 kVV 3.0 12000x TLD 49

Figure 6.25. Example of striation artifacts. The vertical lines are an artifact of the section.

7.4.2 Redeposition

Redeposition of milled material can generate erroneous data. Figure 26
shows this artifact. The material highlighted by the arrow was not present in
the blister prior to milling. This material was deposited into the void during
a large spot size milling pattern. This can also occur in high-aspect-ratio
holes. This type of artifact can be controlled by reducing the milling rate,
making the hole bigger and/or employing some type of gas-assisted etching.
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E Beam Spot Magn Det WD ——
500kV 30 6500x TLD 5.0

Figure 6.26. Redeposition artifact. Material at arrow was not present before milling.

7.5 A Word (or more) about Copper

Copper is a wonderful metal for IC metallization, but it can behave
strangely during ion beam milling. 'The grains in the metal are oriented at
different angles to the milling beam and this leads to differing milling rates
for different grains. This is due to a combination of ion channeling and
gallium-Cu phase formations that resist the milling process. (Phaneuf, 2002;
Yuan, 2002; Herschbein, 1998; Su, 2001) This can be a big headache at
device edit, as some grains are milled away before others even start to show
wear, This effect makes it difficult to cut precise holes with flat bottoms in
copper runs. Some FIB vendors have proprietary methods for overcoming
this problem. Copper aiso doesn’t self-passivate as aluminum does and is
extremely sensitive to the halogen gas chemistries used in some of the gas-
assisted milling techniques. The iodine used in some metal etch chemistries
will corrode the copper many millimeters from the mill site if used on a bare
copper layer.
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8. CONCLUSION

The dual beam FIB is an indispensable tocl for state-of-the-art
microelectrenic and MEMS failure analysis. And it’s extremely handy for
not-so-state-of-the-art device FA. Tts uses are not limited to the techniques
discussed here. (Herschbein; Cole, 2002) With practice and experience, the
user can produce artifact-free cross-sections of almost any material and
come up with techniques this author hasn’t even thought of yet.
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HIGH RESOLUTION LIVE IMAGING OF FIB
MILLING PROCESSES FOR OPTIMUM
ACCURACY

Peter Gnauck, Peter Hoffrogge, M.Schumann
Carl Zeiss SMT, Inc., Nano Technology Systems Division 56, D-73447 Qberkochen, Germany

Absiract: The combination of field emission scanning electron microscopy (FESEM)
and focused ion beam (FIB) is a tuture key technology tor semiconductor and
materials science related applications. Through the combination of the Gemini
ultrahigh resolution field emission SEM colwmnn and the Canion31+ high
performance FIB column a wide field of applications can be accessed. This
includes structural cross-sections for SEM and transmissien electron
microscopy (TEM) applications, device modification, [ailure analysis,
sublayer measurement and examination, as well as SEM and FIB related
analytical technigues such as energy dispersive x-ray speciroscopy (EDS),
wavelength dispersive x-ray spectroscopy (WDS), secondary ion mass
spectrometry (SIMS) etc. Real time high resolution SEM imaging of the
cutting and deposition process enables the researcher to perform very accurate
three dimensional structural examinations and device modifications.

Key words:  SEM, FIB, TEM, semiconducter, failure analysis, device modification,
analysis, inspection, melrology, dcposition

1. INTRODUCTION

High resolution investigation of the microstructure of materials is very
often restricted to the study of the very surface of the sample. This is
because most high resolution analytical and imaging techniques like
scanning electron microscopy (SEM), atomic force microscopy (AFM) or
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scanning tunnelling microscopy (STM) only provide information about the
surface microstructure of the sample. To locally investigate the internal
microstructure of the sample at high resolution, the sample has to be opened
up. This can be done very precisely by the use of a focused ion beam (FIB)
for cutting into the sample and the use of a field emission SEM for high
resolution imaging of the internal structure, The combination of ficld
emission scanning electron microscopy (FESEM) and focused jon beam
(FIB) is a future key technology for semiconducter and material science
related applications. A new CrossBeam tool is discussed in this presentation
that allows one to use both beams (SEM and FIB) simultaneously and
independently from each other. Due to this feature it is possible to use the
FIB for cutting, pelishing or patterning while one can observe the process
live in high resolution SEM imaging. This feature is extremely useful if the
sample contains unexpected structures. Especially in the case of cross
sectioning or TEM sample preparation the defail of interest even if it is at a
nanometer scale can not be missed or destroyed.

2. SYSTEM OVERVIEW

Through the combination of the LEQ Gemini field emission SEM
column and the Canion3 1+ high performance FIB column a new Crossbeam
tool was designed. Both beams coincide at a crossover point 5Smm below the
objective lens of the SEM. The geometrical layout and arrangement of the
two columns enables perpendicular tilt of the sample to the ion beam in the
coincidence point. To provide full eucentric tilt at all operating conditions a
6-axis super eucentric specimen stage is used.

The system is fitted with a computer contrelled gas injection system that
can handle up to five different gases for metal and insulator deposition or
enhanced and selective etching. To avoid contamination of the field
emission gun (FEG) on the SEM and the liquid metal ion source {LMIS) on
the FIB by the use of aggressive gases both columns are protected with a
differential pumped vacuum system (fig. 1). Especially for the SEM a
modified variable pressure column is used, that can be operated at chamber
pressures up to 10°mbars without affecting the UHV in the gun area.
{Gnauck, 2000, 2001) To complete the analytical capabilities of the system
the specimen chamber can be equipped with several analytical attachments
like x-ray detectors for EDS and WDS analysis as well as a mass
spectrometer for SIMS analysis.
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Figure 7.1. - Geometrical layout of the LEQ 1500 CrossBeam sysiem. The electron and the
jon beam ceincide at a crossover point Smm below the objective lens of the SEM. The
geometrical properties of the two columns allow ion milling on large samples (wafers) at
angles up to 92° (in respect to the ion beam).

2.1 Electron Optics

To examine nonconductive samples like photo resist, oxide layers,
ceramics efc. in their natural state (i.e. without significant sample
preparation like coating etc.) in the SEM the technique of low voltage
scanning electron microscopy (LVESEM) is used. The operation at Jow
electron energies reduces the charging of the sample and gives very accurate
information of the very surface of the specimen. However the resolution of a
standard SEM is drastically reduced at low beam energies the special low
voltage SEM column used in this system is capable of high resolution
imaging even at very low beam energies. (Weimer)

The probe size d, of an electron optical system is given by:

d,= \/d‘ +d ! +d, +a’2

(D

with the virtual source size d,,, the chromatic aberration disc dc, the
spherical aberration disc ds, and the diffraction error dp.
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The resolution of such a system at low electron energies is mainly limited
by the chromatic aberration.

2
=iy, ®

with the chromatic aberration coefficient Ce, the energy spread of the
gun AE, the beam Energy E and the aperture angle a.

This is caused by the increasing influence of the energy spread AE of the
electron gun at decreasing electron energies (2). This problem is minimized
by the special design of the GEMINI lens. Due to the design as a
combination of a magnetic lens together with an electrostatic immersion lens
(fig. 3), the aberration coefficients decrease with decreasing electron energy
(fig. 2). This results in an ultrahigh resolution even at very low energies
down to 100eV.
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Figure 7.2. Aberration Coefficients of the GEMINI lens: Due to the design as a combination
of a magnetic lens together with an electrostatic immersion lens, spherical and chromatic
aberration coefficients CS and CC scale with the beam energy. The dotted lines represent the
constant aberration coefficients CS and CC of the magnetic lens without the electrostatic
immersion lens.

The schematic layout of the electron optics of the Gemini column is
displayed in fig.3. The electron beam is generated by a Shottky filed
emission gun. This kind of emission system is characterized by a high
brightness, a low energy spread and a small virtual source diameter. The
probe forming is done mainly by a magnetic electrostatic compound lens.
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The condenser lens which is located directly below the gun area is mainly
used for adjusting the optimum beam aperture in the low voltage operation.
This results in a crossover free beam path with minimum Boersch effect and
a minimized energy spread AE. The beam current is adjusted by the use of a
software controlled electromagnetic aperture changer.

Another benefit of this design is the absence of a magnetic field at the
sample. Therefore the electron optical and ion optical properties of the area
between sample and final lens of the SEM never change regardless of focus
sing or EHT change on the SEM.

L'J

|: J Field Emission Gun (FEG) =l

_—— -::_

Condenser M
I

Apertures

Objective Lens

Specimen

Figure 7.3. Schematic layout of the electron optics of the GEMINI column (right) and the
light optical analegy of the column {left). The gray lenses represent the magnetic condenser
lens and magnetic part of the objective lens. The white lenses represent the electrostatic
immersion lens. Please note: This light optical analogy is only a rough approximation of the
real electron optical propertics of the system,

2.2 Ion Optics

The schematic layout of the ion optics is displayed in fig. 3. Gallium ions
(Ga") are extracted from a high brightness liquid metal ion source and then
accelerated to an energy of 5 - 30 keV. The ion emission js regulated by an
extractor. The electrostatic condenser lens collimates and focuses the ion
beam depending on the operating mode: Crossover beam path for highest
beam current or non-crossover for best imaging performance. After passing
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the condenser lens the beam current is defined by a set of software
controlled mechanical apertures. By using the different apertures in
combination with different condenser settings the probe current can
continuously be adjusted in the range between IpA for and 50nA. The
objective lens is designed as an electrostatic einzel-lens system. It focuses
the beam onto the specimen surface. At the normal working distance of
12mm a resolution of 5 nm can be achieved.

Liquid Metal Ion Source (LMIS)

Condenser Lens

— ~— Apertures

AAE Objective Lens

z Specimen

Figure 7.4. Schematic layout of the ion optics of the CANION 31 FIB column. The ion beam
is generated by the LMIS and focused onto the specimen by an electrostatic two lens system.
Crossover beam path for highest beam current on the left and the normal collimated beam
path for optimum imaging performance on the right.

3 IMAGING MODES

The CrossBeam system can operate at three different imaging modes. By
blanking the ion beam and only using the electron beam for imaging the
system operates as high resolution field emission SEM. The second imaging
mode uses the ion beam while the electron beam is blanked. The FIB
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imaging mode is wsed for grain analysis, voltage contrast imaging and
defining of milling areas. The last imaging mode is the so called CrossBeam
operation mode: Both beams are turned on and while the ion beam is milling
a defined area, the SEM is used to image the milling process at high
resolution in real time. This enables the operator to control the milling
process on a nanometre scale and to perform extremely accurate cross
sections and device modifications.

31 SEM imaging

If the system is used as a high resolution SEM only the ion beam is
blanked and the SE - signal is synchronized to the SEM scan. In this
operational mode the system can be used as a high resolution FE-SEM with
no limitations. Figs. 4 and 5 show the principle of operation high resolution
low kV SEM images in this operating mode.

SEM

FIB

T ==

Figure 7.5. SEM imaging: The ion beam is blanked and the SE - signal is synchronized to the
SEM sean.
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Figure 7.6. High resolution low voltage (800V) SEM image of an uncoated pheto resist
structure on a silicon wafer (left). And a high resclution SEM image of a gold grain at 510V
(right)

3.2 FIB Imaging

If the system is used as a FIB only the SEM beam is blanked and the
signal is synchronized to the FIB scan. This mode is used for channelling
contrast imaging, voltage contrast imaging and for defining milling patterns
on the sample surface.

T ==

Figure 7.7. FIB imaging: The electron beam is blanked and the SE - signal is synchronized to
the FIB scan.
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Figure 7.8: FIB imaging: Visualization of the grain stracture in a copper sample by
channeling contrast (Jeft) same detail with SEM imaging on the right.

3.3 CrossBeam operation

To monitor the ion milling process in real time at high resolution in the
SEM the CrossBeam operation is used. Both beams are turned on and while
the ion beam is milling a defined area, the SEM is used to image the milling
process at high resolution in real time. This enables the operator to contrel
the milling process on a nanometre scale and o perform extremely accurate
cross sections and device modifications. In this mode the SEM can also be
used to compensate ion beam charging on non conductive samples.

Figure 7.9. CrossBeam operation; Both beams are scanned completely independent form each
other and the SED Signal is synchronized to the SEM scan. This results in the CrossBeam
operation feature: The ion milling process can be imaged using the SEM in real-time.
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Fi, 1gw e 7. 1 0. lee 1magmg ofa Al;O; ZTEM sample durmv ion mlllmg Fverh'lrd Thom]ev
detector signal on the left and the Inlens detector signal on the right.
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Chapter 8

FIB FOR MATERIALS SCIENCE
APPLICATIONS - A REVIEW

M. W. Phaneuf
Fibics Incorporated, 556 Booth St., Suite 200, Ottawa, Ontario, CANADA

Abstract: The application of focused ion beam techniques to a range of topics in
materials science is reviewed. Recent examples in the literature are cited
along with illustrations of numerous applications. Potential artifacts that can
arise are discussed along with commentary on minimizing their impact.

Key words:  coatings, contrast, corrosion, cracks. deformation, FIB, focused ion beam,
fracture, friable, grain growih, materials, sectioning, tomography, wear

1. THE FOCUSED 10N BEAM MICROSCOPE AS A
MATERIALS SCIENCE TOOL

As noted in the introduction to this volume, the past decade and a half
have seen tremendous growth in the number of focused ion beam systems,
from about 35 in 1986 (Melngailis, 1987) to perhaps more than a thousand
by the time of publication. While the vast majority of these systems are used
for semiconductor applications, recent years have seen a marked increase in
the use of these versatile instruments in the field of materials science.

The FIB microscope, in its most basic form, consists of a liquid metal ion
source producing a beam of Ga* ions with a range of energies typically from
25 to 50 keV. These are directed to the sample as a fine focused probe using
a process similar to that of the scanning electron microscope. Upon striking
the samples, the incident beam ejects electrons, neutral atoms and ions of
both charge species (along with melecular fragments). Typically either
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electrons or positive ions are detected in conjunction with a known beam
position to form an image. In paralle]l with the incident ion beam, many FIB
systems permit direction of low energy electrons at the sample for purposes
of charge neutralization, and/or various gas chemistries for the purpose of
ion beam gas assisted etching (GAE) or deposition. These processes are
covered in detail elsewhere in this volume, as are applications of “dual-
beam” instruments incorporating both electron and ion columns and capable
of imaging with either beam.

One can, by varying lens and aperture settings, achieve beams with
currents from approximately 1 pA to 30 nA or more. Beam diameters can
range from about 5 nm to several micrometers, with modern instruments
capable of delivering 30 nA in a sub-micrometer spot, achieving current
densities in excess of 10 A/cm®. When operating at lower beam currents, the
FIB is a fine microscope in its own right, while at higher currents one may
consider it a “nano-scale milling machine”. The reader only recently
acquainted with FIB is cautioned to note the term used is “nano-scale”. FIB
systems excel in sectioning regions that are a few tens of atoms to a few tens
of microns in size. While it is certainly possible to section a region that is
several hundred micrometers in length and over a hundred micrometers in
depth, it becomes a time consuming process.

From a materials science standpoint, one great strength of FIB
microscopy is the ability to prepare site-specific cross-sections in a virtually
stress-free manner, essentially independent of the material. One can then
observe these in-situ, reducing the beam current to a sufficient level to
obtain the required reseclution and tilting the cross-sectioned surface towards
the incident jon beam (or electron beam in the case of dual-beam FIB
systems), Imaging with the gallium ion beam can be a powerful technique in
materials science. This chapter will illustrate some potential applications
and provide references to many more available in the published literature.

Strengths of dual-beam systems, where the FIB prepared sample is
subsequently imaged with the electron beam, are covered elsewhere in this
volume, and this imaging mode will be readily understood by those with
SEM experience. The physics of imaging with an incident focused ion beam
is a less broadly understood topic, and was discussed earlier in this volume,
to which the reader is referred as it covers in detail the subject of ion-sample
interaction and provides an explanation of the resulting phenomena which
lend FIB images a similar but distinctly different flavor from the more
familiar secondary and backscattered electron images of the SEM.

From the standpoint of understanding applications of FIB imaging in
materials science, we will briefly review the three primary FIB contrast
mechanisms (topographic contrast, orientation (channeling) contrast and
material contrast (Fig. 1)).
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Topographic contrast is familiar to anyone who has seen an SEM image
of an irregular object, and even these unfamiliar with images from beam
instruments readily interpret topographic contrast images due to their
similarity to optical images viewed with directed illumination. Topographic
contrast produces image shadows and highlights readily interpreted by the
casual observer.

Orientation or channeling contrast is perhaps the most striking feature of
FIB microscopy of crystalline specimens (especially cubic metals), and
preduces an effect of grain contrast similar to that observed in a
metallographically etched sample (Fig. 7). The relative intensity of each
grain changes as a function of incidence angle of the gallium beam (Phaneuf
1999, among others). Although channeling contrast is exhibited in both the
secondary electron and secondary ion images, secondary electron yield is
significantly greater than that of secondary ions for most materials, and is
less sensitive to changes in chemistry,

Material contrast arises from differences in the yield of secondary
particles as a function of specimen chemistry. Although this effect can be
significant in FIB secondary electron images, it is most readily observed in
FIB secondary ion images where it is frequently the dominant contrast
effect. Secondary ion yields can increase by up to three orders of magnitude
for metallic species in the presence of oxygen (Benninghoven, 1976),
making material contrast a valuable technique for studies involving
corrosion or grain boundary oxidation of metals (Fig. 3). FIB secondary ion
images tend fo be of the “total detected positive ion” type. where the particle
detector is biased to a sufficient negative voltage to repel electrons and
attract all positive ions regardless of their mass. Mass (and charge) resolved
ion imaging is the domain of FIB systems equipped with secondary ion mass
spectrometer (SIMS) systems. Interested readers are referred to the Chapter
on FIB-SIMS in detail. As FIB-SIMS requires additional equipment
uncommon on FIB systems at the present time, this chapter will focus on
applications of “total detected positive ion” imaging in materials science.

FIB imaging is an inherently “surface sensitive” technique, with the
detected signal originating from only the top few nanometers in ion mode
imaging or tens of nanometers in electron mode imaging. This effect can be
used to a significant advantage in FIB imaging, but it must be offset against
the fact that, unlike in SEM, when imaging with an jon beam, one is always
removing material by sputtering as one images. This is an important fact to
keep in mind, although the effect can be minimized. For example, at low
beam currenfs it can require several image passes just to remove the native
oxide that forms on the surface of a metal exposed to air and henceforth
begin to observe the orientation contrast of the grains below. Another
significant point is that with each image pass, as well as sputtering away
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material from the sample, one also implants gallium from the incident beam
and ballistically mixes the near-surface monolayers. With care, this is not an
issue in most applications, but one must always take it into consideration.

FOV:SOOOma i ..Oda maeoda: Electron

it e

Figure 8 J. FIB contrast mechanisms from a FIB secondary electron image of a FIB section
through a TiB, reinforced Zn-Al cast alloy after fracture toughness testing. Material contrast
from the different phases dominates the bulk of the image, with the Zn v phase appearing
light and the Al-rich o phase appearing in darker contrast Topographic contrast (“I7) is
visible down the void revealed in this section as well as in the crack running through a TiB,
particle. Orientation contrast (“O™") reveals multiple grains make up a larger TiB, particle.
Orientation contrast is much more prominent in cubic metals than hexagonal, as Fig. 7,
among others illustrates. Section 2.4 discusses methods of enhancing contrast in hexagonal
metals using FIB gas assisted etching, A full discussion of the physics and mechanisms of
contrast formation in FIB images is covered in another chapter in this volume.
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1.1 Applications in Materials Science

Initial use of FIB systems in materials science involved scanning ion
microscopy (Levi-Seiti et al. 1983, Franklin et al., 1988) and high resolution
chemical mapping using SIMS (Levi-Setti et al., 1985, 1986). At about the
same time, the semiconductor industry was discovering the potential of the
FIB (Cleaver and Ahmed, 1981; Cleaver et al., 1983; Kirk et al., 1987). As
is documented in other chapters in this volume, rapid application
development ip the semiconductor industry along a number of fronts
{lithography, photomask repair, circuit modification, diagnostics, failure
analysis and specimen preparation) led to rapid evolution and
commercialization of the FIB, which subsequently became a mainstay of the
semiconductor industry,

FIB was slower in making its way into the field of materials science,
hampered not by limitations in the technique but rather by the relative
scarcity of these instruments outside semiconductor fabrication facilities. It
should be noted that a great deal of characterization work that has been
performed in the semiconductor industry should rightly fall into the category
of "materials science", but for the purposes of this paper only non-
semiconductor applications will be discussed.

The use of FIB in materials science was initially weighted heavily
towards either SIMS or specimen preparation for analysis using other
instruments (primarily TEM), but modern FIB instruments with high spatial
resolution and the increasing availability of dual-beam systems have made
FIB imaging of materials specimens a rapidly growing field. The ability of
FIB to prepare TEM specimens (particularly site specific cross-sections with
~100 nm positional accuracy) from material systems that were previously
extremely difficult to prepare for TEM has sparked the largest volume of
publications to date.

FIB micromachining is covered elsewhere and has more recently been
used to produce tools for materials science applications such as nano-
indentor tips and micro-end milling tools (Adams et al., 2001), as well as for
mechanical property testing (Davis, 1997).

FIB applications in materials science are still very much in their infancy.
The following sections discuss FIB applications across a range of fields,
with the goal of inspiring the reader as to the potential of the technique.
Hopefully the future of FIB in materials science will see the introduction of
useful instrument options that are already available to the SEM community
such as hot and cold stages, orientation imaging microscopy in dual beam
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systems, variable pressure “environmental” systems capable of operating at
nearer atmospheric pressure with different vacuuwm envirenments, ete.

1.1.1 Biology

Perhaps largely because FIB instruments tend to be Jocated in
semiconductor, electronics and material science groups, biological
applications have been slow te appear. While many applications in biology
will no doubt have to wait for the introduction of a “variable pressure,
environmental FIB”, the more mature science of preparation of biological
samples for bard-vacuum SEM applications should make adoption of FIB in
these fields relatively straightforward once the instruments become available
to those in the biological sciences.

To date. the literature largely reflects a few attempts by FIB
manufacturers and materials science groups to undertake brief forays into the
field, often assisted by biologists curious about these “new” instruments. it
is fair to say that these attempts have been successful as a proof of concept.
but further investigation, particularly into beam damage and other potential
artifacts of specimen preparation and imaging is required by those
knowledgeable in the field.

Ishitani et al. (1995) illustrated the potential of the technique with some
quick FIB cross-sections and images of biological specimens including the
compound eye of a fly and portions of human hair. Hayashi et al. (1998)
have investigated FIB cross-sections of human tooth enamel, as have
Gianuzzi et al. (1999). Hoshi et al. (2001) followed this work with an
investigation of human dentine by FIB sectioning for imaging and FIB
XTEM (including samples sufficiently thin to permit energy filtered TEM).
Hoshi states that dentine contains more organic substances than enamel, yet
this did not stop successful specimen preparation. Young (2000) briefly
shows results of FIB cross-sectioning samples of the inner ear for
subsequent SEM imaging. Garnacho et al. (2000). using a FIB-SIMS
system, demonstrated the detection of copper accumulation from
environmental contamination at levels below SEM EDX/WDX detection
limits in shrimp cuticle armor.

Qur own limited efforts with organic specimens (mostly critical point
dried plant samples and inked paper) have indicated simple sectioning to be
relatively straightforward, requiring only relatively low doses to achieve
large cross-sections, however the surface of the sectien did appear somewhat
“melted” in each case, lacking fine, sharp detail when imaged with either a
low current ion beam or in the SEM. Some of the results published in the
literature appear to exhibit similar effects, which can no doubt be eliminated
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or minimized as effort is expended to optimize the FIB milling parameters
for these types of specimens.

1.1.2 Polymers

As is the case with biology, polymer science applications of FIB are still
poorly represented in the literature at the time of writing. Given the often
difficult nature of specimen preparation in these soft or composite systems,
optimization of FIB parameters to allow artifact-free sectioning should yield
the same growth of applications as has happened in metallurgical systems.
Initial evidence of this can be found in White et al. (2001), who prepared
FIB XTEM specimens of twe-component polymer coatings on silicon
substrates. They state these samples were highly successful for interface
studies, and a viable alternative to ultramicrotomy without mechanical
damage frequently induced by this more common technique. In a similar
result, Miyagawa et al. (2001) prepared FIB XTEM of clay reinforced
polymer nanocomposites. Phaneuf (1999) illustrated FIB sectioning and
imaging of polymer coatings on aluminum beverage cans and cross-sections
of 200 ASA photographic film.

The semiconductor industry has produced a number of papers regarding

_FIB gas assisted etching (typically using xenon difluoride or water as the

etch gas) to uniformly remove several micrometer thick polymer (typically
polyimide) coatings prior to device modification. Although there has not
vet, to the authors knowledge, been application of GAE to polymer
applications published in the literature, preliminary investigations in our
laboratory indicate GAE may allow differentiation (selected etching) of
polymer phases or degrees of crystallinity which enhance subsequent
imaging (by FIB or SEM) of FIB prepared polymer cross-sections.

As with biological specimens, the degree of beam damage during
sectioning and other artifacts require further study to enhance the vse of FIB
in this field. Despite this, the relative ease of specimen preparation and
potential for the technique are illustrated in Fig. 2 (Right). Here a portion of
200 ASA film has been sectioned and imaged in the FIB. While the section
does appear to show some evidence of beam damage {and subsequent
images continued to show further blurring of fine detail), total specimen
preparation time was under 20 minutes. The retention of the relative
morphology of the film was excellent, with no gross smearing or tearing, as
is frequently observed in mechanically prepared specimens of this type.
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1.1.3 Metals, Minerals and Ceramics

The vast majority of published applications of FIB in materials science
are in the fields of metals, minerals and ceramics. The nature of many of
these problems is frequently similar, and in many applications (metal matrix
composites (MMCs) etc.) these materials are found in the same specimen.
As a result, discussion of these materials will be dealt with together in this
section in alphabetical order by sample application, rather than by material.

1.1.3.1 Ceatings

Many thin coating specimens (less than approximately 50 pm in
thickness) present ideal opportunities to showcase the potential of FIB, as
they frequently are very difficult to prepare by other techniques while at the
same time being small enough in scale that a cross-section of the entire
coating can be prepared in a matter of a few hours and imaged directly or
prepared as a TEM specimen. One early example of the success of FIB is
zinc coated steel, either galvannealed (Saka et al., 1995; Phaneuf et al.,
1997) or galvanized (Giannuzzi et al, 1998). A detailed study is
documented in Malis et al. (2002)). Plasma sprayed metallic coatings have
also been examined (Yaguchi, Kamine et al,, 2000; Cairney et al., 2001).
FIB specimen preparation of coatings for TEM analysis also comprises
significant portions of other work relating to indentation, corrosion, wear,
etc. (The reader is referred to references discussed in the subsections that
follow). Fig. 2 illustrates the sectioning of a tin coating on steel and a
photographic film composed of muitiple layers polymers containing crystals
of silver compeounds, all on a polymer substrate.
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Figure 8.2. Left: FIB secondary eleciren image of a FIB section through food-grade tin plate
coating on steel. Multiple image passes have ion-ctched grain boundaries to reveal fine-
grained intermetallics at the tin-steel interface. Right: FIB secondary electron image of a F1B
section through 200 ASA photographic film. The polymer “carrier” is visible at the bottom.,
as are platelets of light sensitive chemicals located throughout distinct layers. Some evidence
of beam damage (blurting and reunding of features) is visible in this image. In both images
black arrows mark the position of the transition from surface to cross-section, a nearly 90°
angle.

Protecting the top surface prior to FIB sectioning frequently improves the
quality of the section, however if one is able to section without a protective
coating, subsequent imaging at a tilt of 45° reveals both the top surface and
the cross-sectioned face, Fig. 2. This can prove advantageous in interpreting
the microstructure, but does often cause confusion to those unfamiliar with
FIB. Note that at 45° both the top surface and the cross-sectioned face
experience equal foreshortening due to tilt.

1.1.3.2 Corrosion and Oxidation

Despite the tremendous usefulness of oxygen enhanced yield effects in
FIB secondary ion images to delineate the presence of corrosion (Phaneuf,
1999; Phaneuf and Botton, 2002), little has yet to appear in the literature
exploiting this technique. More et al. (2000) have demonstrated FIB XTEM
of thin alumina scales formed on an oxidized Ni-base alloy, and Wang et al.
(1999) have examined stress-corrosion cracking profiles by FIB sectioning
and imaging (see the following section). Botton and Phaneuf (1999) have
demonstrated that FIB-prepared sections are well suited to EELS near-edge
structure analysis of chemical states, a potentially powerful tool for analysis
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of corrosion. Combining FIB imaging to localize regions for site-specific
FIB-TEM preparation with advanced TEM techniques holds promise for
many grain boundary corresion and oxidation studies.

Stage Tilt 0° Image Mode:lon | X2.5um Z5.0um Stage Tilt30° Electron Mode

Figure 8.3. Left: FIB secondary ion image of a metallographically polished nickel alloy that
has undergone intergranular corrosion. The presence of oxygen greatly enhances the
secondary ion yield from the metal, resulting in corroded grain boundaries lighting up
brightly. Right. FIB sectioning and secondary electron imaging of high-temperature

corrosion resistant alloy alter testing at 600°C in a sulphur-rich environment. Surface scale,

visible on the original surface in this image, has formed where grain boundaries (revealed by

FIB sectioning) intersect the surface. A faint “theater curtain effect” is visible on the section

face.

1.1.3.3 Cracks and Fracture Surfaces

FIB sectioning avoids introduction of mechanical damage during
sectioning, which can greatly assist the interpretation of crack and fracture
specimens. The relatively small region disrupted during FIB sectioning
allows access to multiple targets on the same sample in a manner not
possible with conventional sectioning, and permits multiple sites to be
examined over time during the course of a corresion test. Redeposition
(section 2.3) must be taken into consideration when observing cracks. Site-
specific specimen preparation for either TEM or FIB/SEM imaging permits
exact analysis of crack profiles and structure. Saka and Abe (1997-1,2) have
demonstrated FIB XTEM of crack tips in Si. Wang et al. (1999) have
examined stress corrosion crack (SCC) profiles by FIB sectioning and
imaging in SEM and FIB. Phaneuf (1999) discussed examination of SCC
and cracking in oxide films on zirconium alloys. Cairney et al. (2000),
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Giannuzzi et al. (2001) and Xu et al. (2002) have examined fracture surfaces
in Fe-Al MMCs, aluminum and steel, respectively.

1.1.3.4 Deformation and Indentation

Site-specific and “stress-free” sectioning to study the profile and
associated plastic deformation of micro- or nanocindentation has been the
subject of several papers. Trtik et al. (2000) describe FIB sectioning and
imaging of microindentation of cementious composites, noting the need for
a variable pressure / environmental FIB to study specimen in a more ideal
(bydrated) environment. Inkson et al. (2000) have performed FIB serial
sectioning through a nanoindent in Cu-Al multilayers on an alumina
substrate. Dravid (2001) discusses FIB sectioning nd FIB XTEM of
nanoindents into W/TiN multilayers and directionally solidified eutectic
oxides.

Muroga and Saka (1995) examined rolling contact fatigue microstructure
by FIB XTEM. Evans et al. (1999) discuss FIB imaging of deformation and
damage in tensile tested Al-based MMCs, also showing results of FIB TEM
preparation. Here the authors discuss “meottled” contrast relating to degree
of deformation in grains exhibiting an otherwise uniform orientation
contrast. Burke et al. (2000) explored this effect in greater depth, imaging
surface deformation in Ni-based superalloy tubing directly with FIB
secondary electrons and verifying the presence of increased dislocation
density with TEM at locations where the “mottled” contrast was observed
using FIB. Further work is required to determine if this effect can be used in
any more than a qualitative manner, but even without a means of directly
quantifying the degree of deformation, the technique holds promise in terms
of direct observation of plastic deformation in cubic metals. Fig. 4 illustrates
this in a Ni-based superalloy. Here the outer diameter of a tube specimen is
cross-sectioned by FIB and an intense mottled contrast dominates grains in
the FIB secondary electron image. Subsequently, the outer 20 um are
removed by mechanical polishing and lapping with a fine diamond solution.
FIB sectioning and imaging now shows a uniform grain orientation contrast
devoid of the “mottling” observed in the outer grains .
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Figure 8.4. FIB scction of a Ni-based alloy tube at the outer diameter of the tube, Note the
streaks and mottled contrast due to deformation. Right: Same sample after the top ~ 20 pm
are removed by mechanical lapping. Nete the uniform orientation contrast of the
“undeformed” material (after Burke et al., 2000). NB: Both surfaces were protected by FIB
deposition of tungsten, visible in the images. prior to FIB sectioning. Note the thin band of
mottled contrast immediately below the uniformly dark FIB tungsten at the top of the
undeformed specimen (right), presumably from the mechanical polishing.

1.1.3.5  Fragile and / or Friable Materials

The “stress-free” nature of FIB sectioning makes possible the cross-
sectional imaging of specimens whose mechanical strength or stability is not
sufficient to permit conventional mechanical polishing. While embedding
“weak” specimens in curable polymeric compounds does permit mechanical
section of some types of specimen, many other specimens are difficult to
infiltrate sufficiently to guarantee no deformation occurs during polishing.
FIB sectioning is able to retain voids and fine structure and remove many
questions regarding preparation-induced artifacts, When exploring the
sectioning of an unfamiliar material, access to images from sections
prepared by more conventional means are valuable in deciphering any
potential FIB introduced artifacts.

Fig. 5 shows the FIB sectioning and imaging of a nickel hydroxide based
battery electrode consisting of a nickel foam strut and spheroidal nickel
hydroxide particles. Sectioning in this manner minimizes artifacts due to
mechanical grinding and polishing and can be invaluable in the analysis of
particle - strut delamination, internal cracking, or the “‘pulverization” of the
hydroxide spheroids, which may result in battery failure after numerous
charge / discharge cycles.



8. FIRB for Materials Science Applications 155

| X1.0um Z1.5um Tilt40° Electron Mode § X 1.0 um Z2.5 um _Tilt 26° Electron Mode

Figure 8.5. FIB secondary electron images of FIB sections through dried NiOH-Ni batteries
after multiple charge/discharge cycles. Left: Section through the CVD Ni “strut” (see Fig. 7)
and surrounding NiOH. Right. Further detail of NiOH particles. Note the extremely fine
lamellae comprising each approximately spherical particle. Retaining this level of fine detail
is extremely difficult using conventiona) polishing techniques.

1.1.3.6 Powders and Particulates

FIB specimen preparation allows direct selection, sectioning and imaging
of powder specimens. No embedding media is required. Specimens can
also be prepared for TEM analysis, either with or without embedding.
Further discussion can be found in Fujikawa et al. (1995) who studied Mg-
Zn mechanically alloyed powder particles, Kitano et al. (1995} who
performed FIB sectioning and imaging as well as FIB XTEM of nickel
powder, Prenitzer et al. (1998) (FIB TEM of Zn powder particles) and
Lomness et al. (2001) (FIB TEM of Ti-Mg-Ni particles).

Fig. 6 illustrates direct FIB sectioning and imaging of nickel powders.
Two powders with quite different external morphologies are sectioned,
revealing that the “smooth” powder particles tend to consist of
agglomerated, roughly equiaxed grains while the “spiky” powder consist of
much finer angular grains or collections of heavily twinned grains. In each
case specimen preparation was as straightforward as dispersing a small
amount of powder onto some double sided conductive carbon tape and
blowing off any excess, followed by a few minutes of sectioning in the FIB
after suitable powder particles had been selected.
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Figwre 8.6. FIB cross-sectioning and imaging of Ni powders. In both cases the powders were
sprinkled on conductive carbon tape and any excess was blown off. No coating, embedding,
etc. of the powder is required. FIB sectioning is quick and FIB imaging in electron made
reveals the internal grain structure as it relates to the outer morphology.

1.1.3.7  Sectioning, Imaging and TEM Specimen Preparation of
Diverse and / or Troublesome Materials

Mechanical polishing artifacts such as smearing or chemical reactions,
broad ion beam artifacts such as ditferential thinning rates, rare or
“ultaprecious” specimens, site specific locations:  the majority of
publications of material science applications of FIB originate with
researchers who discover previously intractable problems of specimen
preparation are solvable using FIB techniques. This field is the most rapidly
growing segment of FIB publications. Several selected articles are
referenced below; the reader is encouraged to perform their own up-to-date
search as well as reviewing the following articles. Further details on the
various methods for preparation of TEM specimens using FIB can be found
in other chapters in this volume.

Gianuzzi et al. (1998) discuss applications of the FIB Lift-Out technique
for TEM specimen preparation, illustrating the versatility of the technique
with applications including galvanized steel and SiC fibres. Longo et al.
(1999-1, 1999-2), discuss improving EDX quantification in Ni-Si system
with novel approaches to FIB prepared TEM samples. Botton & Phaneuf
(1999) illustrate FIB preparation for TEM is suitable for high spatial
resolution chemical mapping and spectroscopy by EELS. Kim & Dravid
(2000), discuss FIB preparation of continuous fiber reinforced ceramic
composites for TEM analysis. Yaguchi et al. (2001) use FIB preparation and
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TEM viewing in an iterative fashion using a specimen holder compatible
with both instruments to produce site specific cross sections through the
center of a precipitate in steel. Heaney et al. (2001) prepare FIB-TEM
specimens of geological and planetary materials. Enquivist et al. (2001)
document FIB sectioning, imaging and FIB XTEM of surface defects in
tungsten carbide reinforced metal matrix composites (MMCs) after wear
testing. Cairney et al. (2000) produce FIB-TEM specimens of aluminum
based MMCs and tungsten carbide reinforced MMCs. Smith et al. (2001)
have used FIB to produce porous copper catalysts for TEM analyses.

1.1.3.8 Tomography / Serial Sectioning / Three Dimensional
Reconstruction

The concept of generating a three dimensional reconstruction from a
stack of images acquired with a sputtering ion beam has been a standard
technique in SIMS analysis for a number of years. Similarly, serial
sectioning using mechanical or chemical means is also a well-known
technique. FIB, however, brings a degree of lateral resolution to this that is
frequently twenty times better than can be achieved using conventional
approaches. Fig. 7 illustrates the “FIB serial sectioning” (slicing) approach:
here a chemical vapor deposited (CVD) nickel foam has been marked off in
500 nm intervals {“slices™) using the FIB, then in sequence each slice is
imaged then precisely milled away down to the next marker. Tomography
software can then be employed to generate a three-dimensional
reconstruction of the relationship between each of the grains images in
consecutive slices.

Utilizing the “slicing” approach, Sakamoto et al. (1998) report serial
sectioning of particles in a dedicated dual beam instrument equipped with
FIB SIMS. Tomiyasu et al. (1998), report similar serial sectioning results
using FIB-SIMS. Phaneuf and Li (2000) show serial sectioning for three
dimensional reconstruction of grain relationships in CVD nickel struts (Fig.
7). Inkson et al. (2000) describe FIB serial sectioning through a nanoindent
in Cu-Al multilayers on an alumina substrate. Inkson et al. (2001) discuss
three dimesional grain shape determination in Fe-Al nanocomposites using
FIB serial sectioning.
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Figure 8 7. FIB serial sectiening for “FIB Tomography”. Top Lef#: A portion of Ni foam
“strut” with 26 um of material iteratively sliced and imaged, as seen from the “slicing”
orientation. Top Right: F1B machined fiducial marks at regular (500 nm) intervals, used fo
ensure each slice is a uniform thickness. Borrom: Sixteen images of consecutive slices.
Tomographic reconstruction software can be applicd to these images to deduce the three-
dimensional shape of each grain in the strut.
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Applying the “sputtering” approach, Hull et al. (2001), document spatially
and chemically resolved depth profiling using both FIB SIMS and FIB
secondary electron imaging for three-dimensional reconstruction. Interested
readers are directed to research the SIMS literature under the topic of “three
dimensional SIMS” for similar examples.

1.1.3.9 Wear

As with investigation of cracks and friable materials, site-specific,
virtually stress free FIB sectioning is ideal to determine degree of damage
induced during wear festing without introducing preparation related artifacts.
Given the requirement to introduce extremely hard materials into many
wear-resistant applications, the ability to uvniformly FIB-section these
composites is an additional advantage. Muroga and Saka (1995) discuss
rolling contact fatigued microstructure examined by FIB TEM preparation.
Chaiwan et al. (2000) report observation of cracks and sub-surface damage
using site specific FIB sectioning and imaging of dry sliding wear on
alumina. Enquivist et al. {2001) examine wear phenomena (cracking,
subsurface damage, oxidation, etc.) of tungsten carbide based MMC face
seal rings using FIB sectioning, imaging and TEM specimen preparation.

Fig. 8 illustrates this technique for a magnesium metal matrix composite
reinforced with silicon carbide that had undergone wear testing. Surface
material (likely oxide judping by its secondary ion yield (not shown)) has
become entrained below the original surface and exhibits a number of cracks
that could allow large regions to delaminate. Cracks in the SiC particles are
also visible in several locations 20 pm or more below the surface.

2, POTENTIAL ARTIFACTS / PITFALLS TO BE
AWARE OF AND POSSIBLE SOLUTIONS

As the previous section attempted to demonstrate, FIB has tremendous
potential as a specimen preparation and imaging tool in materials science
applications. However, as with all techniques one must become aware of
artifacts that can arise, so as to initially recognize them for what they are,
then work to eliminate or minimize them.

Many FIB artifacts arise from poorly tuned instruments. To achieve
optimal performance it is necessary to begin with a well aligned beam, with
minimal beam “tails”, producing a tight round spot with no discernible halo.
The various FIB manufacturers all suggest slightly different approaches to
achieve this, but whatever the method suggested by the manufacturer of your
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instrument, it is a very important step to follow for each beam current (spot
size) you require to complete your work.

N

X20um Z25 um S.taga Tilt 45° Electron Mode § X2.0um Z2.5um Stage Tilt 45° Electron Mode

Figure 8.8. FIB sectioning and imaging of a silicon carbide reinforced magnesium alloy afier
undergoing wear testing. Leff: Black atrows indicate the original surface while white arrows
indicate a subsurface crack in material entrained below the sample surface during testing.
Righr. In an adjacent region. approximately 20 wun below the surface cracks have been
formed in the SiC particulate (white arrows).

A second requirement for minimizing artifacts is selection of appropriate
beam currents and milling parameters. Due to the variety (and age) of
instruments presently available, let alone the range of specimens, no
“universal” formula for optimizing these parameters can be stated, however
experience, experimentation and innovation are necessary to achieve the best
results.

While collectively we have yet to delve the depths of FIB artifacts in
materials science, a number are common enough to be immediately
recognized by the experienced user. These are listed below in most likely
order of appearance. It should be noted that many problems arise as a result
of a poorly aligned beam. Still others due to direct or near normal incidence
implantation of gallium. While the latter cannot be belped when imaging,
one should be aware of the potential for artifacts arising from FIB imaging
and avoid imaging if it is not necessary. A poorly aligned beam should be
avoided at all times.

The final two artifacts, FIB induced grain growth and anomalous gallium
phase formation are relatively new observations that require a great deal of
further study. They are included in this section not to induce a wave of
panic regarding the suitability of FIB for specimen preparation (as this
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article illustrates a host of testimonials already exist in the literature as to the
usefulness of the technique), but rather to reemphasize the point that FIB
applications are still in their relative infancy and diligence must be exercised
in the interpretation of any results, preferably drawing upon experience
using other proven techniques as an aid to interpreting the FIB results.

2.1 Differential Sputter Rates and the “Theater
Curtain” Effect

While FIB is often heralded as being able to mill cross-sections of
disparate materials with ease, this is not strictly true. A truer comment
would add “given sufficient time (beam dose) and assuming a well aligned
beam”. Early FIB publications concerning sectioning contain numerous
examples of or references to the so-called “theater curtain™ effect, where
rather than obtaining the desired sharp, flat cross-section, the surface of the
cross-section appears to be mapped onto the fopography of an undulating
curtain, as can be seen in the right hand image of Fig. 3. If the beam is well
aligned, this type of effect is usually the result of insufficient milling dose.
Applying a protective FIB-deposited metal layer will help alleviate this
problem as it helps shield the sectioned face from beam tails, as will further
milling (achieving a sharp, flat cross-section with FIB is really just an
exercise in applying sufficient dose to “push” any undulations down below
the field of view).

While a uniform degree of “curtaining” across the section surface is
usually indicative of insufficient dose, the appearance of the theater curtain
in one region of a nominally homogenous (by material) specimen is typically
the result of orientation induced sputter rate variations due to ion channeling.
Ton channeling was discussed elsewhere, and the specific case for copper is
discussed by Kempshall et al. (2001) and Philips et al. {2000). Fig. 9
illustrates this for the case of a nickel-based polycrystalline specimen which
has been protected with a layer of FIB-deposited tungsten. Image “A”
shows a cross-section that has already received five doses of 8 nC/| ymz, fora
total of 40 nC/pm’ applied to the front face. Given the high degree of
“curtaining” exhibited by the right hand grain of image “*A”, it is likely that a
further dose of at least 80 nC/um’ will be required to achieve a smooth face
using the standard technique. As is shown in image “B”, only 8 nC/um’
further dose is required to polish this face flat if the incident angle is
changed in such a manner that the offending grain is no longer oriented in a
strongly channeling direction. This can be achieved while maintaining the
original sample-beam orientation, wherein the cross-section face is
perpendicular to the incident beam. Assuming the original section is aligned
along the tilt axis of the FIB stage. by rotating the specimen 90° and tilting
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approximately 10° (see inset, Fig. 9) the cross-section face remains
perpendicular to the ion beam (allowing further glancing angle polishing),
yet this most likely moves the offending grain’s relative orientation to the
ion beam away from offending the channeling direction. Ten degrees is an
arbitrary number that we have found works well, although anything larger
than five will likely suffice.

e
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Figure 8.9. Leji: F1B sectioning of a Ni-based alloy tilted 45° to view the section surface,
afier a dose of 40 nC/pum? has been delivered. Note the severe theater curtain effect visible in
the rightmost grain. Right: The same sample after rotating 90° and tilting 10° (inset) so as to

orient the offending grain so it is not aligned in a strongly channeling direction. After this

combined rotation and tilt to a new geomeiry {inset), the original [ace is further polished as
before (array of small arrows). This further milling of the original section with a dose ot only

8 nC/um® leaves the sectioned face smooth and free of artifacts. This approach delivers a
smooth section free of the theatet curtain eftect at significantly lower dose than continuing to

mill the section in the conventional manner,

2.2 Beam Induced Damage

The subject of FIB induced damage in TEM specimen preparation is well
discussed in the literature, and is covered in another chapter. In the case of
FIB sectioning of bulk samples for subsequent SEM (etc.) imaging, the same
basic caveats apply. When possible, deposit a FIB protective coating,
perform final thinning with as small a spot as is feasible to ensure minimal
beam tails and do not observe the cross-sectioned face with the FIB beam
once the section is within 200 nm of completion (larger distances in the case
of beam sensitive or voided materials). When imaging occurs with the FIB
beam, use as small a beam current and as short a dwell time as possible to
still achieve desired results. Tune your beam elsewhere than on the sample
to be imaged. After saving the “perfect” image, continue imaging for a
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number of cycles, noting any change in the image that may be indicative of
ongoing damage. In general, recall that when sectioning, most of the energy
of the FIB beam is directed down, across the face of interest in a glancing-
angle manner., When imaging, that same energy is directed inre the face
being observed, potentially causing much greater issues,

23 Redeposition

Once again, this effect is well discussed in the FIB-TEM specimen
preparation literature, however redeposition can still be an issue in bulk
sectioning situations. Redeposited material will end up on the sectioned face
when final thinning is performed with a beam with large tails, or when
performed “timidly” when the users dees not quite position the mill box
against the sectioned face. Specimen drift can alse result in final thinning
taking place just before the sectioned face. Both drift and “timid™” mill box
positioning result in material being sputtered from the bottom and sides of
the trench onto the sectioned face (redeposition). Redeposited material is
always high in gallivm concentration, which can be a convenient indicator of
redeposition if the specimen is examined by on a system with chemical
analysis capability. Typically, when viewed with a surface-sensitive
technique such as FIB imaging, redeposited material shows liitle structure
and tends to a uniform gray contrast. Unless the redeposition is severe, a
few image passes will typically sputter it away, revealing the sample
underneath. If possible, it is best to re-polish the face with the ion beam at
glancing angle rather than imaging the surface revealed after “imaging
away” the redeposition. A second form of redeposition occurs when voids
are partially or totally filled with redeposited material. Once again, high
gallium concentration can be a tell-tale marker, While veid filling is a more
difficult problem to solve, it can be greatly reduced by using as fine a FIB
spot for milling as pessible and reducing the milling dose to the minimum
required while ensuring the milling box position is against (and slightly into)
the face of the final section.

24 Lack / Loss of Orientation Contrast

Many cubic metals exhibit strong orientation contrast that persists
through multiple imaging passes. Hexagonal metals such as zirconium,
magnesium and zinc, however, frequently have little orientation contrast
when imaged, or contrast that rapidly fades. This lack of orientation contrast
is common when imaging hexagonal metals (note the relatively poor
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orientation contrast exhibited by hexagonal Zn in Fig. 1 and Mg in Fig. 8
compared to the cubic metals illustrated in several other figures). The exact
mechanism as to why this happens has not been fully investigated, although
the obvious culprit of beam induced disruption of the surface suppressing the
channeling effect is frequently put forward. 1t has been our experience that
orientation contrast can be returned and enhanced by using a continuous low
pressure bleed of xenon difluoride gas during imaging, which presumably
etches away any accumulating surface damage. Fig. 10 illustrates this
effect; both images are acquired under the same conditions of beam current,
detector gain, etc. after FIB sectioning of a Zr alloy. The right hand image
was acquired after commencing a XeF, gas bleed that raised the chamber
pressure from ~1x107 T to ~1x10® T. Similar results have been observed
using Cl; gas on Zn alloys (Phaneuf and Li, 2000).
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Figure 8.9. FIB secondary electron images of a FIB-prepared cross-section of a Zr alloy.
Left: Imaged immediately after sectioning. Right: Imaged under otherwise identical conditions
after commencing a low pressure bleed of XeF; gas shows significant improvement.

2.5 Beam Induced Grain Growth

FIB induced grain growth in fine-grained magnetic thin film specimens
has recently been reported by Park and Bain (2002). We have also noticed
this effect when sectioning nanocrystalline metals in our laboratory. In our
experience, significant grain growth in these extremely fine grained systems
can be observed after prolonged exposure to near-normal incidence imaging.

Fig. 11 illustrates this effect. Here a nanocrystalline nickel specimen was
repeatedly imaged prior to sectioning in the FIB, and larger grains are visible
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al the surface in the cross-sectional image. A similar region, protected with
a low dose FIB deposition of tungsten and never imaged before sectioning
does not exhibit larger grains at the surface. Note that the growth of these
larger grains are more likely due to the dose delivered by beam tails during
sectioning and not from the original imaging, as the dose delivered during
imaging was only a few times larger than that estimated to be delivered
during the early stages of tungsten deposition, where no growih was
observed.

To examine a “worst case™ scenario, a shallow crater was milled into the
specimen at normal incidence. Imaging this crater revealed the entire crater
floor to be composed of large, twinned grains at a depth where only
nanocrystalline grains were observed in a nearby cross-section. Park and
Bain propose a momentum transfer argument rather than beam heating is
responsible for this effect. We believe further study of this effect is
required, but there is no doubt grain growth is observed, particularly in
systems confaining fine grain size with subsequently large driving forces for
the reduction of grain boundary energy. The relationship between the
appearance of “dark grains” due to grain growth (Fig. 11, top left) must also
be rationalized versus potential anomalous phase formation.

2.6 Anomalous Gallium Phase Formation

Driven by the adoption of copper-based metallizations in the
semiconductor inductry, a great deal of effort has been spent researching FIB
sputtering of copper (Kempshall et al., 2001; Philips et al., 2000). These
researchers examined channeling effects and differential sputter rates in
copper, noting significant variation in sputter rate as a function of
orientation. Kempshall et al. proposed using jon channeling contrast as a
guide and tilt until the contrast is effectively equal across all grains. Phaneuf
et al. (2000, 2002 -1,2) also studied this effect using single crystal copper of
known orientations and discovered the formation of a copper-gallium phase
when sputtering the relatively open lattice of (110) orientation grains. This
effect can be observed as the formation and growth of dark grains during
FIB imaging or sputtering, and appears to occur in a number of FCC metals
(Phaneuf, 2002-1,2). Further investigation of this phenomena is required,
however evidence points to this effect only occurring with near-normal
incidence FIB milling, and not glancing-angle approaches such as those that
occur during sectioning for FIB TEM preparation,
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Figure 8.10. Top Left: FIB sectioning and imaging of an unprotected surface reveals larger
grains at the surface, which had previously been imaged at normal incidence. Tup Right:
After low-dose deposition of FIB tungsten prior to sectioning, no large surface grains are

observed. NB: The image in the top left was acquired after a second image pass, versus a

single pass for the image in the top right, resulting in observation of a higher number of
“dark’” grains. Arrows denote the original surface. Bottom: FIB image afler sputiering a crater
into the same material at normal incidence. Note the large twinned grains on the crater floor.
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(11 1) Copper | (110) Copper
30° Tilt 30° Tilt
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Figure 8.11. Left: Identical doses inte single erystal {111) and (110) Cu result in trenches near
4 times deeper in (111) than (110). Note the dark speckled grains in the floor of the (110)
crater. Right: F1B-prepared TEM cross-section of FIB-spuitered (110) single crystal after
external deposition of a protective Au layer and FIB deposition of W. The dark speckted

grains prove to be Cu;Ga when analyzed by clectrop diffraction. Nate that the Cu;Ga ceases
to form when the crater surface normal is no longer parallel 1o the incident beam (double

headed arrows).

3. CONCLUSION

The application of FIB to materials science is a rapidly expanding field,
full of opportunity for interesting research and development across a broad
range of material systems. As with all specimen preparation techniques, FIB
can introduce artifacts that the user must learn to recognize and account for.
The relative immaturity of the FIB technique, particularly as applied to
materials science, requires extra care and diligence, as well as a degree of
experience and attention to detail, in order to derive the correct information.
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Chapter 9

PRACTICAL ASPECTS OF FIB TEM SPECIMEN
PREPARATION
With Emphasis On Semiconductor Applications

Ron Anderson and Stanley J. Klepeis
'Microscopy Today, PO Box 247, Largo, FL 33779. *IBM Microetectronics Division, East
Fishkill. NY

Abstracl: Polishing methods for TEM specimen preparation compete with FIB methods
with regard to relative simplicity, success rate, and the ability to produce site-
specific specimens in a timely manner—until the site-specific target reselution
for the most advanced semiconductor specimens dropped below 0.5 pm.
Beyond this peint only FIB methods can yield specimens with the required
degree of specificity. A procedure [or preparing SEM and TEM specimens
utilizing a combination of polishing and FIB techniques is presented that
capitalizes on the best elements of both methods and offers the immense
advantage of reducing or eliminating most of the artifacts asscciated with the
FIB technique. Utilizing this hybrid technique offers a path forward when the
incorporation of extremely fragile components into near-future semiconductor
devices renders the lift-out technique marginally useful.

Key words:  Semiconductor specimens, Rapid preparation, Precise preparation of
preselected locations, Specimen  preparation spatial resolution, Tripod
polishing and FIB, FIB Artifacts

1. INTRODUCTION

The rastered-Ga-ton-beam manifestation of the FIB tool was developed to
perform circuit modification and repair in semiconductor fabrication
facilities, These early FIB tools were few in number and so expensive that
their application was limited to this semiconductor repair function.
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Following procedures first proposed by Hauffe (Hauffe, 1978, 1981, 1982,
1984)' for preparing specimens using argen ion beams, a small portion of
available FIB time was used to prepare SEM and TEM specimens, most
successfully of small, site-specific locations.

The advent of improved ion guns. stable mechanical stages. gas-assisted
milling protocols, new methods (such as “lift-out”), tool automation, etc.,
and the introduction of less costly electron microscopy specimen preparation
specific FIB models has made the FIB tool an important “player” in the field
of electron microscopy specimen preparation. This chapter will focus on the
preparation of TEM specimens. SEM sample preparation is included to the
extent that it is the first step in making a TEM sample—where a desired
plane of interest, usually a cross section of the specimen, is attained. A
TEM specimen is created when this initial plane is preserved and a thin
lamella is formed by cutting into the specimen from behind until it is thin
enough for TEM analysis. This thin section may be self-supporting or, more
likely, it is mounted on a support grid for insertion into the microscope.

2. PLACING FIB METHODS IN HISTORICAL
CONTEXT

It is useful to place FIB methods in the context of other means of making
TEM specimens. The method of Bravmen and Sinclair (Bravman and
Sinclair, 1984) revolutionized TEM specimen preparation for semiconductor
applications. In the Bravman and Sinclair (B&S) method, a stack of
specimens was epoxied to each other, with the center two specimens in the
stack face-to-face. A thin slice of the stack cross section was cut and first
dimpled and then ion milled until a small center perforation occurred. The
region around the perforation was suitable for TEM analysis. This method is
still used in many laboratories. The main drawback of the B&S method is
that it provides little control over where the thin region will occur. This is
unfortunate because, in semiconductor laboratories, a high specimen
preparation spatial resolution is called for. High specimen preparation
spatial resolution means that, given a point (x, ¥, zJ in a three dimensional
sample, it is required to prepare a TEM specimen containing point (, v, z)
with a precision of a few tenths of a micrometers. Inasmuch as the desired

' Hauffe’s 1981 and 1984 papers present the essential protocols for conventional FIB SEM
and TEM preparation. These papers are rarely cited because he used an argon ion beam
and called the technique “Ion Beam Microtomy.”



9. Practical Aspects of FIB TEM Specimen Preparation 175

target for preparation in the B&S method is invisible (being buried in a stack
of similar specimens) new specimen preparation protocols were needed.

The triped polisher methed was invented in the authors’ laboratory in
the late 1980s (Klepeis, 1987, 1988; Anderson, 1989, 1992, 1995; Benedict,
1989, 1990a, 1990b, 1992). Tripod polishing became quite popular during
the 1990s because it allowed for making TEM specimens with specimen
preparation spatial resolution to 0.5 um utilizing an inexpensive tool set.
With triped polishing, the specimen is mounted on a tool equipped with
micrometers that allows for the tilting of the specimen so that the specimen
is polished with the principal directions defined by the specimen parallel to
the polishing wheel. After some introductory training, tripod polishing of
pre-selected areas can be accomplished in a matter of two or three hours,
The method yields extraordinarily large amounts of thin area, often the entire
open 2 mm available in the typical TEM slotted grid used to mount the thin
specimens is suitable for TEM examination. Beginning in the early 1990s,
several similar tools were developed that performed essentially the same
tonction as the original tripod polisher with about the same results.
Hereafter, when “tripod polishing”™ is referred to, the term refers as well to
any of these similar tool sets.?

Having a very large thin area available is an impertant contrast to
specimens prepared with a FIB tool, where only about 10 — 30 pum of
semiconductor cross section can be prepared in a routine specimen. In
semiconductor failure analysis, the cause of failure is very frequently a
defective interface in the complex stack of conductors and insulators built on
a chip’s substrate. Both tripod polishing and FIB methods can produce a
TEM sample of the defective interface with high specimen preparation
spatial resolution. With a FIB you see the defective interface and a few
similar neighbor structures. In a tripod polished specimen you see hundreds
or even thousands of similar neighbor structures stretching over millimeters
of cross section edge. This is important because the defective interface, for
example, might show a 3 nm thick unexpected amorphous layer, which
probably accounts for the failure. What is missing with FIB’ed samples is
the ability to analyze many neighboring structures for the same unexpected
layer, With tripod polished samples, many neighboring structures can be
analyzed and it is often found that the same unexpected layer is present in all
of them—differing in thickness only. This is important information, The
point of all this is to make the case that the synergy of complimentary
specimen preparation methods is very important. Using a FIB or tripod

? The tripod polisher was invented and named by us in the authors’ laboratory. The term
“Tripod Polisher” has been copyrighted by South Bay Technology, Inc. in San Clemente,
CA. There is no business relationship between SBT and the authors.
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polishing or any other specimen preparation method exclusively is a
substantial limitation in a TEM specimen preparation facility. At the very
least, a complimentary technique, with its set of specimen preparation
artifacts will aid in sorting-out the specimen preparation artifacts of your
standard method.

3. WHERE THE FIB METHOD IS MOST USEFUL

It is instructive to consider those situations where a FIB tool is most
useful. First on this list, of course, would be that using the FIB is the
method of choice, albeit an expensive one, for preparing semiconductor
device structures of pre-selected areas. For those specimens that must be
prepared with specimen preparation spatial resolutions over 0.5 um , FIB
methods and tripod polishing compete in spatial precision and time required
to make specimens. However, when the specimen preparation spatial
resolution requirement is smaller than 0.5 pm for site-specific areas, which
it most emphatically is for virtually all TEM operations supporling
semiconductor manufacturers since the late 1990s, the direct preparation of
TEM specimens at these spatial precision levels by tripod polishing is not
possible and the FIB method is alone in meeting this requirement.

Figure 9.1. SEM of FIB prepared plated ceramic structure showing delamination.
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The second area where the FIB is most useful is the preparation of
specimens that are mechanically unstable due to delamination, or those
specimens constructed with mechanically weak component layers. An
example of the former is seen in figure 1 , where we see a SEM image of a
plated ceramic substrate. It was suspected that there was delamination
between two of the plating layers but SEM examination of fractured
specimens or specimens prepared by mechanical polishing failed to show
any delamination. In the first instance because several layers delaminated on
fracturing and the specimen was destroyed and in the second case because
polishing the soft metal plated layers smeared metal into the fracture and it
was not visible. The FIB image clearly shows the delamination. Note the
interesting FIB artifacts.

The third area, where FIB TEM preparation excels is the ability to
perform “dry” specimen preparation, where the final specimen is untouched
by water or any other liquid solvent. The fabrication of the stack of
conductors and insulators on a semiconductor chip is largely a photographic
process where photoresist is depesited, developed, and removed repeatedly
as the stack is built-up. Many photoresist recipes contain chlorine. Should a
small deposit of photoresist be left behind after a cleaning process and then
buried by the construction of subsequent layers of the stack, the trapped
chlorine will be free to etch whatever it comes into contact with, possibly
causing a chip failure. TEM failure analysis of the failed site utilizing any
technique where the trapped chlorine is exposed to water as a final step will
yield an empty, etched-out cavity with no trace of what caused the
cavity—the chlorine-containing reaction product is dissolved. With a FIB, it
is a simple matter to use mechanical wet polishing up to but not into the fail
Jocation and then perform dry final thinning in the FIB tool, preserving the
photoresist residue for analysis. These comments on the preparation of
water or solvent sensitive specimens apply in several fields, geology for
example.

4. FIB METHOD ARTIFACTS

No TEM specimen preparation method is without its share of artifacts.
Artifacts detract from the science of a particular investigation and it is
crucial that the researcher fully understands the nature and control of the
artifacts associated with the method being used.
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4.1 The FIB “Theater Curtain” or “Waterfall” Effect

The rate of specimen material removal by the grazing-angle-of-
inctdence FIB beam is sensitive to the hardness, atomic number, and
topology of the surface of the specimen first encountered by the FIB beam.
Grooves are cut into the specimen when the beam encounters soft or low
atomic number specimen surfaces and the specimen surface is slow to thin
when the beam first encounters hard or high-Z specimen portions. The
resulting FIB'ed surface cut in the specimen will exhibit ridges and grooves
and looks somewhat like a theater curtain or waterfall. The elimination of
this artifact is straight-forward: the initially encountered specimen surface is
made homogeneous with a coating of tungsten or platinum (or similar) high-
Z deposition carried out in the FIB, in a line marking where the final
specimen will be taken, as the first step in specimen preparation. The
homogeneous, high-Z top surface will then control the rate of removal of
what lies beneath—eliminating the artifact.

4.2 Electrostatic discharge in the FIB teool

The specimen undergoing FIB preparation is subjected to high energy ion
bombardment and portions of the specimen, or the entire specimen, can
accumulate several thousand volts of charge. High temperature
superconducting specimens prepared by the FIB method in the authors’
laboratory exhibited large craters and local melting due to electrostatic
discharge. Creating a discharge path for the electrostatic buildup can
essentially eliminate this artifact. This can be accomplished with the same
heavy metal (W or Pt) FIB-deposited layer, deposited to control the theater
curtain effect, and/or coating the entire specimen surface with carbon.

4.3 Limited Specimen Area and TEM Instrumental Tilt

This is not really a FIB “artifact” but more of a limitation of the FIB
method. It has already been mentioned that the FIB method will yield only
several tens of square micrometers of thin area and how this may limit the
accumulation of specimen statistics if critical dimension measurements are
required, etc. Limited TEM instrumental tilt capability refers to the fact that
early TEM specimens prepared by FIB were in the form of a thin membrane
or lamella centered in a roughly 100-micron thick specimen that could only
be viewed when the specimen was tilted so that the electron beam traveled
down the channel cut into the thick specimen. Little or no tilting of the
specimen was possible, which limited the resulting TEM analysis. The
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instrumental tilt Jimitation can be eliminated completely by making FIB cuts
into specimens that have been polished very thin initially or by using the FIB
lift-out method.

4.4 Ga Contamination and sputtered specimen material
contamination

The physics of particle and specimen interaction predicts that some FIB
tool Ga ions will be implanted in the specimen despite the near grazing angle
of incidence of the FIB ion beam. This is easily seen by taking x-ray energy
dispersive spectra of the FIB prepared specimens and noting the Ga peaks.
Likewise it is expected that specimen material sputtered off the specimen by
the Ga beam in one porticn of the specimen may land on another part of the
specimen creating sputter-contamination artifacts that obstruct a clean view
of the specimen. The amount of the implanted Ga and sputter deposited
spectmen material can be minimized by utilizing proper FIB protocols for
the final thinning steps as discussed elsewhere in this book. These artifacts
can be eliminated completely by utilizing a FIB protocol that allows the
resulting sample to be argon ion milled prior to TEM observation.

4.5 Amorphous Surface Layers

The creation of amorphous layers on some classes of specimens, most
notably silicon and germanium semiconductors, has received wide attention
and is discussed thoroughly elsewhere in this compilation. This is probably
the greatest problem confronting TEM examination of thin semiconductor
TEM specimens. Fortunately, by choice of FIB technique, the thick
amorphous layers created by FIB milling can be removed by argon ion
milling. (To be more precise, low-keV, low-angle, argon ion milling will
also create an amorphous layer. But this argon jon milled amorphous layer
will be more than an order-of-magnitude thinner than the amorphous layer
produced by Ga ion milling. Hence we are replacing a thick amorphous
layer with an inconsequential thin amorphous layer.).

S. TABLE SUMMARY OF FIB METHODS

The pros and cons of the FIB methods used to make TEM specimens are
summarized in Table 1. With regard to the “Speed” row in Table 1, The
times cited are for experienced operators and include all pre- and post-FIB-
tool specimen site selection, cutting or polishing as appropriate, and
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mounting the resulting specimen. The specimen preparation spatial
resclution question, discussed earlier, is abbreviated in the table as “target
specificity.” All the methods are capable of high target specificity, it just
takes Jonger to prepare very small pre-specified locations. Likewise, very
hard materials, like jet engine turbine blades, take far longer to process in
every phase compared to silicon specimens.

In the first column we see the original method proposed to make TEM
specimens (Kirk et al.,, 1989), which some researchers call the “H-bar”
method because a SEM view of the finished sample looks like the capitol
letter *“H.” Briefly, the sample is located, rough cut from its matrix, and
polished to a thickness of about 50 to 100 pm. The specimen is mounted on
a half-grid (a large, single-hole, aperture grid with one side cut away to
allow the FIB beam to strike the edge of the specimen). In the FIB, the
location of the finished TEM specimen is coated with a W or Pt line and
large trenches are cut on either side of the desired location using large
apertures. Final cuts are made to thin and clean the resulting specimen,
Because of the TEM tilt limitations and the probability of the specimen
suffering sever FIB artifact contamination, this method has little to
recommend it in the face of newer protocols.

The combined tripod and “H” pattern method is actually a trivial
modification of the conventional “H” pattern method. The difference
between the two protocols is that the specimen is initially polished to a
thickness less than 10 pm instead of 50 to 100 um. This was first suggested
by Basile (Basile et al,, 1992). The procedure for doing this will be
explained in greater detail in the next section. The end result of making the
specimen thinner before FIB’ing, besides shorter FIB times, is that the
resulting specimen geometry allows the specimen to be ion milled after
thinning from the substrate side. The benefits of ion milling the FIB’ed
specimen are substantial. First, the resulting specimen can be tilted to the
full range of the TEM instrument’s tilt capability. Second, the specimen is
made thinner, frequently making HRTEM imaging of atom columns in the
specimen possible. Third, the thick (20 nm or so) amorphous layer created
by the 30 to 50 keV FIB beam can be replaced by the negligible, order-of-
magnitude thinner, amorphous layer created by argon ion milling at 2 or 3
keV at near grazing incidence. And lastly, any FIB back sputtered
artifactual material on the specimen can be removed. Both *H” pattern
methods have the disadvantage of requiring a mechanical polishing step but
the times to make specimens compare well with the lift-out methods.
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Table }. Comparison of FIB Methods
Conventional Combined
“H" Pattern Tl‘lpOd and Lift-Out Lift-Qut
“H"” Pattern Method Method
External Internal Grid
Grid Mounting
Mounting
Advantages | oon utback | Can put back | Full TEM tit s for Lift-
into FIB for into F1B for capability Out externgl
ad_dit%onal additional mownting
thinning thinning Serial p -
. sectioning, 3D | 404 MELNE
Multiple Can be ivw reconstru%:tion possible for
specimen sites ’ ] additional
per initiat prep ﬂil.[{@d 1o make )‘h R j
thinner and to | Awtomated mning ant
remove FI8 initial prep on art;f act
artifacts muftiple reduction
specimen Sites
Full TEM tili | wnattended
capabifity Bulk
Multiple specimen may
specimen sites | be returned
per initial prep | for further
processing
Disadvantages Destructive to | Destructive to | No additional | Additional ion
bulk specimen | bulk specimen | FIB or ion milling may
. milling be one-sided
o o Preliminary . ;
Limitcd tilting possible only, pending
- prep needed Lo
capability invention of
FIB Artifacts | new
Preliminary Possibly procedures
prep nceded inapplicable to | PPossible ion
FIB artifacts fragile mill artifacts
specimens
Speed 1 te 4 Hours ] to 4 Hours 0.5 10 2 Hours | 1104 Hours
depending on | depending on | depending on | depending on
targel size target size fargel size target size

Italics denotes important advantages

The lift-out methods are covered in considerable detail elsewhere in
this book. Ex-situ vs. in-situ grid mounting refers to where the specimen is
placed on the TEM grid. Ex-situ removal is when the specimen is plucked
from the substrate outside the FIB tool via electrostatic pick-up on a glass
(or metal) filament and then placed on a carbon-film coated TEM grid. In-
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situ mounting is accomplished in the FIB tool via fastening the specimen to
a transfer fixture, plucking it from the substrate, and then fastening it to a
TEM grid all inside the FIB. The lift-out, ex-situ grid mounting method is
very fast, produces specimens that do not limit the TEM tilt capability, and
automation of the initial preparation steps is possible. The main
disadvantage is that no further thinning or artifact removal is possible on the
specimen sliver resting on the thin carben film. Whatever you get is all
there is. If you aren’t happy (usually only a small fraction of the time) with
the TEM specimen you must start over again. The in-situ method is newly
developed and very promising. It combines all of the advantages of the ex-
situ method but offers the possibility of subsequently ion milling the
resulting specimen to further thin the specimen and to remove artifacts,

‘The simple lift-out methods work very well with Si/Si-oxide and
similar semiconductors, The method is expected to run into trouble with the
incorporation of extremely fragile multiple layers of low-x dielectrics into
near-future semiconductor devices. Some device manufacturers are
beginning to experiment with a long list of polymeric and related materials
to replace Si-oxide as a dielectric. As a group, materials with dielectric
constants from 2.5 to 3 have at most one-tenth the strength and toughness of
Si-dioxide. The next generation after these, with dielectric constants less
than 2.5 are another order of magnitude weaker still. 1t is unlikely that these
fragile devices can withstand the stresses associated with the lift-out method.
While new lift-out protocols may be forthcoming, it would seem that small
FIB cuts made into thin, tripod polished specimens might provide a way
forward for preparing these fragile specimens thanks to the thicker portions
of the specimen holding the ensemble together.

An interesting variation of the lift-out, ex-situ grid mounting
method, which offers a means of low-angle, argon ion milling of the
specimen, has been described by Langford and Petford-Long (2001). The
thin specimen is prepared and cut away from the substrate as per the
standard Jift-out method. The specimen, somewhat larger than the standard
10 pm cut, is then placed on a Cu, very fine mesh (10 um grid opening) non
carbon-coated grid. The specimen is nudged about on the surface of the grid
with the micromanipulator pluck-out needle so that it spans a grid hole with
a bit of specimen overhanging the neighboring grid holes. The top surface is
then Ar ion milled at 2 degrees and 2 keV for a short time to replace the 20
nm amorphous region and Ga implant damage with the <5 nm amorphous
and damaged region corresponding to Ar milling as discussed above. The
specimen area of interest must be centered in the covered grid hole and the
specimen is not rotated during Ar ion milling to minimize the amount of
support grid Cu material deposited on the specimen. The micromanipulator
js then used to turn the specimen over on the Cu grid by going under the
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plane of the specimen in one of the neighboring grid holes, lifting the
specimen up, inverting it, and re-nudging it back into the centered-on-a-grid-
hole location. The ensemble is then returned to the ion mill where the
second side of the specimen is Ar milled. If the operator loses track of
which side has been milled during the inverting operation, the process is
repeated with one minute milling operations until, statistically, both sides
have been milled.

6. COMBINING MECHANICAL POLISHING AND
FIB METHODS

As just discussed, producing thin specimens in the FIB tool that can be
subsequently ion milled essentially eliminates concerns over too-thick
specimens and amorphous or sputtered artifactual layer contamination. We
shall see that the method is adaptable to both cross section and plan-view
specimens. As initially practiced in the authors’ facility, (Anderson et al.,
1996), the specimens were thinned to something like 3 pum in thickness and
then subjected to brief FIB cuts on either side to produce a specimen like
that seen in figure 2. A low magnification TEM view is seen in figure 3,
which shows trench structures 7 microns deep into the specimen. A remnant
of the protective W FIB deposition can be seen in both the SEM and TEM
images as well as in the higher magnification view of the trench tops in
figure 4. The geometry's of the specimen are such that ion milling, from the
substrate side is possible at angles less than 10 degrees.

The degree of skill necessary to censistently tripod polish samples to 3
um in thickness, centered on a pre-selected target, can be applied
consistently after training and a fair amount of practice. It was desired to
simplify the procedure such that less skilled technical staff could routinely
prepare this type of sample on a high volume basis. To that end, FIB tool
protocols, leading to automated macros where possible, were created to
provide assistance and simplify the procedure. These protocols provide FIB
deposited W layers (or sometimes FIB cut trenches) that act as visuval polish-
stop indicators for the tripod polishing operation and two sets of FIB marks
to indicate where the next-to-final and final FIB cuts are to be taken to yield
a TEM specimen that includes the desired device area, as seen in figure 5, A
protective W or Pt coating is applied to protect the specimen surface. The
polish-stop FIB metal depositions, or trenches, are 2 pm wide and 8 um long
on either side and centered on the desired specimen plane. The sample is
mounted using “super 2lue” on the tripod polisher, adjusted so that the plane
defined by the final specimen location is parallel to the polishing wheel, and
polished with, typically, 30, 15, and 3 um diamond lapping film until the
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polish-stops on one side are encountered, as seen in figure 6, a light-optical
photo. The specimen is soaked off the too] in solvent and remounted to
polish from the opposite side until the same two polish-stops are
encountered from the back. Figure 7 shows the appearance of the top of the
specimen as it first appears in the FIB. The condition of the polished surface
is of no consequence—a 3 pm finish is fine, and no great care need be taken
to terminate tripod polishing exactly at the ends of the pelish-stops—just as
long as the specimen area is not polished into. Likewise, it is not important
that the angular alignment of the specimen is as precise as seen
here—angular misalignment can be compensated for in the FIB. The two
polishing steps take 10 to 20 minutes each.

Figure 9.2, Specimen tripod pelished to about 3 pm before finishing in the FIB



9. Practical Aspects of FIB TEM Specimen Preparation

Figure 9.3. Low magnification TEM image of the specimen in figure 2.

Figure 9.4. High magniftcation view of the trench tops in figure 3.
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Figure 9.5. Specimen surface with tripod polishing macro in place showing W polish stops.

W polish stops in a light microscope

Figure 9.6. Light optical image showing W polish stops serving as a signal to terminate
polishing.



9. Practical Aspects of FIB TEM Specimen Preparation 187

Figure 7 shows a medium magnification view of all the FIB cuts in a
finished sample with W polish-stops. From the geometry in the picture, this
specimen could be jon milled from the substrate side at an angle of 6.7
degrees to accomplish near-low argon angle milling to thin the specimen. A
short, approximately 30 second, argon ion milling at 20 degrees is mosi
effective in removing any sputtered-material artifact. Figure § shows a
finished sample with trench polish-stops. Cutting trenches into the original
specimen surface is faster than depositing W rectangles for polish-stops and
a small sacrifice in the ability to see the polish-stops while tripod polishing,

Essentially eliminating the FIB-deposited amorphous layer and sputter
artifact from silicon semiconductors is the most visible benetit of post-FIB
argon ion milling for these materials. Post-FIB argon ion milling is also
effective for specimens much more sensitive to radiation and gallium
implant artifacts from FIB processing than silicon. In figure 9, we see an
as-FIB’ed GaN Jayer on a sapphire substrate direct from FIB processing.
Admittedly, the specimen spent too much time being observed in cross
section by ion imaging in the FIB, which exacerbates radiation and Ga
implant damage. In figure 10 we see the same specimen area after argon ion
milling from the substrate side, now free of FIB induced artifacts.

In order to facilitate the preparation of large numbers of FIB specimens
and to reduce the amount of handling each specimen is subjected to, we have
designed a FIB multi-specimen holder that can accommodate four (or more)
specimens to be FIB’ed. The specimens are mounted in Ar ion mill holders
so that they can be moved back and forth between the Ar ion mill and the
FIB without risk of breakage. Details of the holder design may be found in
the appendix fo this chapter.
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Figure 9.7. View in FIB after tripod polishing.

Figure 9.8. Medium magnification view of finished specimen with trench polish stops.
Trench polish stops are faster 10 apply and contaminate the surface less.
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Figure 9.9. GaN on sapphire substrate specimen after FIB milling with serious FIB artifacts
in evidence.

Figure 9.10. The same specimen area seen in figure 10 after 2 minules of argon ion milling on
each side. Arrtifacts have been removed.
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7. PLAN VIEW SPECIMENS

There are a number of unique types of SEM and TEM specimens that
can be prepared using a FIB tool that are not possible to prepare by any other
means. Seeing cross sections in an SEM of a semiconductor specimen that
has had two FIB cuts made at right angles to each other is an example. In
such a specimen the structure of a device parallel and perpendicular to a
given plane may be examined. Another FIB-unique specimen is the
preparation of multiple plan view specimens in a single sample.

Plan view, or planar, TEM samples were the mainstay of
semiconductor TEM analysis until the 1970s when the first cross section
semiconductor specimens were made. By and large, these early plan view
specimens were made by masking and acid-etching the silicon or germanium
substrate from the back side. Etching was halted when a thin layer of
substrate was left, if the aim of the experiment was to examine the substrate,
or the substrate was etched away in a small circle allowing the device
metallurgy/insulator stack to be examined. With the advent of integrated
circuit technology, with multiple layers of conducters and insulators, planar
TEM samples went out of favor because it was very difficult to
unequivocally locate one particular layer in a conductor stack or a particular
depth in the substrate. Cross section TEM specimens are favored for
examination of today’s complex metallurgy stacks, Planar TEM specimens
are still important for determining substrate microstructure questions, like
dislocation density. It is well known that today's integrated circuits have
very low dislocation densities. For a dislocation density of 10° per em’?,
statistically, a typical 0.5 pm thick cross section of a semiconductor
substrate would probably not contain a single dislocation. A planar sample,
made at the depth that dislocations are expected, is therefore needed so as to
have a chance at investigating the dislocations. There is still a problem: acid
etching or dimpling and jon milling metheds for preparing planar samples
have very little specimen preparation spatial resolution. It is often the case
that a satisfactory planar TEM specimen is prepared that shows dislocations,
but the analyst has very little idea how deep into the substrate any particular
image represents.

7.1 The 4 in 1 Specimen

FIB to the rescue! In figure 11 we see a cross section image taken in a
FIB of a specimen that provides four precisely Jocated planar samples in a
silicon substrate. {Anderson and Klepeis, 1997) The specimen is the same
trench structures we saw in figure 3. The specimen was made by triped
polishing inte the cross section until the trench structures seen on top were
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revealed. The specimen was then tripod polished from the back side fo a
level approximately four microns below the seven-micron deep trenches, as
seen in the figure. Four FIB *H” pattern samples were cut into the cross
section face at depths below the Si surface where dislocations were expected
by virtue of abrupt changes in the substrate doping or trench microstructure.
When the resulting thin lamella were examined in the TEM (TEM beam
perpendicular to the substrate top surface) four precisely located planar
samples were revealed. There is, of course, no limit on the number of
specimens one could cut into this single tripod polished sample. Figure 12
shows one of the resulting TEM images, which can be unequivocally stated
10 be at a precisely measured depth below the surface.

Figire 9. 11. Planar semiconductor TEM specimen with four FIB TEM specimens cut at
precise distances from the specimen top surface,
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Figrre 9.12. TEM image of one of the FIB planar specimens seen in figure 11,

7.2 FIB Dimpling

There is another challenge with regard to making planar specimens by
the FIB method: the ability to prepare useful TEM planar specimens at very
small pre-selected locations—ihe specimen preparation spatial resolution
issue again. With the extreme density of modern integrated circuits it is
becoming routine o require the preparation of a single failed component in
an array of a billion or more similar components. This specimen preparation
protocol was developed by Klepeis, et al. (2000).

Sophisticated electrical testers can find the faulty component and
transfer its coordinates to a FIB tocl where the failure can be marked by an
array of FIB cuts. Cross section TEM specimens are appropriate when it is
suspected that the failure is cavsed by a defect in the metallization stack on
top of the device substrate. Planar specimens are appropriate when the
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electrical signature of the failure indicates that the fault lies in the substrate
itself—dislocations or some other crystal defect. One approach for making a
precisely lecated planar TEM sample, once the location of the failure is
marked with the FIB tool, is to tripod polish the Si from the back of the
substrate, leaving a few micrometers of Si plus the metallization stack {Or
some fraction of the metallization stack if tripod polishing was employed to
remove some top layers of metallization.) Low angle ion milling of the thin
planar specimen can then be employed to finish the sample preparation.
This tripod pelishing and ion milling protecol will yield extremely large
transparent regions when successful. However, all that thin area almost
always cracked or peeled-up due to stress evolution in the specimen,
destroying it. The FIB dimpling technique is a way to overcome these
difficulties.

Box Modify Popup X

Figure 9.13. The FIB dimpling precedure begins by having the required defective cell marked
by FIB cuts. This can ofien be accomplished automatically with failed ccll coordinates
provided by a circuit tester.
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Figure 9.14. The specimen is turned, circuit side up, and paralle) polished down to the tops of
the gate structures.

Figure 9.13. A second sct of deep FIB marks are cut outside the first set.
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Figure 9.16. A square dimple raster is set up on the backside of the specimen, inside the
second set of deep marks to locally thin the specimen at the pre determined location of the
fail.

The FIB dimpling procedure is as follows: The failed cell is identified
and marked with FIB cuts deep enough te reach the substrate Si (figure 13),
the failure is at or near the intersection of lines through the FIB cuts. For
this example the electrical signature of the fail suggested that it was at the
Jowest, gate stack level, of the specimen metallization stack or in the nearby
substrate. Accordingly, the metallization stack on top was tripod polished
down to just above the gate stack in a region centered on the FIB marks.
{figure 14). The specimen is returned to the FIB and a second set of deep
FIB marks are cut into the top surface, well into the Si substrate, just outside
the first set (figure 15). A Mo TEM single aperture grid is epoxied to the top
surface of the specimen with the grid opening centered on the region of
interest. After the epoxy is cured, the open grid aperture is filled with glycol
phthalate, or wax, in order to provide mechanical strength to the specimen



196 Chapter 9

during subsequent polishing steps on the backside of the specimen. The
specimen is inverted and tripod polished from the backside until the second
set of deep FIB cuts is encountered. The specimen should be 3 or 4 um
thick at this point, which is sufficient to prevent cracking or peeling
problems. The grid and specimen are removed from the triped polisher and
mounted on a FIB holder. The FIB tool is then set up to cut a 20 to 50 um
square raster into the back of the specimen, centered on the region of interest
delineated by the deep FIB marks cut from the top side. (figure 16). The
square raster is monitored by the tool’s endpoint detector, or visually until
there is an abrupt change in contrast within the square raster (especially
conspicuous when preparingsilicon-on-insulator (SOI) specimens) and/or the
top side features become visible. (figure 17).

The end result, after eight or more hours of work, is a very small
electron fransparent planar area precisely located at the pre-specified
location. (figure 18). The FIB thinned area has sufficient surrounding
specimen thickness to prevent stress-induced specimen failure. More than
one raster square can be FIB dimpled into a single specimen as needed. The
entire structure mounted on a thin Mo grid, can be low angle ion milled from
either side, to further thin the specimen and to remove FIB
artifacts—oprincipally Ga ion implant. Figure 19 shows the finished
specimen from the grid side

Figure 9.77. The dimple F1B rasier culting operation is terminated when the top side
structures are visible. This is particularly casy to detect when preparing SOI samples as in
this case.
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Figure 9.19. Low magnification view of FIB dimpled specimen from grid side.
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8. CONCLUSION

From the perspective of a TEM specimen preparer in the late 1970s or
early 80s, a modern FIB tool would seem like magic. High priced magic.
But as stated earlier in this chapter, in the integrated circuit semiconductor
world, as critical dimensions shrink under 0.5 um and as esoteric materials
are incorporated into chip design, there simply is no other way of preparing
site-specific TEM specimens of the latest designs other than using a FIB.
This may well prove to be true in other fields as well. We have seen an
evolution in FIB TEM preparation protocels from the first conventional “H”
pattern method through to the in-situ mounting lift-out technique—so new
that the method’s capabilities are still being explored as this is written, We
are also seeing the development of unique specimen preparation methods,
like the 4 in 1 planar method described above, that can only be executed
with a FIB tocl. Others are sure to appear.

It is always true that in any laboratory preparing TEM specimens the
synergy of complimentary techniques is to be strived for. The key objective
is the preparation of artifact-free specimens with, very frequently, the
requirement of extraordinarily demanding specimen preparation spaial
resolution. Whether one chooses a lift-out or a FIB-after-polishing method
is immaterial. The key thing is to develop the capability to do either and to
apply the best method for the task at hand.
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APPENDIX: A MULTI-SPECIMEN FIB HOLDER

In order to increase FIB thoughput, a multi-specimen holder (see figure
20) was designed that can accommodate four or more FIB specimens
simultaneously (Klepeis, 1998). Inasmuch as our objective is fabricating
FIB spectmens that can be subsequently Ar ion milled to remove FIB artifact
layers, the multi-specimen holder utilizes GATAN? PIPS (Precision Ion
Polishing System) spring-style DuoPost specimen holders to mount the
specimens to be FIB’ed and subsequently Ar ion milled. Once mounted in
the DuoPost holders, the specimens need not be touched until they are ready
for the TEM.

Figure 9.20. GATAN DuoPost with specimen held with spring clips for low-angle Ar ion
milling and FIB cutting {top) and the Multi-specimen holder with four specimens

The holder can be mounted in the Micrion and FEI FIB tools in the
authors’ laboratory and should be easily accommeodated in other machines.
The holder is machined such that it is at a +15 degree angle relative to the
stage so that the specimen, in the DuoPost holder, can be tilted from —15 to
+45 degrees to facilitate FIB milling. Detailed plans and specifications can
be obtained from author S.K.

¥ The GATAN PIPS and the DucPost kolder are trademarks of GATAN Inc., Pleasanton, CA.
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FIB LIFT-OUT SPECIMEN PREPARATION

TECHNIQUES
Ex-Situ and In-Situ Methods
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Abstract: In this chapter, we review methods and applications of the FIB lift-out
specimen preparation technique. A historical everview of the development of
the technigue is given. The ex-situ and in-situ lift-out techniques are
described. Examples, advantages, and disadvantages of each of the techniques
are presented.

Key words:  Focused ion beam, FIB, lift-out, LQ, TEM, in-situ LO, INLO, ex-situ LO,
EXLQ, micromaripulation

1. INTRODUCTION

In another chapter in this volume Anderson and Klepeis provide a
thorough review of FIB wusage for electron microscopic specimen
preparation. Thus, this chapter will be dedicated solely to the discussion of
the lift-out technique. It should be noted that there are advantages and
disadvantages to any specimen preparation technique. The lift-out technique,
and the use of FIB in general, should not be assumed to be a panacea for all
specimen preparation applications (but it certainly has made specimen
preparation easier!).

The use of focused ion beam (FIB) instruments has become a mainstay
for the preparation of specimens for subsequent analysis by a number of
analytical tools. The versatility of the FIB makes it advantageous for
numercus applications. In particular, FIB milling techniques are generally
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quite rapid (on the order of ~ 0.5 to 1 hour for many applications). FIB
preparation for TEM analysis can take longer (e.g., from 0.5 to 4 hours), In
addition, because of the small probe size (e.g., < 10 nm) and a broad range
of beam currents (e.g., ~ ! pA to 30,000 pA) achievable by new FIB
instruments, FIB specimen preparation techniques presently offer the best
spatial resolution where site specificity is required. Since FIB milling
procedures for specimen preparation are often performed at glancing angles
to the surface of interest (an incident angle of ~ 89° from the sample surface
normal), high quality specimens may be milled from samples that may
include multiple layers of materials oriented either parallel or perpendicular
to the ion beam. Although small deviations in specimen thickness from one
phase or grain to another due to preferential milling may occur (which can
caus¢ curtaining effects), this usuvally does not limit analyses by TEM or
other methods.

A primary advantage to the “lift-out” {LO) technique over other specimen
preparation methods mentioned in this book is that specimens may be
prepared from the starting bulk sample with little or no initial specimen
preparation. Assuming that the material in gquestion is compatible with FIB
milling, the only initial sample requirement for the lift-out technique is that
the bulk sample must be small enough to fit comfortably within the FIB
vacuum chamber. If an insulating material is 1o be FIB milled, a conductive
coating may be applied to the sample to prevent charging as a result of ion
bombardment (or electron bombardment in the case of a dual beam
instrument). Alternatively, all FIB milling of an insuvlator can be performed
while collecting ion induced secondary ion images. In addition, further usage
of a charge neutralizer in conjunction with secondary ion imaging may also
enhance the ability to mill non-conducting samples without prior application
of a conductive coating. Using the LO technique requires the addition of
either a micromanipulator station for ex-situ LO, or a vacuum compatible
probe assembly for in-situ LO as described below.

The “lifi-out” or removal of an FIB prepared electron transparent
membrane from a larger bulk sample was first discussed by Overwijk et al.
(Overwijk et al.,, 1993). They used an FIB to sputter away trenches of
material, leaving behind a thin electron transparent membrane. They
reported using a sharp tungsten {W) needle with x, y, and z micrometer
controls to remove the thin membrane and place it on a specimen holder
consisting of a Si;N, sheet on a Si frame. Leslie et al. {Leslie et al., 1993)
used a similar removal procedure as Overwijk et al., and also noted some
practical problems and artifacts of the technique. They also discussed the
successful preparation of planar TEM specimens. However, little details
were provided on how to use the W probes to remove the thinned specimen.
Stevie et al. also described an FIB method for obtaining an isolated electron
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transparent membrane, but suggested no method for the removal of the TEM
specimen (Stevie et al., 1995). Herlinger et al, also used a W probe to
remove an electron transparent specimen from a bulk sample, but provided
few details on how to actually perform the specimen removal (Herlinger et
al.,, 1996).

In 1997, Giannuzzi and co-workers documented a routine FIB lift-out
technique for the preparation of site-specific TEM specimens (Giannuzzi et
al,, 1997). This technique was first developed specifically for applications in
the microelectronics indusiry, however, the FIB LO techvique has been
routinely used by the authors with slight variations for numerous material
systems and geometrical configurations as summarized in Table 1. In
addition, FIB LO has been used for analytical techniques other than TEM
(e.g., SEM, Auger, SIMS, XPS) (see Stevie et al., 2001, Ferryman et al.
2002). As evident by the other Chapters in this book, Table 1 is by no means
an exhaustive list of FIB usage. A current literature search on FIB
applications will yield hundreds of papers.

In the ex-siru LO (EXLO) technique, the thin membrane is prepared using
the FIB. Then the sample containing the electron transparent membrane is
removed from the FIB and the membrane is micromanipulated (or “lifted-
out™) from the bulk sample to a carbon (or formvar) coated, 400 mesh 3 mm
TEM grid. The micromanipulator system consists of a light optical
microscope and a glass rod attached to a hydraulic micromanipulator
(Giannuzzi et al., 1997). We shall refer to this type of lift-out as “ex-situ”
since the membrane is removed from the milled trenches after the sample is
removed from the FIB vacuum chamber. The final thickness of the LO
specimen may be tailored to suit requirements of the analytical technique
that will be performed to characterize the specimen.

The lift-out method also has significant implications for the overall
analytical approach to a site-specific problem. As discussed above, the
removed specimen can be analyzed by other techniques. The Ar sputter gun
present in most AES systems can remove the Ga implantation remaining
from the ion milling process as discussed in the Chapter by Principe. A
specimen holder that can accept the 3 mm diameter TEM grids has been
designed to transport samples easily from one analytical instrument to
another. Note that the LO process for many of the analytical methods is
much easier than for TEM, because the specimen does noi have to be
thinned to electron transparency and is therefore typically removed at a
thickness of 1 um or greater. A discussion on the FIB/AES method is
presented in detail by Principe elsewhere in this volume.

The use of computer automated milling of EXLO specimens as described
by Young and Moere elsewhere in this volume for microelectronics
applications have been employed in ocur laberatory with as many as 12
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specimens prepared overnight.  Automated milling is beneficial for
preparing multiple specimens of similar type. However, it is sometimes
faster and easier to make specimens manually in the case of one-of-a-kind
and/or novel specimens because material specific milling parameters must
be optimized prior to automation setup. The automation precedure can be
extended to rough surfaces by milling fiduciary FIB marks onto a previously
deposited layer of Pt or W. The Pt (or W) layers deposited on either side of
the region of interest fills the gaps and holes in the rough surface, thereby
creating a smooth surface for the fiduciary marks (as per FEI technical
notes).

Tuble 1(-1. Example uses of TEM LO by the Authors

Malterial System Reference(s)

Semiconductor materials Giannuzzi et al., 1997, 1998, 1999a, 1999¢,
2002; Kempshall et al., 2002; Merchant et
al,, 2000; Readinger et al., 1999; Rossie et
al., 2000; Stevie et al., 1995; Stevie et al.,
1998; Stevie et al., 2001

Monolithic ceramics Giannuzzi et al., 1998, Lomness et al., 2001b

Glasses Francois-Saint-Cyr et al., 2001, Stevie et al,,
2001

Composite materials Giannuzzi et al., 1999d, 2000, 2001a

High Temperature Coatings Carim et al., 2001

Polymeric materials White et al., 2000

Biological materials Giannuzzi et al., 1999b; Clayten et al., 2002

Geological materials Drown-MacDonald et al., 1999; Heaney et
al., 2001

Fowder particies Drown-MacDonald et al., 1999; Lomness et
al., 2001b; ; Prenitzer ctal,, 1998

Fibers Giannuzzi ct al.,, 1998

Thin film cross sections Giannuzzi et al,, 1997, 1998; Readinger et

al., 1999; Rossie et al., 2000; Stevie et al,,
1995, Stevie et al., 2001

Metals, alloys Giannuzzi et al., 1998, 2001b; Hampton et
al., 2002; Kempshall et al,, 2001; Lomness
ctal., 2001a,2001b; Merchant ct al., 2000,
Prenitzer et al., 1998; Schwarz et al., 2003

Plan view specimens Stevie et al,, 1998

Fracture surfaces Giannuzzi ¢t al., 19994, 2000, 2001a, 2001b

Yaguchi et al. pioneered the lift-out of samples within the FIB chamber
(Yaguchi et al., 1999, 2000, 2001). We shall refer to this type of lift-out as
the “in- situ” method since the sample is removed from the bulk material
entirely within the FIB instrument. Kamino and co-workers report on the in-
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site FIB LQO in detail elsewhere in this volume on their discussion on micro-
sampling techniques. As elegantly shown by Kamino and co-workers,
innovation in micro-sampling (or in-situ LO) has enabled multiple TEM
specimens to be prepared in both cross-section and plan view from the same
location.

Procedures of both the ex-situ and in-situ LO are described below using
an FEI 200TEM FIB workstation. This instrument is a single beam FIB
outfitted with automated computer scripting algorithms, Pt deposition, gas
assisted etching, and selective carbon mill FEI accessories. The UCF FIB is
also outfitted with a probe assembly (courtesy of Omniprobe) to perform in-
situ LOs. The steps described below may be applied to other types of FIB
instruments and probes in their entirety or with slight deviations as deemed
necessary. For example, these or similar techniques have also been
employed by our group using the FEI 611, FE1 800, FEI DB2335, and an
Hitachi FB2000A FIB instruments.

1.1 Ex-situ FIB Lift-Out Procedures

Figure 1 shows a schematic diagram of the basic steps used in the manual
production of a FIB ex-situ LO (EXLO) specimen. Figure 2 shows actual
FIB images of some of the steps used in EXLO. The first step is to decide on
the final dimensions of the specimen. The final dimensiovs of the FIB LO
will depend on (i) the dimensions of the area of interest, (ii) the
characterization technique that will be used to analyze the LO specimen
(e.g., for TEM. the thickness is generally < 200 nm, however, specimens
may be left thicker for SEM, SIMS, Auger, XPS, etc.), and (iii) what size
mesh hole openings are used in the carbon (or formvar) coated grids to
support the LO specimen, and (iv) the FIB milling time available.
Generally, the dimensions of a FIB EXLO specimen will be 10 - 35 pm in
length, 3 — 10 pm in height (deep into the sample) and 50 — 100 nm thick,

Most FIB cross-sections begin by using the jon beam assisted chemical
vapor deposition (CVD) process to deposit a 0.5 — 1 um thick metal line as
shown in figure la (e.g., usually Pt or W). The metal line serves two
purposes. Firstly, the metal line may be used to mark the region of interest,
and secondly, the metal line may be used to protect the underlying region
from being sputtered away during subsequent milling steps. If the outer
most sample surface is of interest, it is necessary to protect the surface from
FIB damage that may be incurred during the Pt deposition operation
(Kempshall et al., 2002). This may be accomplished by sputter coating a
protective metal layer on the surface prior to inserting the sample into the
FIB. It has been determined that a sputter coated layer of contiruous Cr
protects the surface more effectively than the characterisiic island-like
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coverage of an Au-Pd layer, since FIB damage will penetrate the side-walls
of the islands (Kempshall et al, 2002). As an alternative, a Pt layer
deposited at lower FIB beam energies induces less damage than at higher ion
energies (Kempshall et al., 2002). In addition, electron beam induced
chemical vapor deposition via a dual beam instrument induces less surface
damage than a Ga" beam assisted process at low energy (Kempshall et al.,
2002).

It should be noted that FEI's FIB instruments use “material files” during
any milling operation. This file instructs the system as to how long to mill
for a given volume of material to be removed, and the material file is a
function of the sputtering yield of the material. Any material file may be
used for any material to be milled. For example, if one knows the relative
sputtering yield of a material relative to Si, then either (i) the times (or
depths) of milling relative to Si may be adjusted accordingly or (ii) a specific
material file may be added to the system by using the appropriate sputtering
yield factor in the material file set up.

Next, high beam currents with correspondingly large beam sizes are used
to mill large amounts of material away from the front and back portion of the
region of interest. The front trench is usually positioned ~ 2 pm from the Pt
layer and is usvally created using either the “stair step” (SS) or “clean up
cut” (CUC) milling algorithm using the highest beam current available (e.g.,
20,000 pA), as described elsewhere. For a given trench dimension, the CUC
usuvally mills faster than the SS algorithm and also yields a “cleaner” cut at
the surface of interest. (se¢ Prenitzer et al, 2002). However, the CUC fills
the milled trench behind the beam with redeposited material making
specimen preparation more difficult for materials that have a large sputter
yield, Thus, it is recommended that the SS cul be used for materials that mill
very quickly relative to Si.

The trench milled on the back side of the region of interest is smaller
than the front trench. The smaller back trench is primarily to save time, but
the smaller trench alse prevents the finished LO specimen from falling over
flat into larger milled trenches which may make it difficult to remove the
specimen during the micromanipulation operation. The back trench may be
milled using any number of algorithms. A rectangular cut is preferred to a
CUC trench so that sputtered matertal can escape the trench thereby
reducing redeposition artifacts. Next, finer probe sizes are used to
progressively thin the specimen to ~ 1 um in thickness (see figure 1a).

When using a dual platform FIB + SEM (e.g., a DualBeam instrument), it
may be useful FIB mill the back side trench with the same dimensions used
for the front side trench. The larger trench opening will allow SEM viewing
of the specimen from both sides.
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It is generally recommended to observe every specimen surface that is
prepared for TEM by tilting the stage to ~ 45° and collecting a FIB image
and/or an SEM image in the case of a DualBeam instrument. This allows for
a one-to-one comparison between the FIB image and a TEM or other image.
This may require preparing the surface using finer beam sizes down to 100
pA to collect a high quality FIB or SEM image. Any FIB damage induced
during this image acquisition via the ion beam would be removed during
subsequent milling steps. To prevent FIB damage, it is generally
recommended that the surface of the specimen not be imaged with the ion
beam, even with a single beam scan, at a thickness less than ~ 0.5 pm, The
exact specimen thickness that one should limit imaging the specimen surface
will depend of course on the ion beam/material interactions for that
specimen and the final thickness desired for the analytical technique of
interest. Note that since the ion beam damage is virtually instantaneous
(e.g., ~ 10’s of ps - see chapter on ion beam material interactions), even a
single scan of the beam may induce beam damage to the surface of the
sample. Observation of the specimen surface with an electron beam {e.g.,
via a DualBeam instrument) prevents ion beam damage to the specimen and
allows for thinner specimens te be prepared, since the region of interest may
be menitored during FIB milling.

a) 1um b)
Pt layer

5 um
1um
c) d)
100 nm TEM 1EM

Figure 10.1. A schematic diagram of the general procedures for the EXLO technique. (a)
cutting the initial trenches (b) underculting the specimen (c) final thinning {d) preparation
for HREM observation.
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Pt Deposited Line

Thick Si Specimen

Figare 10.2 EXLO FIB steps for TEM specimen preparation. (a) sample tlted to 45°
showing undercut and side cuts of the specimen, (b) final thibning of specimen, (¢) freed
specimen ready for EXLO (courtesy S. Rajsiri).
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Once the specimen reaches a thickness of ~ 1 um, the stage is tilted 45°
(or greater) and the bottom and ~ 3/4 of the right and left edges of the
specimen are cut free as shown in figures 1b and 2a, leaving just tabs of
material holding the LO specimen. The small tabs allow the least amount of
material to be milled free after the specimen is completely FIB polished,
reducing the possibility of redeposition artifacts accumulating on the thin LO
specimen. These cuts are usvally performed with a beam curreat of 1000
pA. These cuts will usually be 0.5 pm — 1 pum in width depending on the
sputter yield of the material. A wider cut may be necessary for materials
with a larger sputter yield to avoid redeposited material from filling in the
cut during subsequent milling steps as described later., Stresses in the
specimen may cause it to warp as it gets thinner.

After the undercutting operations, the specimen is tilted back to normal
incidence with respect to the ion beam. For some materials, special types of
cuts may be performed when the specimen is ~ 1 pun thick to prevent
warping by allowing for expansion of the specimen to reduce internal
stresses (Walker 1997, 1998; Rossie et al. 2000). The cutting of a notch at
each end of the specimen appears to provide the best results to date (Rossie
et al. 2000). The specimen is then further thinned using progressively finer
beam sizes (see figures Ic and 2b). Final FIB cuts are usuvally performed
using a beam current of 100 pA or less. Any region(s) of the specimen may
be thinned preferentially (as in figure 1d) if high resolution lattice imaging,
energy filtered or electron energy loss information is required for the TEM
analysis (Giannuzzi et al. 1999a). Once the final tabs of material are cut free
the membrane may be observed to move or fall over slightly in the trench. If
the specimen is observed to fall over, one can be sure that the specimen has
been completely FIB milled leaving the micromanipulation operation to be
relatively straight-forward, taking only ~ 3 minutes to perform. A
completed EXLO specimen observed to be FIB milled free is shown in
figure 2c.

Most LO failures occur because the specimen has not been completely
FIB milled free from the trench. It has been observed that sputtered material
may redeposit in the undercut portions of the LO, thereby, re-connecting the
specimen back to the trench. This may be avoided by using appropriate
beam currents for your specimen to limit redeposition effects. In addition,
larger dimension cuts can be used when FIB milling a material with a large
sputter yield. This problem may also be avoided by undercutting your
specimen when it is as thin as possible, but not too thin as 1o impart beam
damage into your specimen due to viewing at 45°.

The sample is then removed from the FIB and placed on a light optical
microscope stage equipped with a Narishige hydraulic micromanipulator
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system, Any microscope that has a long objective working distance e.g., ~
10 mm will do. Currently available micromanipulator and microscope
systems have been developed specifically for EXLO (Micro Optics, FL).
Figure 3 shows a typical lift-out system. A glass rod pulled to a fine point
e.g., ~ | pm in diameter is used to just touch the LO membrane that has been
milled free. Electrostatic forces cause the specimen to cling to the glass rod
tip. The LO specimen is then positioned on a carbon, holey carbon, or
formvar coated 400 mesh TEM grid. An example of a TEM specimen
micromanipulated to a carbon coated Cu TEM grid is shown in the light
optical micrograph in figure 4. The images in figure 4 show a low
magnification light optical image of the 400 mesh TEM grid followed
images of the grid containing the specimen at increasing magnification,

Figure 10.3. A micromanipulator system for EXLO.
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Figure }0.4. Light optical micrographs of increasing magnification of an EXLO specimen on
a carbon coated TEM grid

If the specimen has been correctly FIB milled, the LO portion of the
preparation may take only a couple of minutes. The success rate generally
depends on cone’s experience with different types of sample systems. The
success rates for the EXLO procedure can be greater than 90 %. Multiple
specimens may be positioned on the same TEM grid te save time in TEM
specimen exchange. These EXLO specimens tend to be very robust. For
example, EXLO specimens have been successfully transported on airplane
trips and through the mail. Specimens have also survived inadvertent falls to
the floor during handling.

Generally, the LO specimen is positioned on a carbon coated grid, or
holey carbon coated grid, such that it lies within a single grid opening.
However, Langford and Petford-Long (2001a) recently reported the use of a
Jarge mesh grid (i.e., small grid hele openings) that does not have a carbon
or formvar support film. In this approach, the EXLO specimen was placed
directly over 1 or more grid openings. The EXLO specimen remains on the
grid due to surface tension. The lack of a carbon or formvar coating enables
the EXLO specimen to be ion milled on both sides of the specimen, thereby
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replacing the large Ga beam damage with less beam damage frem an Ar ion
mill. The sample assembly was ion milled from the specimen-side of the
grid.  After ion milling, the specimen was flipped over using a
micromanipulator system and put back in the ion mill to remove the FIB
damage from the other specimen surface. The advantages to this technique
are that there is no carbon film to image through and beam damage from the
FIB operation may be removed. Care must be taken when performing the
micromanipulation to ensure that a grid bar does net obscure the area of
interest.

Recently we showed that the edges of an EXLO specimen can be placed
on a carbon coated TEM grid after the center portion of the carbon film has
been FIB milled away (Giannuzzi et al. 2002). In this manner, tens of
micrometers of the center portion of the LO specimen are unobstructed by a
carbon film. This enables TEM analysis using, e.g., energy filtered TEM,

FIB plan view specimens may be prepared in the same manner as
described above simply by mounting the specimen in the FIB such that the
plane of the layer of interest is parallel to the ion beam. This technique may
require polishing the specimen to a particular location prior to any FIB
operation (Stevie et al, 1998). Alternatively, Langford et al. developed a
plan view specimen preparation technique that has eliminated the need for
any initial specimen preparation by using a two-step LO precedure
(Langford et al., 2001b). This technique is actually quite similar to the
micro-sampling or in-situ LO techniques described below. A two-step
process is needed since each micromanipulator operation is performed
outside of the FIB. The sample is positioned inside of the FIB in a
conventional “cross-sectional” geometry. The plane of interest need not be
the outer most surface layer of the sample. First, a wedge of material is FIB
milled free such that it contains the plane of interest. Then it is removed
from the F1B and micromanipulated onto any flat surface such that the plane
of interest is positioned approximately normal to the flat surface. The
assembly is then placed back into the FIB and positioned such that the plane
of interest is parallel to the ion beam. The specimen position and orientation
may be fine tuned using the sample stage. Then an EXLO specimen is FIB
milled in the usual fashion. The assembly is removed from the FIB and the
electron transparent membrane is micromanipulated to a TEM grid for
analysis. The technique described by Langford et al. (2001b) takes full
advantage of the EXLO technique by allowing multiple specimens to be
prepared from any surface without initial specimen preparation.
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1.2 In-Situ FIB Lift-Out Procedures

Kamino details micro-sampling techniques, which we will refer to as in-
situ LO, elsewhere. The in-sitw FIB LO (INLO)} technique may be
summarized as follows. The INLO method can be very similar to the EXLO
method described above, however, the specimen size can be larger. The
probe is positioned to touch a FIB milled piece of sample. The FIB is then
used to attach the probe to the sample using the FIB CVD capabilities. Then
the sample is lifted out of the bulk material. An example of a ceramic joint
prepared using the INLO technique with an Omniprobe probe assembly
mounted in an FEI 200TEM FIB is shown in figure 5. The probe/sample
assembly is then positioned onto a 3 mm TEM slotted grid or washer that
has been cut in half. The CVD operation is used to attach the sample to the
grid. Once the sample is secured to the grid, the probe is FIB milled free
from the sample. The sample may then be FIB milled to electron
franspareicy using conventienal FIB milling practices.

Figure 10.5. FIB image of an INLO acress a ceramic SiC/SiC joint (specimen courtesy of C.
Henager, PNNL.)

The INLOQ technique is the most flexible of the FIB specimen preparation
techniques since it offers all of the advantages of the EXLO technique plus
the advantages of cenventional FIB specimen preparation. In general, an
INLO specimen may be FIB milled thinner than its EXLO counterpart since
one would tend to leave an EXLQ specimen a bit thicker to ensure that a
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specimen would be retained. In addition, FIB redeposition artifacts tend to
be less problematic in an INLO specimen compared to an EXLO specimen
since the area surrounding the surface of interest is less confined. For more
information see the discussion on redeposition in the chapter on ion-solid
interactions.

The mechanism for EXLQ is believed to be via electrostatic attraction
between the glass tip and the thin membrane. Since the electrostatic
attraction is a relatively weak force, it is difficult to extract TEM specimens
much larger than ~ 50 pm in length. However, we have performed EXLO on
a 150pm long Cu sample that was 1um thick for other purposes {(Contino
2001). Alternatively, the INLO technique relies on attaching the probe to the
sample via a CVD process. Thus, much larger samples can be routinely
lifted out using INLO. We have successfully prepared INLO specimens on
the order of 150 um in length (Schwarz et al. 2003). For reference,
specimens of this size took approximately 4 hours to prepare.

We have sometimes observed that INLO specimens are not as robust as
EXLO samples. Great care must be made with INLO samples to assure that
nothing comes in contact with the inner portion of the TEM grid in the
vicinity of the specimen either during handling or during storage. For
example, we have observed that fibers from e.g., a “kimwipe” tissue-like
piece of paper, can grab the delicate INLO saimple and pull it off the grid.
When necessary, greater success in handling INLO grids have been made by
placing the samples on fiber-less papers such as cover slip paper. In
addition, since INLO specimens are in contact with e.g., a carbon film, the
thin region generally stays in tact. Conversely, thin regions in EXLO
specimens can break off. This problem is analogous to the loss or “fall out”
of thin regions that may be observed in conventionally prepared
electropolished, or dimpled and ion milled, TEM specimens.

2. LIFT-OUT EXAMPLES

2.1 EXLO

FIB specimen preparation has its roots in the semiconductor industry.
The LO approach also makes possible the removal of this specimen from an
unbroken wafer, which may be as large as 300 mm in diameter. FIB
modification of devices that are subsequently put back into the process line
has already been performed without detrimental Ga contamination (Weiland
et al.,, 2001). Figure 6a shows a semiconductor cross-section TEM image of
a 5 layer metal integrated circuit prepared using the FIB EXLO technique. It
was recently shown that sufficiently thin EXLO specimens may be used for
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EFTEM analysis (Giannuzzi et al. 2002). Figure 6b shows s cross-section of
a semiconductor device containing a Ti/TiN diffusion barrier layer. The
Jocation and thickness of the Ti and TiN layers is evident by comparing the
Ti EFTEM map vs. the N EFTEM map.

Plan view applications of LO additionally demonsirate the versatility of
this method (Stevie et al. 1998). Figure 7 shows a TEM image of over 200
W vias prepared by plan view EXLO. The barrier layers surrounding the W
may easily be examined at higher magnification.

While the FIB LO technique has been exploited principally in the
microelectronics arena to produce site-specific cross-section and plan view
TEM specimens, the FIB LO method has also shown tremendous versatility
by useful extraction of TEM specimens from a wide range of different
materials as shown below.

One of the areas where either LO technique excels is in the TEM
specimen preparation of the fracture surface of materials. The advantage
here is that a small TEM specimen may be removed from the bulk material
without disturbing the remaining surface. One possibility is serial sectioned
TEM specimens of surfaces. Another possibility is TEM specimens of
multiple regions of interest from a single sample that has been processed
(e.g., heat-treated) in a different manner. Figures 8a and 8b show an FIB
image and corresponding low magnification bright field TEM image from
the fracture surface of a SiC fiber/SiC matrix composite. The composite that
was exposed to subcritical crack growth conditions at an oxygen
concentration of 2kppm 0,, and a temperature of 1100 °C (Giannuzzi and
Lewinsohn, 2000). Note that the dark contrast in the FIB image indicates
charging of an insulating region and corresponds to the amorphous oxide
phases located where the carbon interphase region has been oxidized as
shown in the TEM image. One advantage of INLO over EXLO for the
preparation of fracture surfaces is related to the depth of field of the FIB vs.
the light optical microscope. Locating the EXLO specimen on a rough
surface using a light optical microscope can be very difficult. but achievable,
as shown by figures 8a and 8b.
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Figure 10.6. TEM analysis of integrated circuits showing (a) a bright field TEM image ofa$
metal tayer structure and (b) Ti and N LFTEM maps showing the delineation between Ti and
TiN layers.



10. FIB Lift-Out Specimen Preparation Technigues 217

Figure 10.7. Low magpification TEM image showing plan view of over 200 W plugs
prepared by EXLO.

[T

Figure 10.8. (left) FIB image obtained at a 45° tilt and (right) corresponding TEM tnage from
the fracture surtace of a $iC/SiC composite (sample courtesy of C.A. Lewinsobn).
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An example of the EXLO technique used in a biological specimen is
shown in figure 9. The TEM image in figure 9 shows the microstructure of
abalone consisting of layers of CaCQ; (aragonite) separated by organic
material (Clayton et al., 2002).

Figure 10.9. TEM image of nacre coating of abalone preparcd by EXLO.

One other example of FIB EXLO is shown in the TEM image in figure
10. Figure 10 is an example of EXLO for polymeric materials. The
alternating layers of polystyrene and poly-2-vinyl pyridine containing Au
nano-particles deposited on a (100) Si wafer are evident (White et al., 2000).
ln this case, W was used as the protective CVD layer. The Si appears very

dark due to diffraction contrast.
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Multi-layered Polystyrene(PS)/ Si substrate
Poly- 2-vinyl pyridine(P,VP)
with Au nanoparticles

W coating

Figrre 10.10. TEM image of alternating pelymeric layers deposited on a Si substrate prepared
by EXLO (sample courtesy of H. White),

2.2 INLO

2.2.1 INLO Example of a Ceramic Joint

The in-situ LO (INLO) technique may be used for any site-specific
application where the EXLO technique may be used. In addition, the INLO
yields the extra benefit of not having a carbon or formvar film to obstruct the
TEM analysis. Furthermore, an INLO specimen can easily be Ar ion milled
to remove Ga FIB damage. Another advantage to INLO is in the preparation
of irregularly shaped surfaces or fracture surfaces. The poor depth of field
of a light optical micrescope can make EXLO of these TEM specimen quite
challenging. However, since INLO relies on the excellent depth of field of
the FIB and/or SEM imaging, INLO from these types of specimens are as
easy as extracting a TEM specimen from a flat surface.

An example of a site-specific application of the INLO for the
characterization of ceramic interfaces is shown in the high angle annular
dark field (HAADF) STEM image in figure 11. The SiC/SiC joint is formed
during a displacement phase transformation invelving the reaction of TiC +
Si to form TiSiC, + SiC. The phase regions labeled in figure 11 were
corroborated using XEDS and electron diffraction. Note that the joint also
shows some unreacted TiC. The TiSi; phase is also expected to form under
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these conditions as dictated by the Ti-Si-C ternary phase diagram
{Radhakrishnan et al., 1996).

Figure 10.11. HAADF STEM image of a SiC/SiC joint region prepared by INLO as per
figure 5 (sample courtesy of C. Henager, PNNL).

2.2.2 HRSTEM With INLO and a Low kV FIB Clean-Up

It has been previously mentioned that Ar ion milling a FIB prepared
specimen can remove amorphization FIB damage and therefore improve
high resolution TEM imaging. It has also been shown that similar
improvements in conventional high resolution TEM imaging, as well as high
resolution STEM imaging, may be achieved by polishing the specimen using
the FIB at lower operating accelerating voltages (Sudurov, Moore et al,
Engelmann et al,, 2003). This last step in FIB milling has been referred to as
a “low kV clean-up,”

223 Backside INLO FIB Milling

One of the artifacts associated with FIB specimen preparation is what is
commonly known as “curtaining.” The curtaining effect has been discussed
by Anderson and Klepeis, by Phaneuf, and by Holdford, in other chapters in
this volume. Curtaining artifacts are most often observed in semiconductor
materials where multiple patterned layers of materials having a low
sputtering yield blocks a faster sputtering yield material. Curtaining may
also be observed in materials exhibiting different topographic regiens where
changes in sputtering yields vary with the milling incident angle. This
artifact can be especially problematic in electron holography of
semiconductoy gate structures where the phase image is dependent on
specimen thickness as well as the desired dopant distribution (Gribelyuk et
al., 2002; McCartney et al., 2002). In a bright field TEM image, curtaining
appears as mass/thickness contrast where, e.g,, the Si substrale appears
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darker directly under a gate as compared to a region far from the gate. In
another chapter, Phaneuf showed that by FIB milling at different angles, the
curtaining effect was eliminated. An alternative method for avoiding the
curtaining effect is presented below. This methed is specifically useful for
determining 2D dopant profiles using electron holography. The technique is
based on in-situ lift-out (INLO) of a semiconductor device that is FIB milled
to electron transparency from the Si-side of the device. Backside milling by
FIB INLO on an FEI single beam 200TEM FIB is described below. The
electron holographic examination of these FIB prepared specimens are very
encouraging and will be presented elsewhere (Schwarz et al., 2003,
McCartney et al., 2003).

INLO of a Si-based gate structure was prepared as described previously.
The in-situ probe was adhered to the top circuitry portion of the device.
However, in order to FIB mill from the Si-side of the sample, a cut TEM
grid was mounted *“upside down” in the FIB holder. That is, the cut side of
the grid was positioned such that it faced downward as shown in figure 13a.
In figure 13a the probe is observed to just pass underneath the slotted Cu
grid. The probe carrying the specimen passes partially through the grid
opening and the specimen is mounted on the side of the Cu grid using ion
beam assisted Pt deposition. In this geometry, the specimen is mounted as a
cantilever. The specimen mount was then removed from the FIB instrument
and the Cu grid was flipped 180° such that the grid cut opening, and hence
the Si substrate, faced upwards. The helder was placed back into the FIB so
that FIB milling could now be performed from the Si side of the specimen as
shown in figure 13b. Gate structures in the specimen were identified and
material below the gate, as viewed from figure 13b, was removed by FIB
milling. The specimen was FIB milled from the Si side to a thickness of ~
300 nm for electron holography. In another alternate procedure, specimens
were FIB milled to ~ 800 nm and then further thinned in an ion mill in an
attempt to remove FIB damage (McCartney et al,, 2003). The ion milling
operation was observed to remove the so called “dead layer™ that is often
associated with electron holography of FIB prepared specimens. An
example of a backside FIB milled INLO specimen is shown in the FIB
image of figure 13b. Note that there is no evidence of curtaining in the Si
substrate in this FIB image.
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Figure 10.12. Backside INLO for reduction of curtaining. (a) FIB image of INLO probe
amchmg specimen fo upside down grid. {b) FIB image of backside milling of Si substrate for
electron holography of gate structure,

3. VARIATIONS OF THE FIB LO TECHNIQUE

The general steps of the LO technique may be altered slightly to
accommodate specific types of specimens. For example, particles smaller
than the conventional LO specimen size have been prepared by the EXLO
technique by using the Pt CVD deposition to attach multiple particles
together (Lomness et al., 2001a, 2001b). In this manner, site specific
specimens have been successfully prepared from micrometer and sub-
micrometer particles for TEM analysis.  In addition, the ex-situ
micromanipulator may be used to adhere specific particles onto a TEM half-
grid for conventional FIB specimen preparation.

Figure 13a shows a light optical micrograph of the ex-situ probe dipped
into M-Bond adhesive. The probe itself is not observed due to the poor
depth of field of the light optical micrescope, but the tip of the probe is seen
as the dark spot dipping into the center of the adhesive in figure 14a. The tip
of the probe was then vsed to smear some of the M-Bond on a TEM grid as
shown in figure 14b. Then the probe was used to pick up a specific particle
as shown in figure 14c and position it on the TEM grid where the M-Bond
was located as shown in figure 14d. Multiple particles may be mounted
along the TEM grid in this fashion. The heat from the microscope lamp is
sufficient to cure the M-Bond used to affix the particle to the grid. The grid
containing the particles was then mounted in the FIB for conventional
specimen preparation. Figure 15 shows a FIB image of the particle mounted
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as shown in figure 14. This particle was mechanically alloyed using a
mixture of Ti, Mg, and Ni. The conveluted microstructure due the
mechanically alloying is evident in figure 15.

Figure 10.13. Light optical micrographs showing the use of the ex-situ micromanipulator
probe for site-specific FIB/TEM specimen preparation of individual particles. (a) the probe
touches M-Bond adhesive. (b) M-Bond is smeared onto a Cu TEM grid using the probe. (c)

the probe is used to pick up an individual particle (d) the probe is used to place a particle

onto the grid containing the M-Bond.

{\'

\-‘;
e
Figure J0.14. FIB image of & mechanically alloyed particle consisting of a mechanically

alloyed mixture of Ti, Mg, and Ni. This single specific particle was placed on a TEM grid as
shown in figure 14.
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4. EXLO VS. INLO BEAM DAMAGE

Recent results have shown that redeposition attifacts can be worse for
EXLQ than for INLO specimens. These differences may be contrelled using
careful FIB practices as explained in the chapter on ion-solid interactions.
Since an EXLO specimen is prepared while in a confined trench, sputtered
material has a greater tendency 1o be retained and redeposited on the
specimen than in the case of the INLO specimen where sputtered material is
essentially free to escape directly via the vacuum system. Therefore, we
have observed that EXLO specimens, in general, may contain large amounts
of redeposited sputiered material containing significant amounts of Ga if one
does not adhere to sound FIB practices. On the contrary, Ga is generally
below the detection limit of TEM and X-ray energy dispersive spectrometry
on specimens prepared by the INLO technique. However, careful FIB
milling practices may also yield excellent quality EXLO specimens as well.
These results imply that large amounts of Ga previously observed within
TEM specimens are solely due to redeposition effects and are not an inherent
characteristic of ion beam/material interactions. These results will be
detailed in a publication in the near future.

S. SUMMARY AND CONCLUSIONS

The EXLO and INLO FIB methods have been summarized and examples
of the techniques have been demonstrated. The LO techniques offer the
advantage of rapid site-specific specimen preparation with little or no initial
preparation needed. The INLO technique offers-all the advantages of the
EXLO technique plus the benefits of conventional FIB milling methods.
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Absiract:

Key words:

A FIB micro-sampling technique has been developed to facilitate TEM
specimen preparation while allowing samples to remain intact. A deep trench
is FIB-milled to remove a portion of the sample containing the region of
interest. A micromanipulator is employed for the purpose of lifting out
a small poriion of the sample, i.e., the micro-sample. FIB assisted metat
deposition is used to bond the micro-sample to the micromanipulator.
The micro-sample is subseqguently lifted out and mounted onto an edge
of the micro-sample carrier using FIB assisted metal deposition. The
micro-sample is then thinned to the thickness of about 0.1pm for TEM
observation. All of the above steps are accomplished under vacuum in
the same FIB system. This procedure is a reliable TEM specimen
preparation technigue when the evaluation or failure analysis of a
specific site is required. Both cross sectienal and plan view TEM
specimen preparations are feasible with this technique. In addition, a
technigue to prepare TEM specimens from a specific site has also been
developed. In this techaique, an FIB system equipped with a
FIB/TEM(STEM) compatible specimen holder is used for thinning of
the samples, e.g., a micro-sample. The compatible specimen holder
perimits repeated alternating FIB milling and TEM(STIEM) observation,
enabling TEM specimen preparation from a specific site.

FIB micro-sampling technique, FIB milling, TEM observation,
FIB/TEM(STEM) system, site specific TEM specimen preparation
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1. FIB MICRO-SAMPLING TECHNIQUE

11 FIB Micro-Sampling for Cross Sectional TEM

The FIB lift-out technique has been developed and applied as a method
to lift out a TEM specimens directly from a region of interest in the
evaluation of various materials (Giannuzzi et al., 1997, 1098, Stevie et al.,
1998). Although the FIB micro-sampling technique resembles the FIB lift-
out technique in the respect that the bulk sample remains intact, the method
to lift out a micro-sample and the thickness of the lifted out sample are
different (Yaguchi et al., 1998, 1999, 2000). The FIB micro-sampling
technique is developed to remove a portion of the sample with a thickness
of a few micrometers. The process of lifting out the micro-sample,
mounting the micro-sample on a special carrier, and thinning of the micro-
sample by FIB milling are performed in the F1B system continuously. The
procedure for the FIB micro-sampling is schematically illustrated in Figure
1.

" b
rotection ion beam
ayer

metal -deposition

area of
interest

micro sample

trench mill lift out @

micro sample
carrier

deposition

mount transfer

Figure 11.1. Schematic illustration of the FIB micro-sampling technique.
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First, the region of interest is covered with a protective layer of W or Pt
by FIB assisted deposition. Then the sample is deep trenched by FIB
milling to remove a portion of sample (micro-sample) from the region of
interest (Fig. 1a). Next, the micro-sample is separated from the bulk sample
and lifted out using a micromanipulator (Fig. 1b). The micro-sample is
then mounted onto an edge of a micro-sample carrier (Fig. 1¢). Finally, the
mounted micro-sample is secured by an FIB assisted metal deposition (Fig.
1d). The micro-sample carrier is mounted on an FIB/TEM(STEM)
compatible specimen helder so that thinning of the micro-sample can be
performed just after securing it to the micre-sample carrier. The time that is
required for the whole micro-sampling procedure is dependent on the size
of the micro-sample and the elemental composition of the sample. The total
preparation time for a 15 pm wide by 15 pm high micre-sample from a
semiconductor device is approximately 1 to 1.5 hours.

Figure 2 shows the micromanipulater unit used in the micro-sampling
technique. The micromanipulator unit consists of a side-entry stage with a
motor driving system and a probe holder with a W probe. The probe holder
can be motor driven in three directions (x, y and z) at various rates. This
allows for the finely controlled and precisely performed approach of the W
probe to the micro-sample. Figure 3 shows the operations of both the
micromanipulator and the sample holders in the FIB micro-sampling
technique. First, the holder with a bulk sample is inserted into the FIB
system and a micro-sample is produced from the bulk sample (Fig. 3a).
Next, the micromanipulator is moved into position and the micro-sample is
bended to the W probe (Fig. 3b). Then the micromanipulator with the micro-
sample attached is moved to the stand-by position and the bulk sample
holder is removed from the FIB instrument (Fig. 3c). Next, a sample holder
with a2 micro-sample carrier is inserted into the FIB instrument (Fig. 3d).
Then, the micro-sample is transferred and mounted on the edge of the micro-
sample carrier (Fig. 3e). After mounting the micro-sample, the W probe is
separated from the micro-sample with FIB milling and the micromanipulator
is moved to the stand-by position (Fig. 3f).
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Figure 11.2. Micromanipulator used in the FIB micro-sampling technigue.

Figure 11.3. Operations of a micromanipulator probe and sample holders in the FIB micro-
sampling technique.
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A series of FIB images showing the procedure te prepare a micro-sample
is shown in Figure 4. First, the area to be examined is localized (Fig. 4a).
Then, metal (W or Pt) is deposited as the protection layer over the region of
interest (Fig. 4b). The thickness of the depesition layer is normally 0.5 to 1
uwm, Next, the front side of the region of interest is deep trenched by FIB
milling (Fig. 4c¢). After that, the back side and both right and left sides of the
region of interest are deep trenched leaving a micro-bridge at the upper left
corner of the sample (Fig. 4d). The sample is then tilted 60° and the botiom
of the sample is milled to separate the bottom pertion of the sample from the
bulk sample (Fig. 4e). The bulk sample is then tilted back te normal to the
ion beam (Fig. 4f), and a micromanipulator probe is bonded to the micro-
sample with W deposition. The size of the deposited W bonding layer is
about 2 pm x 2 um and the thickness of the layer is approximately 0.5 pm.
After the probe bonding, the micro-bridge is cut off with FIB milling to
completely separate the micro-sample from the bulk sample (Fig. 4g). Then,
the micromanipulator probe is elevated to Jift out the micro-sample (Fig. 4h).
The milling and bonding operations are performed using a Ga* ion beam at
an accelerating voltage of 30kV. The beam currents and the beam diameters
of the Ga' ion beam used in these operations ranged from 10-20 nA and 400-
600 nm, respectively.

a

I

ININIRIN e |

|

Figure 1.4, Series of FIB images showing the procedure [or the FIB micro-sample
preparalion.
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Figure 5 shows SEM images of a micro-sample mounted on the edge of a
micro-sample carrier (Fig. 5a) and the micro-sample after preparation for
TEM observation (Fig. 5b). A low magnification TEM image of a micro-
sample prepared from a Si device is shown in Figure 6. The thin layer on the
top of the specimen is the W deposition layer. The piece of dense material
on the upper right of the micro-sample is the tip of the W probe used to
manipulate the micro-sample to the micro-sample carrier.

Figure 11.5. (a) Micro-sample mounted on an edge of a micro~sample carrier (b) and a micro-
sample after thinning for TEM ebservation.

Figure 11.6. Low magnification TEM image of a micro-sample prepared from a Si device.
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1.2 FIB Micro-Sampling for Plan View TEM

Although the standard FIB technique can be applied to fabricate plan view
TEM specimens (Young, 1997), the FIB micro-sampling technique makes
the procedure simple and reliable. The procedure for an FIB micro-sampling
plan view TEM specimen is shown in Figure 7. The basic operation is
similar to the method for cross sectional TEM specimen preparation, The
shape of the micro-sample and the tilting angle of the sample used to mill
away the bottom for separation of the micro-sample are slightly different.
Here, deep trenching is not necessary but a wider surface than used for cross
sectional TEM specimens is required (Fig. 7b). The micro-sample is
positioned so that the back of the micro-sample faces the edge of the carrier
(Fig. 7b). Then the micro-sample is bonded to the edge of the carrier with W
deposition (Fig. 7c). After bonding the micro-sample, the carrier is rotated so
that the surface of the micro-sample is parallel to the incident ion beam (Fig.
7d). In order to obtain a plan view TEM specimen from the surface layer to
be characterized, thinning of the micro-sample is carried out from substrate
side (Fig. 7e).

a ¢ metal deposition

sample

Figure }1.7. Procedure for the preparation of a FIB micro-sample for plan view TEM
observation.
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L3 Cross Sectional and Plan View TEM Specimen
Preparation from the Same Sample.

The preparation of both cross sectional and plan view TEM specimens
from a sample using the FIB micro-sampling technique is possible. This is
advantageous when structural evaluation of a sample from two or more
directions are needed. An example of the application of this technique is
illustrated in Figure B. Cross sectional and plan view micro-samples were
prepared from a magnetic disk (Fig. 8a) and thinned to the thickness of about
600 nm. Figure 8b shows a plan view TEM image of the Cr layer. In this
case, both the Co layer and substrate were remeved by FIB milling to obtain
the thin foil plan view TEM specimen of the Cr layer where the grains of Cr
in the layer are clearly cbserved. A cross sectional TEM image of all of the
layers is shown in Figure 8c. (Note that the arrows relating the schematic
diagram to the TEM images should be reversed.) Using these specimens, the
orientations of the growth of each grain of Cr and Co can be determined and
the thickness of each layer can be precisely measured.

Co layer
Cr layer
substrate

Figure 11.8. Observation of a magnetic disk by the micro-sampling lechnique. (a)
Illustration of the lifting of micro-samples from a magnetic disk for both cross sectional and
plan view TEM observation. (b} Plan view TEM image of the Cr layer in a magnetic disk. ()
Cross sectional TEM image of the Co and Cr Jayers.
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1.4 A FIB micro-sampling for Cross Sectional and Plan
View TEM Observation of a Specific Site

Preparation of a wicro-sample for cross sectional and plan view TEM
observation of a specific site is possible. Figure 9 shows the procedure to
prepare the specimen for both cross sectional and plan view TEM
observation of the same site. First, a micro-sample is prepared from the
specific site for plan view TEM observation (Fig. 9a-e). The site is localized
and characterized by TEM observation. After the plan view TEM
observation, the micro-sample is transferred back to the FIB system for in
order to prepare a cross sectional TEM specimen. In the FIB system, The
carrier is rotated so the incident ion beam is perpendicular to the micro-
sample (Fig. 9f). Then, the micro-sample is separated from the carrier by
FIB milling, subsequently transferred to the surface of a flat substrate
material (Fig. 9g-h), and secured with FIB assisted metal deposition (Fig.
9i). Finally, the site to be characterized is thinned for cross sectional TEM
observation (Fig. 9j).

a b c

FIB robe metal deposition
sample /

. thinning for
bonding plan view TEM
h i i ﬁ gm
thinning for

separation transfer to substrate bonding cross sectional TEM

Figure 11.9. Procedure for the micro-sampling of a specific site for cross sectional and plan
view TEM observation (see text for details).

An example of the application of this technique for the characterization of
the crystal lattice defects in a Si device is shown in Figure 10. Figure 10a
shows a plan view TEM image of the crystal lattice defects that are below
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the trenches of a test elements group (TEG) pattern. The dark lines in the
trenches are the crystal lattice defects. Figure 10b shows a cross sectional
TEM image of the same site as shown in Figure 10a. It is clearly
demonstrated that the incidence of the crystal lattice defects occurred at the
Si substrate near the bottoms of the trenches. Figure 10c shows a high
resolution TEM image of a crystal lattice defect. It is clearly evident that the
lattice defects occurred along the (111) planes of Si single crystal substrate.

Figure 11.10. Example of cross sectional and plan view TEM images obscrvation of the same
lattice defect found in a 8i device.

2. SITE SPECIFIC TEM SPECIMEN PREPARATION
USING A FIB-TEM SYSTEM:

Although standard FIB techniques are one of the most reliable methods
to prepare a specimen from a region of interest (Kirk et al., 1989; Park,
1990; Basile et al., 1992; Bender et al., 1997), the required accuracy for the
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localization of the specific site for TEM specimen preparation of electronic
devices is often beyond the capability of the standard FIB techniques. In
this chapter, a method for TEM specimen preparation from a specific site is
described. In this method, a dedicated FIB system equipped with a side
entry specimen stage and an infermediate-voltage TEM equipped with
STEM/SEM units are used. A FIB-TEM compatible specimen holder is alse
used in the method so that both FIB milling and TEM observation is
possible without remounting the specimen (Kitano et al., 1995).

The procedure for site specific TEM specimen preparation is described in
Figure 11. First, the sample is FIB milled to the thickness of 3 to 5 um
leaving the site to be characterized almost in the ceuter of the remaining
area (Fig. 11a). Then, the sample is transferred to a TEM to observe STEM
(Fig. 11b) and SEM images from both sides (Fig. 11c). In this method, the
STEM observation is carried for localizing the specific site and the SEM
images are utilized for measuring the distances from both cross sectional
surfaces to the specific site. After the STEM and SEM image observation,
the specimen is transferred to the FIB system again for further thinning. The
FIB milling and STEM and SEM image observation procedure is repeatedly
cartied out until a specimen with a thickness of about 0.) um is obtained
from the specific site (Fig. 11d).

2.1 Application Of The Site Specific TEM Specimen
Preparation For The Characterization Of A
Precipitate In A Steel Sample

An application of the site specific TEM specimen preparation method for
the characterization of a precipitate in a steel is shown in Figures 12-16.
Figure 12a-c shows a STEM image (Fig. 12a) and the SEM images (Fig.
12b,c) of both sides of the cross sectional surfaces of a steel sample after
thinning to the thickness of 2 pm. In the STEM image, several precipitates
are observed in the area. The precipitate indicated by the arrow is the
chosen precipitate for the characterization. The precipitate is faintly visible
in the SEM image shown in Figure 12b but js not seen in the SEM shown in
Figure 12c at all. This indicates that the precipitate is located closer to the
surface shown in Figure 12b, but far from the surface shown in Figure 12¢.
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Figure 11.11. A procedure for site specific TEM specimen preparation using a FIB-TEM
system.

Figure 11.12. {2) STEM and (b.c) SEM images of a steel sample after thinning to the
thickness of about 2um.
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Figure 13 shows the STEM and SEM images of the sample after
thinning to the thickness of 1 pm. The diameter of the precipitate in Figure
13b is now larger than that in Figure 12b, but is not seen in Figure 13c yet.
This means that the center of the precipitate is cross-secticned at the surface
observed in Figure 13b. Therefore, further milling for thinning the sample
has to be carried out on the surface observed in Figure 13c.

Figure 11.13. (a) STEM and (b,c) SEM images of a steel sample after thinning to the
thickness of about lpm.

Figure 14 shows STEM (Fig. 14a) and SEM images (Fig. 14b,c) of the
sample after thinning to the thickness of 0.5 um. The diameter of the
precipitate observed in Figure 14b is similar to the real size of the
precipitate shown in the STEM image in Figure 14a. This means the center
of the precipitate is now Jocated on the surface shown in Figure 14b, and no
additional thinning is necessary on this side. However, the size of the
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precipitate observed in Figure 14c is still smaller than the real size of the
precipitate observed in the STEM image in Figure 14a. This means that the
next milling should be done only on the surface observed in Figure l4c.
Figure 15 shows STEM (Fig. 15a) and SEM (Fig. 15b,c) images of the
sample after thinning to the thickness of 0.1 pm. The size of the precipitate
observed in Figurel5 b,c ar¢ similar to the real size of the precipitate. This
indicates that the precipitate was thinned exactly at its center. Figure 16
shows a STEM image (Fig. 16a) and the SEM (Fig. 16 b-g) elemental maps
of the sample after thinning to the thickness of 0.1 um. The precipitate is a
combination of MnS and Al, Si, and O as shown by the elemental maps in
Figure 16b-f.

Figure 1774 (a) STEM and (b,c) SEM images of & steel sample after thinning 1o the
thickness of about 0.5 um.
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% 0.2 Um

Figure 17.15. (2) STEM ond {b,c) SEM images of a steel sample after thinning to the
thickness of about 0.1 pum.

"\ 0.2Mm

Figure 11.16 (a) STEM and elemental maps of (b) Mn, (€) S, (d) Al, (e) 81, (f) O and (g} Fe
of the precipitate.
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3. CONCLUSIONS

In comparison with the FIB lift-out technique, the FIB micro-sampling
technique is rather time consuming because the thickness of a sample picked
up from a bulk sample is in the range of microns, and post-thinning is
required for TEM observation. However, it is unique in the pin-point
characterization especially when a localization of the site to be characterized
is difficult. In a site-specific characterization or failure analyses, the FIB
micro-sampling technique can be combined with the newly developed site
specific TEM specimen preparation method using an FIB-TEM system. The
method allows the site-specific characterization of a structurally complicated
materials such as electronic devices with the positional accuracy of 0.1
micron or better.
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Chapter 12
DUAL-BEAM (FIB-SEM) SYSTEMS

Techniques and Automated Applications

Richard J. Young and Mary V. Moore
FEI Company, Hillsboro, Oregon

Abstract: The dual beam incorporates both a focused ion beam (FIB) and a scanning
electron microscope (SEM) in a single system. This combination offers several
advantages over a single-beam FIB system, especially for sample preparation
and microscopy applications, in which the ion beam can be used for site-
specific material removal and the SEM for nondestructive imaging and
analysis. Dual-beam system configurations are presented, along with a number
of key techniques and applications. These include precision cross-sectioning,
TEM sample preparation, and automated 3D process control.

Key words:  dual beam, FIB, SEM, failure analysis, process conirel, 3D metrology, TEM
sample preparation, automation. nanofabrication. EBSD, cryo

1. INTRODUCTION

The dual beam incorporates both a focused ion beam (FIB) column and a
scanning electron microscope (SEM) column in a single system. This
combination is especially useful for cross-section sample preparation using
the electron beam to view the cross-section face as the ion beam mills
normal to the sample surface. This meonitoring allows the milling to be
stopped precisety when the feature of interest is exposed. On a single beam
FIB, a series of tilting and beam current changes would normally be required
to monitor the cross-section face position in this way.

This chapter starts with an overview of dual-beam system configurations,
and then discusses key techniques and application areas. As other
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applications of FIB are discussed elsewhere in more detail, this chapter
focuses on the particular benefits of the dual beam and any special
considerations with using this type of system.

2. DUAL-BEAM SYSTEM CONFIGURATIONS

A number of different configurations have been proposed for combining
FIB and SEM columns on a single system. The first dual beams were SEMs
that had a gallium-source FIB celumn added (Sudraud et al., 1988).
Commercial systems began to appear in the early 1990s. The motivation for
these systems was to avoid having to use multiple tools for sample
preparation and imaging. Currently, a variety of dual-beamn systems are
available, typically employing a gallium (Ga) FIB column and a field-
emission SEM column, which support sample types from small specimens
on TEM (transmission electron microscope) grids through to 300 mm
wafers.

The typical dual-beam column configuration is a vertical electron column
with a tilted ion column. Figure 1 shows such a configuration with the ion
beam at 52° tilt to the vertical. In this case, the sample will be tilted to 52°
for milling normal to the sample surface. An alternative geometry is with the
FIB column vertical and the SEM at an angle. The advantage of this is that
sample tilt is not required for milling normal to the sample, potentially
simplifying system operation. However, using a tilted SEM column is not a
typical configuration for most electron column designs, and so this would
need to be considered. The simpler and more compact electrostatic design of
FIB columns usually makes it the easier column to mount tilied and still get
optimum performance from both columns.
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Figure [2-1. A typical dual-beam system configuration. The vertical SEM column and tilted
FIB ¢column have a single “coincident” point on the sample. SEM imaging during FIB cross-
sectioning enables real-time monitoring of the milling process.

To enable ion milling and electron imaging of the same region, dual
beams typically have a coincident point where the two beams intersect with
the sample. This is the normal operating position for the system. Options,
such as gas injectors and EDS (energy-dispersive X-ray spectrometry), are
also aligned for optimum operation at this position. With the sample at the
coincident point, the advantages of the dual beam compared to a single-beam
FIB become apparent. As Fig. 1 illustrates, the SEM can be used to monitor
the cross-section face as the FIB mills. On a single-beam FIB, such milling
and imaging would require sample tilt (and perhaps beam current change)
between each step, resulting in a much more time-consuming process. The
dual beam is therefore extremely well suited for precisely locating cross
sections through defect sites or other similar highly localized areas of
interest.

3. CROSS-SECTIONING IN A DUAL BEAM

Precision cross-sectioning is used in many applications, including defect
analysis, process and materials characterization, and process monitoring and
conirol. The techniques that enable unique centributions with the dual beam
for these applications are highlighted in the following sections.
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3.1 Site-Specific Cross-Sectioning

Device structures and defect sites are continually shrinking in size,
making precise end-pointing on the area of interest ever more critical.
Semiconductor defect analysis is one application that takes advantage of
having the electron beam positioned to monitor the sample during ion beam
milling (Delenia et al, 1995; Zimmerman and Chapman, 1999; and
Teshima, 2001). A high-resclution electron beam in a dual-beam system can
be used to identify abnormal microstructure, even if the defect is buried (see
Fig. 2).

Not only is the SEM useful for imaging, it also enables the use of EDS,
which gives compositional {elemental) information about the defect. Having
coincident beams considerably speeds up the process. Using the dual beam,
real-time decisions can be made about which imaging or analysis techniques
to employ to characterize the defect, or whether to do additional milling.
Combining these features with accurate stage navigation makes wafer-level
defect analysis very efficient on dual-beam systems (Delenia et al., 1995).
Wafer dual beams have also been used in-line for 3D structural analysis of
wafers that then continue on in the manufacturing process (Weiland et al.,
2000). See section S for further discussion of the possibilities of automated
3D process control.

The ability to use the electron beam to record images of successively
milled slices through a region is a key benefit of a dual-beam system, This
“slice and view” technique can also be automated, producing a series of
SEM images through the area of interest, allowing rapid characterization of
defects and other structures. A slice and view series can be acquired in two
ways. The first is to alternate the milling and imaging procedures, so that a
high-resolution SEM image is acquired after a slice of a given thickness is
milled from the sample. The second method is to use simuitaneous milling
and imaging, where SEM images are acquired while the milling continues
with the ion beam. In this mode, secondary electrons are present from both
beams and so the relative sizes of the two beam currents and the detector
type and settings need to be considered to get the best SEM image quality.

An automated slice and view series is shown in Fig. 3. Here, 55 images
through a defect have been captured, of which 18 are shown. The full set of
images can be viewed as an animatien or movie, showing progression
through the sample. This allows the user to understand better the three-
dimensional nature of the defect or sample. It is also possible for the user to
monitor the process, stopping it once something of interest is reached and
allowing the rest of the defect to be analyzed further with techniques such as
EDS.
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Figure 12-2. Subsurface defect: surface before mill and cross section showing exposed defect.
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Figure 12-3, Automateg slice-and-vicw serics, through the same defect as Fig. 2. Out of the
full set of 35 images, 18 are shown here, Each slice is approximately S0 nm thick.
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Once an array of images has been created, the three-dimensional volume
can be explored in ways other than by just looking at the slices individuaily
or as an animation. For example, sections can be made through the sample
space in other directions, as shown in Fig. 4. Such reconstruction techniques
rely on careful alignment between images and on compensation for the
thickness of the slices, as this is normally several times larger than the
image-pixel size in the individual images.

In addition to Jooking at defects ot structures, automated slice-and-view
can also be useful as an initial survey through an unknown area to find the
precise location of a feature of interest. Once the position is found in one of
the images, a cross section or TEM section can be prepared through the
equivalent position elsewhere on the sample. Doing an initial survey in this
way is a great time-saver for the analyst searching for the correct area to
cross-section.

Figure 12-4. Jinage reconstruction from an autemated slice-and-view series of 36 images (for
more details on the sample, see Fig. 5). The image at upper-left is one of the original slices
from the series. This image shows the positions of the 5 reconstructed slices (AA, BB, etc.).

AA, BB, and CC are plan views, while DD and EE are front-to-back views. Main image
width is 8.0 um, each slice approximately 40 nm thick,
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The dual beam offers in-situ preparation capability for other analysis
techniques, such as electron backscatter diffraction (EBSD) (Mattesen et al.,
2002). EBSD allows sub-micren grain orientation data to be acquired by
recording and indexing a diffraction pattern at each position of interest to
build up a map. For EBSD the sample must be highly tilted (typically 70-
75%) towards the electron beam and so in the dual beam a pretilted stub is
used to allow preparation and imaging of both the sidewall and top surtace
of the sample (Fig. 5). By combining preparation and analysis in one system
any oxidation effects are eliminated and multiple sections can be acquired
enabling 3D analysis of a volume of interest.

Grain Size (diameter)

0.20
015
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005

Area Fraction
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Grain Size (Diameter) [microns]

|
2.00 ym = 25 steps  IPF [001]

Figure 12-5 EBSD (eleciron backscattered diffraction) en a dual beam. Using a 457 pretilted

stub holder enables ion beam preparalion parallel] to the sidewall {top-left) or top surface (top-

right), and electron beam analysis at 75° in each case (below). Resulting EBSD map and grain
size distribution of stecl sample with CrC inclusions (bottom).
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The combination of a dual beam with a cryogenically cooled stage
(Mulders, 2003) also offers exciting possibilities for sample preparation and
analysis of biological or other beam sensitive samples. The use of such a
“cryo” stage in 2 SEM is a common way to handle wet or water containing
samples, where the low temperature {(down to 77 K using liquid nitrogen)
keeps the vapor pressure of the sample below the operating pressure of the
system. Mulders found that site-specific cross-sections into biological
samples under cryo cenditions showed very good information that was
comparable or better than obtained with non-site-specific crye fracturing

(Fig. 6).

,H. ~
15.2 ym

Figure 12-6. Bakers™ yeast showing both a eryo Iracture (top lefi bex) and a FIB cross-section
(lower right) through yeast cells. Cell details, such as membrane and nucleus are clearly
visible in each case.
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3.2 Complete Cross-Section Preparation and
Enhancement

Traditional methods of cross-section preparation normally include some
form of wet chemical delineation etch to bring out various layers in the
sample more clearly in the SEM. These techniques are also possible with
FIB or dual-beam prepared samples, but they involve removing the sample
from the system and etching the whole sample before placing the sample in
the final imaging tool. Using gas chemistries in a dual beam, complete
sample preparation and imaging can be achieved within a single instrument.

Figure 7 shows a cross section that has been etched with delineation etch
gas and dusted with a very thin layer of deposited metal in the dual beam,
highlighting the low-k dielectric layers. The grain contrast in the Cu is
brought out with backscattered electron imaging. The dusting of platinum
material expands the cheice of kVs (electron beam voltages) for imaging
beyond what would otherwise be feasible with the charge-sensitive low-k
dielectrics, allowing optimization of overall image quality.

The top-down image of the Jocation was achieved at a higher kV, taking
advantage of the increased penetration depth of the electron beam for ease in
locating features under passivation layers. For thicker oxide passivation
layers, even higher kVs can be used for navigation and location. The ion
beam has a much lower penetration depth than the electron beam. While the
surface sensitivity of ion imaging can be useful to locate slight perturbations
in planarized surfaces, it also can lead to charge buildup if a grounding path
is not established. Ga implantation can help spread the charge along the
surface, but a ground is required to drain this charge.

Fortunately, a number of charge reduction methods can be employed. In
Fig. 7, as mentioned, the electron beam at medium-high kV was used to
locate the area of interest. Then, small grounding holes were drilled to short
to the substrate. To provide a grounding path from the area of interest to the
grounding holes, the area was imaged at Jow magnification with a medium
jon current to implant Ga in the surface layer without removing much
material. This step can be iterated if electron charge buildup occurs during
SEM imaging. An alternative is to deposit a grounding strap. Sometimes a
light dusting of conductive material is all that is needed; this can be
accomplished with either beam, but if contamination or surface damage is a
concern, electron beam-deposited platinum is most useful.
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200 nm

Figure 12-7. Top-down view and cross section of Cu low-k structure. In the top-down view,
the electron beam views the Cu through the top insulating layer. The section has been
decorated in situ with delineation etch (DE) follewed by a dusting of Pt. DE produces
differential etching of interlayer dielectrics, and the Pt dusting aveids charging during

imaging.
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3.3 Ion-Beam and Electron-beam Imaging

Although the electron beam is considered the primary imaging tool in a
dual beam. the imaging from the ion and electron beams is often
complementary. The FIB is an imaging tool in its own right (Levi-Setti,
1983), and can add important information to the SEM data. While electron
beams generally produce higher resclution images. the ion-beam imaging
contrast is often strong. Factors contributing to ion-beam contrast include
ion channeling effects, passive voltage conirast, sensitivity to surface
topography, and materials differences that lead to differential secondary-
electron or secondary-ion emissions. The strong contrast in ion-beam images
from ion channeling and passive voltage contrast is illustrated in Fig. 8. In
this semiconductor sample, the grain contrast is enhanced in the FIB image
due to jon channeling contrast. The passive voltage contrast effect, visible
only with secondary-electron FIB images, causes the insulating layers to
appear very dark. Although most FIB images are acquired using secondary
electrons, secondary-ion imaging can provide further image information. For
example, more topographical information can often be gleaned from a
secondary-ion image. Using the full range of SEM and FIB imaging modes
can be very useful in materials characterization applications, eliminating the
need for further analysis in other systems.

Passive voltage contrast occurs when, during imaging with an incident
ion beam, features that are electrically floating accumulate positive charge.
The surface potential prevents secondary electrons from escaping the surface
and being detected; these areas appear dark in the ion-beam-induced
secondary-glectron image. No external electrical potential is required for
such results, Passive voltage contrast in FIB images is used in defect
detection in semiconductor devices (see Campbell et al., 1995 for technique
summary and Luo and Song, 1997 for case study; although both these
references use single ion-beam systems, the dual beam expands the options
of the analyst to include electron-beam methods). By comparing the ion-
beam image te the electron-beam image, electrical connectivity can be often
be determined at a glance.



12. DualBeam (FIB-SEM) Systems 259

lon Beam pA Magn ——— 2um
30.0 kV 4 20000x 4399

Spot i Magn -1 21m
3. 20000x 4399

Figure 12-8. Comparison of FIB and SEM imaging. Top: ion beam incident, secondary
electrons detected; bottom: electron beam incident, secondary ¢lectrons detected. In the FIB
image, the grain contrast of the Cu is enhanced by channeling effects, and passive voltage
contrast makes the dielectric layers appear dark.
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3.4 Electron-Beam Gas Chemistry

As already indicated, the electron beam can also be used to perform gas
chemistry, In dual-beam systems this has been mainly applied to the
deposition of conductive and insulative layers (Lipp et al., 1996a,b,c;
Zimmerman and Chapman, 1999), and also to etching (Gstétiner et al.,
2001).

The electron beam can normally use the same gas injectors as the ion
beam, so most dual beams are already configured for some gas chemistry, In
general, lower beam voltages resull in higher deposition rates (Lipp et al.,
1996a). This is attributed to secondary electrons being mainly responsible
for the deposition, rather than the primary beam itself. Electron-beam
deposition for sample protection or charge control is typically performed at
2-3 kV, generally using more beam current than would be used for a normal
imaging application. For nanofabrication applications higher voltages (e.g.
20-30 kV) are often used {Weber et al., 1995; Morimoto et al., 1996),
resulting in smaller structures but at lower volume deposition rates. Lipp
found that the resistivity of electron-beam-deposited platinum material to be
higher than with the F1B, attributed to the higher concentrations of carbon in
the resulting material. The resistivity of insulating films deposited by the
electron beam was also found to be higher than the FIB case, due to the
absence of Ga in the final film.

In addition to the electron-beam conductor deposition applications of
sample protection and charge control, insulator deposition can also be used
for failure analysis. Zimmermann and Chapman applied ¢lectron-beam
insulator deposition to create high-resistivity pads for electrically isolating a
fail down to a single DRAM cell.

Etching with the electron beam is also possible, but has mainly been
applied to electron-beam systemns (see for example: Nakamae et al., 1992;
Winkler et al., 1994). Gstoéttner used a dual-beam system to etch Si and Si0O;
using XeF,, finding that the rate was 50 and 600 times slower, respectively,
than the corresponding dose with an ion beam. With the expanding inferest
in nanofabrication it is expected that electron beam etching and deposition
(Fig. 9) will become increasingly important applications of dual-beam
systems, to complement the well-established jon beam fabrication
capabilities.



12. DualBeam (FIB-SEM) Systems 261

200 nm
Ebeam Pt Depo

Figwre 12-9. Array of pillars created by clectron-beam deposition. Pillars are 30 nm in
diameter, with ¢nd radius < 10 nm.

4, TEM SAMPLE PREPARATION
4.1 Benefits of the Dual Beam

There are a number of benefits to using the dual beam to prepare TEM
samples. Most critically, the electron beam can be used to monitor the
sample preparation, allowing the section to be precisely positioned through
the point of interest (Ma et al., 1999; Xu et al., 2000). In addition, the
electron beam can be vsed to monitor sample thickness and 1o check that the
protective layer on the sample has remained intact.

lon implantation from initial imaging or deposition of the protective layer
can cause a 20-30 nm damage region. If the region of interest is close to the
sample surface, then to avoid this damage, electron-beam-induced deposition
can be used to put down a 50-100-nm thick protection layer before any ion
beam imaging is performed (Lipp et al., 1996c). Ion beam deposition can
then be used to deposit the rest of the typically 1 pm thick layer. An
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alternative technique is to deposit a blanket film over the whole sample
before starting the sample preparation; however, this can make locating the
area of interest more difficult.

For all TEM samples it is critical that no direct ion-beam imaging of the
final membrane occurs; otherwise ion implantation damage will occur. A
benefit of the dual beam is that electron-beam imaging of even the final
membrane can be carried out without damaging the membrane in this way.

Thin sectiens have a smaller interaction volume for an incident electron
beam. Therefore, this sample geometry is useful to increase resolution in the
SEM when interaction volume is the limiting factor, e.g., with EDS. For
EDS, spatial resolution below 30 nm is possible with a thinned sample,
which is orders of magnitude better than can often be achieved on a bulk
sample.

Some dual-beam systems use STEM (scanning transmission electron
microscopy) detectors to take further advantage of the increased imaging and
analytical information available in thin sections. Such SEM-STEM
combinations produce high-contrast images from samples typically thinned
to 50-200 nm, at incident electron-beam voltages of up te 30 kV. In a
multiregion STEM detector (Hayles and van Veen, 1998), there are different
imaging modes available. Bright field images are formed from electrons that
exit the sample directly below the incident beam, while dark field images are
formed from scattered electrons. The bright field and dark field images
produced often show complementary information, with the dark field images
displaying strong materials (Z, atomic number) contrast (Fig. 10).

By mounting the sample on a pivoting sub-stage it is possible to orient
the sample for FIB thinning and then to position it for SEM-STEM imaging
without breaking vacuum, as would normally be required. Such a “flip-
stage” arrangement allows for successive thinning and imaging operations to
ensure that the region of interest is in the thinned section, and also enables
images to be acquired at ditferent sample thicknesses. Complimentary
information can be obtained from iterative thinning. In imaging, materials
contrast (especially between regions of similar atomic number) is enhanced
in a thicker sample, while resolution is optimized in a thinner sample. In
compositional analysis by EDS, it might be desirable to obtain signal from
the (less efficiently excited) lighter elements in a thicker sample, then
analyze the heavier ¢lements after further thinning. Solving more analysis
problems in the preparation system also allows the TEM to focus on the
samples where atomic level capabilities are really required. Overall, dual-
beam sample preparation and SEM-STEM imaging is an excellent
combination for structural and compositional analysis, especially when using
automated sample preparation, which is discussed next.
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Figure [2-10. High-magnification, dark ficld SEM-STEM image of a pair of transistors.

4.2 Automation of TEM Sample Preparation

As the use of duval beam and FIB for TEM sample preparation has
become more routine, there has alsc been an increase in the number of
samples that need to be analyzed, especially for semiconductor and data
storage applications. Automated TEM sample preparation can be used on
dual-beam and FIB systems to meet these demands for faster sample
preparation and to improve system utilization (Young et al., 1998; Young,
2000; and Moore, 2002).

Preparation of TEM samples consists of a series of imaging, milling, and
deposition steps that can be repeated at mulliple sites. It is common to use
larger beam currents for the initial bulk milling steps, and then to use
progressively lower beam currents as the beam approaches the analysis site.
Small stage tilts are used during the final milling steps to produce parallel-
sided membranes. With the addition of image matching (also known as
image or pattern recognition), this multistep process can be fully automated
(Fig. 11). These automated routines allow samples with thicknesses < 100
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nm to be prepared unattended, with multiple samples prepared in a single
session or even overnight. The use of the same recipe from sample-te-
sample also enables more consistent results to be achieved than would be
expected with a manual process. This removes any variability that may occur
with multiple operators. In addition to automation of TEM sample
preparation for lab use, this technique can be extended to process control
applications, where the large numbers of samples required would preclude a
manual process in all but the most limited implementation.

Figure 12-71. Automated TEM sample preparalion of a lift-out sample. The crosses milled
into the sample are fiducials for the image matching routines used by the automation.

5. AUTOMATED 3D PROCESS CONTROL

Manufacturing processes increasingly rely on metrology to provide the
data needed to produce high-yield, reliable products. “Top-down” or “2D”
metrology relies on a surface image to determine critical dimensions (CD)
on the sample. Increasingly, such images do not have the information
required to understand the full 3D structure of complex devices. 3D
metrology, in contrast, can provide this process control data by making a
section through the precise area of interest, allowing surface features as well
as buried features and geometries to be observed and measured.
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The first use of the dual beam in an automated process control
application was in the data storage industry, These in-line dual beams use
automation software that includes a robust pattern-recognition system, which
is used to automatically align, position, cross-section, image, and then
measure presetected features (Fig. 12). After collecting metrology data from
similar structures at several locations across the wafer, the wafer can
continue in the production flow. This measurement procedure can be
repeated several times at different points in the production flow to keep the
process within a tight tolerance for maximum yield and device performance.
In addition to 3D-CD information recorded automatically, the images
provide information about the quality of the manufacturing process.

Figure 12-12. The cross section shows a magnetic read/write head with some critical
measurements of subsurface features made from the SEM image. Using automated software
that exccutes a cut, look, and measure routine, these precision cross sections and
measurements can be obtained rapidly enough to make in-line precess contrel feasible.

Incorporating dual beams into the manufacturing line enables process
engineers to identify excursions much earlier in the process. This
information can help determine if a previous process step needs to be
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adjusted and how to disposition nonviable product (rework or scrap, saving
dollars either way).

In addition to being used in the production line, dual beams c¢an be vsed
to qualify other process tools. In an example from the semiconductor
industry, the use of a dual beam to calibrate a stepper tool is shown in Fig.
13. The cross section, milled with the FIB and imaged with the SEM, is part
of a photolithography process characterization study (Berger et al., 2001),
As feature sizes decrease, the lithographic process windows narrow,
invalidating 2D techniques for qualifying process tools. At the same time,
wafer sizes are increasing, making it more attractive to be able to cross-
section features without breaking wafers. The ability of the dual beams to
rapidly provide full 3D structural information without breaking wafers is key
to autemated process control applications.

Figure 12-13. This cross section of photoresist contacts was made with gas-assisted milling in
the dual beam. The contacls are part of a focused exposure matrix (FEM) needed to calibrate
a stepper tool. The 3D information ebtained complements 2D data; in this example, the
standing wave effect and side wall angle are observable enly in cress section,
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6. CONCLUSIONS

A dual-beam system allows sample preparation, imaging, and analysis to
be accomplished in one tool. This offers great time savings and opens up
new applications possibilities.

In the lab, the dual beam provides unparalleled flexibility in 3D structural
analysis and increasingly in nanofabrication. While the ion beam is primarily
used for precision milling and the electron beam for high-resolution
nondestructive imaging, there are additional features of a dual beam system.
The ion beam and electron beam complement each other in charge reduction,
delineation of cross sections, protective depositions, and imaging
information. The electron beam can be used to monitor the ion beam milling
to endpoint precisely on the feature of interest, and the presence of the
electron beam also enables EDS, which gives elemental compositional
information about the sample. Based on this structural and compositional
information, milling can continue to examine additional locations. Having
all these capabilities in one system means that real-time decisions can be
made to produce the sample and information you need, without having to
break vacuum to do it.

For rapid wafer-level defect analysis, the dual beam can be used on its
own or in conjunction with defect review tools. The dual beam is invaluable
for locating and analyzing subsurface defects. The electron beam can be
used for relocation of defects from defect review files, and both beams can
enhance location of defects using veltage conirast.

For subsurface defect analysis and process control, the dual beam
removes the need to break wafers to obtain 3D structural information. The
time savings of having both beams in one toel makes high-resolution 3D
metrology feasible for in-line process control. With the decreasing
dimensions and increasing complexity of modern high technology devices,
automated structural process control is a rapidly growing application of dual
beams.
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FOCUSED ION BEAM SECONDARY 10N MASS
SPECTROMETRY (FIB-SIMS)

F. A. Stevie

North Carolina State University, Analyvtical Instrumentation Facility, Raleigh, NC 27695

Abstract:

Key words:

Focused ien beam secendary ion mass spectrometry (FIB-SIMS) is a matcrial
identification technique that combines the high spatial resolution of FIB with
the high elemental sensitivity of SIMS, FIB-SIMS has generated important
elemental analysis data in the form of jon images for a wide range of
applications including minerals, metal alloys, semiconductors, and biological
materials, Quantitative imaging is possible by analysis of cross sections of
reference samples in which elements are ion implanted or present at known
concentrations in the substrate of interest, lemental information on complex
materials can be obtained using the high mass resolution capability of
magnetic sector or time of flight analyzers. This technique will provide
improved clemental sensitivity as new methods for enhancement of secondary
lon yields can be developed.

Focused ion beam, FIB, secondary ion mass spectrometry, SIMS, imaging,
quadrupole, magnetic scotor, time of flight, TOF

1. INTRODUCTION

Secondary ion mass spectrometry (SIMS) is a very sensitive analytical
technique that can provide parts per millicn (ppm) to parts per billion (ppb)
sensitivity for most elements when relatively large areas of analysis are
available. As the analytical volume is reduced, SIMS may not be able to

provide the

ppm to ppb sensitivity desired for trace identification, but can

still provide good detection limits for matrix elements. SIMS analysis of a
small area can be comparable with Auger Electron Spectroscopy (AES),
depending on the area of analysis, the application, and the elements of
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interest. Since FIB-SIMS is one of only a few analytical techniques, such as
AES and Energy Dispersive Spectrometry (EDS), which are capable of
small area elemental analysis, this method deserves consideration.

SIMS has the advantages of high sensitivity and good depth resolution for
almost all elements, and is specifically of importance for detection of
hydrogen which cannot be analyzed using AES or EDS. SIMS also is
isotope specific and can be quantified with the use of standards. SIMS has
the disadvantages of a destructive analytical technique, many mass
interferences, and difficult quantification. SIMS secondary ion yields vary
significantly over the periodic table and are also sensitive to differences in
matrix compaosition.

Effective use of FIB-SIMS requires an understanding of the SIMS
process. Sputtering is discussed in another chapter of this beok, but forms
the basis of SIMS and a brief summary is warranted. The bombarding
primary ions lose energy through a collision cascade that takes place on the
order of 200 femto-seconds. Sufficient energy is expended in the vicinity of
the surface to remove atoms or molecules. Most of the sputtered species are
neutrals, but positive and negative secondary ions are also ejected. The
sputtered species depart with an energy distribution that has a most probable
energy of only a few electron volts. Sputtering yield has been studied as a
function of primary ion energy, angle of incidence, and mass, and also as a
function of the mass of the target element. (Benninghoven, 1987) Sputtering
yield does not change dramatically with primary energy but shows a broad
peak at a few tens of keV, At low energy, the total energy into the substrate
is reduced and hence the amount of sputtering is decreased, while at high
energy most of the collision cascade is too far into the matrix to remove
significant amounts of material at the surface. The sputtering yield increases
with incidence angle from normal until near grazing incidence is reached, At
normal incidence the collision cascade is deeper into the substrate than for
more oblique incidence. For incidence greater than 70 degrees from normal,
the interaction of the beam with the substrate is significantly reduced.
Spuitering yield increases with bombarding mass up to approximately
atemic number 30, and then shows only a minor increase for the rest of the
periodic table. Sputtering yield varies dramatically with substrate element
and shows trends related to location in the periodic table. Variations in
sputtering rate of an order of magnitude are often possible for the
components of a substrate.

The primary jon beam used in FIB systems is almost universally Ga", but
In" is also commercially available. These sources predominate because they
provide a stable beam for a reasonable lifetime (can exceed 1000 hours) and
can be reliably and reproducibly manufactured. While the use of a gallium
primary beam provides very small beam size (commercially available
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systems can provide a beam with diameter < 10 nm at the sample) and
therefore excellent spatial resolution for site specific micro-structural cross-
sectioning, the use of a gallium primary beam for the production of
secondary ions provides sensitivity similar to that for Ar’, which is typically
about a factor of 40 less than for O,”,

Positive and negative SIMS yields are significantly improved by use of
0, and Cs" primary beams, respectively. These beams provide chemical
reactions with the surface that increase the ion yield. In SIMS, for a given
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Figure 13-2. Secondary ion yields for oxygen primary beam. Arrow shows increase in
secondary ion yield desired for broader range of applications.
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primary ion, the secondary ion yield that is generated can vary by orders of
magnitude over the periodic table. Figure 1 shows secondary ion yields of
the periodic table for O, bombardment of silicon. The difference in
secondary ion yield, and therefore the difference in detection between
elements such as Li, Na, K, Al (all readily detected) and the transition metal
elements (highly desired but difficult to detect) us about a factor of 30.
(Wilson, et al., 1989)

It is important to compare SIMS with EDS and AES for small area
analysis. EDS has a detection limit of 1 — 2% atomic for a region as small as
5 nm (achievable on current TEM instruments). AES can detect at about
0.1% atomic for a field emission instrument over approximately a 20 nm
diameter detected area. For a SIMS analysis of a 0.1 pm diameter particle in
a silicon matrix, and 1 nin/s sputtering rate, the number of atoms/s available
is 4x10° (5x10% atoms/om® x 7.5x10”"" cm® x 1x107 cm/s). A reasonable
useful yield (ratio of ions detected to atoms sputtered in the analysis region)
for a quadrupole SIMS analyzer with O, primary beam would be 1x107,
which would provide 400 counts/s or a detection limit of 2x10%° atoms/em’
{0.2% atomic) if 1 count is significant (background is typically less than 0.1
counts/sec). For a 0.03 pm (30 nm) diameter particle at the same sputtering
rate, there are only 3x10* atoms/s available and the detection limit will be
1x10%' atoms/cm’ (2% atomic). However, if the useful yield can be increased
by an order of magnitude {achievable with magnetic sector or time of flight
analyzers) then the sensitivity will again be 0.2% atomic. Because of the
wide range of SIMS sensitivities for the periodic table. this means that FIB-
SIMS can compare very favorably with AES and EDS for certain elements,
but will not be the optimum technique for all elements. This calculation also
presumes that the secondary ion yields for Ga® primary beam can be
increased to near those for O, or Cs* primary beams.

2. INSTRUMENTATION

The cuwrrent lateral resolution capability for non-FIB SIMS magnetic
sector instruments is approximately 200 nm for O;" (CAMECA IMS-6F)
and S0 nm for Cs" (CAMECA Nanosims 50). (Hillion, 1994) FIB-SIMS
systems have been developed by several groups, both as research tools and
as practical systems and provide lateral resolution superior to the non-FIB
instruments. All three types of mass analyzers (quadrupole, magnetic sector,
and time of flight (TOF)), have been matched with an FIB source. Research
systems at the University of Chicago led the way in FIB-SIMS with first a
quadrupole and then a magnetic sector analyzer using a Ga' liquid metal ion
source primary beam. {Levvi-Setti, 1980, 1984, 1994, Chabala, 1996) The
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magnetic sector provided 4-20% efficiency and mass resolution of 570 based
on a M/delta M calculation.

Several generations of FIB-SIMS with quadrupcle analyzers were
produced by FEL (Crow, 1995, Dingle, 1997) Instruments with magnetic
sector and TOF analyzers have been developed and are currently showing
excellent results for lateral resolution and sensitivity. (Tomiyasu, 1998)
Currently available TOF-SIMS systems are often configured with FIB
sources, but beam broadening associated with the pulsing of the TOF beam
results in a lateral resolution not much better than the Cs* beam dedicated
SIMS systems,

3. APPLICATIONS

There are three main forms in which SIMS data is obtained. Ion images
provide lateral elemental distribution. Mass spectra provide an elemental
survey over the pericdic table and also show isotopic information. Depth
profiles indicate the elemental distribution as a function of depth. The
imaging applications predominate because FIB-SIMS has been used
primarily to improve lateral resolution. Depth resolution has been of less
emphasis because the lateral resolution is achieved by use of high primary
beam energies (>20 keV) that degrade depth resolution because of increased
ion-specimen interaction volume.

3.1 Elemental Imaging

Data from the University of Chicage FIB-SIMS in the 1980’s provided
elemental maps using Ga" probes of diameter 20 — 90 nm. (R. Levvi-Setti
1980, 1984, 1986, Chabala, 1988) This research group investigated a wide
range of materials, including minerals, metal alloys, and biclogical
materials. (Berry, 1988, Levvi-Setti, 1993)

An example is shown in Figure 2 where secondary ion images have been
obtained form an alloy of Al-Si-Mg-Cu. The Al image on the left shows
non-uniform distribution with the Al concentrated in small, mostly circular
regions. Higher Al concentration is indicated by a brighter color. The Mg
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Figure 13.2. Ga* SIMS images of a polished section of Al-Si-Mg-Cu alloy with
reinforcing Saffil fibers. Left image is *Al* and right image is *Mg". From Levi-Setti,
1993, with permission of Scanning Microscopy.

image on the right shows the Mg is coincident with the Al but for most of
the localized areas where Mg is detected, the Mg concentration is higher at
the edges than in the center. Results such as this provide significant
information on the spatial relationship of elements within this matrix.

Figure 13-3, CN image from Jabeled chromosome. Image shown ip inverted contrast.
Labeled features are landmarks used to correlate images. From Levi-Sctti, 1994, with
permission of Journal of Microscopy and Blackwell Publishing
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FIB-SIMS has been used for biclogical applications and has, for example,
been able to show the exact lateral content of a strontium enriched layer in
mollusks and location of copper in mysids. (Walker, 1998) The data were
normalized by plotting the ratio of strontium to calcium. Because SIMS is
isotopic specific, it is also possible to utilize isotopic labeling for biological
experiments. (Hallegot, 1990; Levi-Setti, 1994) Figure 3 shows a "“C''N-
image from a chromosome. Analysis of labeled chromosomes reveals the
arcal density of proteins, DNA and RNA. Analysis for Br” shows a similar
distribution. Chromosomal banding information is obtained from the CN’
image and matches optical microscopy of orcein stained chromosomes.

FIB-SIMS elemental mapping has been applied to semiconductor
structures. SIMS has excellent sensitivity for Na, and an example of Na
detection has been made for random access memory (RAM) devices. {Perrin,
1994) FIB-SIMS was used to study the effects of etching 500 nm
semiconductor features in a high density, low pressure plasma reactor.
{Downey, 1998) The sample was angled with respect to the beam to expose
more side wall surface area. The FIB beam was alse used to cut through a
line to expose the interior. A polymeric material from photoresist, metal,
etch gases, and oxide was found on the side wall. Beron in particular was
detected as a result of the BCl; etchant and was shown to be removed after
subsequent processing. Figure 4 shows the B elemental map, including the
FIB exposure cut, and indicates the B is present only on the side walls. FIB-
SIMS has also been effectively used for particle and defect identification.
(Sakamoto, 1996, 2000)

Figure 13-4. Boron residue detected on sidewalls. Figure on lef is total secondary jon image
and figure on right is ''B* ion image. From Downey, 1998, with permission of Wiley.
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3.2 End Point Detection

FIB systems are used to make modifications to semiconductor circuits or
to masks used in semiconductor manufacture. FIB-SIMS can help determine
when the cutting process of the repair should be stopped. A SIMS depth
profile or constant monitoring of a secondary ion species can help determine
the sputtering conditions, particularly sputtering time, required to reach the
depth of the layer of interest so that the repair can be completed. Using FIB-
SIMS, depth profiles can be obtained at a high aspect ratio (ratio of depth to
width), especially when gas assisted etching is used. (Abramo, 1994) The
SIMS yields on certain metals, such as Al and Cr, are high enough to detect
the matrix species. End point detection of Cr has been used for mask repair,
(Vasile, 1989) End point detection was used for repairs of semiconductor
circuits using B from Borophosphosilicate glass (BPSG), Si and Al (Crow,
1991) This approach was alse used in micro-machining by detection of an Al
layer with a quadrupole analyzer system. (Prewett, 1989) The total
secondary ion signal can be used to distinguish between a conductive and
nonconductive material. (Hill, 1993) Analysis has also been made of a
YbaCuO superconducting film on a yitrium iron garnet substrate with
SrTi0; and MgO buffer layers to prevent diffusion. (Montgomery, 1998)
The FIB was used to cut stepped trenches in concert with image analysis to
convert secondary ion images of cross sections through the superconducting
film multitayer into a depth calibrated depth profile.

33 Image Quantification

Quantification of images has been achieved, such as for analysis of
glasses. (Satoh, 1988) Of substantial interest js the ability to obtain
quantitative two and three dimensional dopant profiles for silicon
technology. The SEMATECH requirements for dopant mapping are 5 nm
spatial resolution, 1E17/cm™ sensitivity, and 5% concentration precision,
Even though FIB-SIMS will not have the sensitivity to provide the desired
detection limit at the stated spatial reselution, it may provide the dopant
distribution at a higher concentration which may then be matched to data
from another method, such as TEM imaging after preferential etching of the
sample to delineate lower concentrations. One approach was to use the depth
resolution of SIMS and profile a two dimensional region at right angles to
the surface, a technique that requires precise specimen preparation.
(Criegern, 1994, 1998) It is possible that information on the region of
interest could be obtained using other 3D SIMS approaches (Gnaser, 1996)
such as a tomography procedure. In this concept, SIMS would provide a
representation of the 2D or 3D dopant profile by using FIB sample
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preparation and analysis of specimens taken at several different angles.
Analysis at normal incidence provides the ability to increase total secondary
ion counts on a structure with rectilinear geometry by sputtering into a
feature that has some thickness and accumulating counts. (Stevie, 1998,
1999) This structure repeatability is commonly found in semiconductor
devices. This approach, when applied to cross sectioned specimens from ion
implanted wafers, also provides a methed for calibration of images and
evaluation of the effectiveness of gases used to enhance secondary ion
yields.

Quantitative and 3D analysis and simultaneous detection have been
achieved with a magnetic sector analyzer using the shave-off mode to
eliminate topographic effects. including edge enbancement. (Nihei, 1997,
1997; Tomiyasu 1995, 1998; Cheng, 1998; Sakamoto, 1999) A fast
horizontal sweep is combined with a slow vertical sweep. As a result, knock
on mixing and sputter deposition are not significant, A spatial resolution of
S0 nm and depth resolution of § nm bhas been achieved. (Tomiyasu, 1998)
Relative sensitivity factors (RSF) were obtained for quantification by
analysis of elements on glass matrices. This method was used for studies
such as determination of contaminants in steel. (Tomiyasu, 1996, 2000)

A method has been developed for focused ion beam reconstruction
techniques that, coupled with secondary ion mass spectremetry, allows the
three-dimensional reconstruction of geometrical and chemical relationships
in a specimen with 20 nn resolution. (Dunn, 1999) This resolution was
obtained in a specimen with field of view up to 100 um’ and reconstructions
that contain up to 107 independent “voxels” of information,

If one can add the ability to do peak selection of mass spectra, then the
masses of interest can be scanned in a very short time. (Stevie, 1999) This
ability may help avoid the problem of sputtering away the region of interest
before it can be identified, which can happen if one has to sequentially
accumulate ion images. Sputtering during image accumulation of the first
few species may remove too much material before acquisition of species at
the end of the list.

4. SECONDARY ION YIELD ENHANCEMENT

Several studies have examined secondary jon yields for a gallium primary
beam. (Satoh, 1988; Bennett 1991) The difference in secondary ion yields
between gallium and oxygen primary ion sources for analysis of SiO; is
relatively small due to the enhancement of secondary ions by the oxygen in
the oxide (see Table 1). Therefore, if the material of interest can be oxidized
during analysis, then the FIB-SIMS ion yields may be able to provide



278 Chapter {3

sufficient sensitivity. It has been observed that a substantial increase in
secondary ion yields using a gallium primary beam can be achieved by the
addition of a suitable element or gas to the surface of the region being
sputtered. Enhancement of the secondary ion yield from addition of cesium
in analysis of arsenic on a time of flight SIMS system has been obtained
with use of a cesium beam interleaved with a gallium beam to enhance the
vield frem gallium bombardment for a time of flight SIMS system.
(Schueler, 1998) This system can sputter with one beam and analyze with
another. The analysis was made using a 25 keV Ga' beam at 600 pA over a
12 um x 12 um area within the larger 800 um x 800 pm raster of a 160 nA
Cs” beam at 3 keV. At each pixel the surface was exposed to Ga' for 35 us
followed by Cs" for 45 ps, with a waiting period of 10 ps. The As’
enhancement was approximately a factor of 500.

Table 13-]. Sccondary ion useful yields for oxygen, cesium, and gallium bombardment
_|Schunacher et al., 1992]

Matrix Species Primary Ten Primary lon Primary lon
0, Cs' Ga'
Si Si* 5.1x107 6.0x10°
Sy 1.6x10?
B* 3.1x107° 6.4x10°
B 2.8x10"
As’ 1.3x10°® 3.5x107
Si0, Sit 3.8x107 1.4x107
Si° 4.9x10°
B* 3.9x10? 1.6x107
B 5.6x10°

Other studies have been undertaken to explore different ways to enhance
the secondary ion vield. Water is used as a source to selectively remove
carbon based materials in the presence of the gallium FIB beam.
Investigation of water as a SIMS yield enhancer has shown pesitive results
but with some inconsistency. For example, some improvement on secondary
ion yields has been noted by use of an oxygen gas or a water source on the
FEI system. (Sakamoto, 1994, 1997; Shofner, 2001) The implanted Ga may
also be used as an internal standard to menitor enhancement. (Sakamoto,
1997) One of the most important variables is sputtering rate. The surface
must be affected by the enhancing species at a rate appropriate to the rate of
removal. Current work in this area includes development of a FIB ion source
that contains oxygen or cesium. (Guharay, 1999)
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5. SUMMARY

FIB-SIMS has demonstrated the ability to provide small area elemental
identification for specific elements that exceeds the capability of the limited
number of alternatives (AES, EDS). FIB-SIMS also has the ability to obtain
isolope specific data. However, this method will net achieve full potential
until the secondary ion yield is enhanced by either use of a new gas or
development of a gas source. The continued reduction of effective primary
beam diameter in TOF-SIMS instruments may facilitate the use of this
technique because the TOF analyzer has excellent transmission.
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QUANTITATIVE THREE-DIMENSIONAL
ANALYSIS USING FOCUSED ION BEAM
MICROSCOPY

D.N. Dunn, A.J. Kubis and R. Hull

University of Virginia, Department of Materials Science and Engineering

Abstract: [n this chapler, we review progress in quantitative three-dimensional chemical
and microstructural volume analysis using focused ion beam tomography. A
brief survey of techniques previously developed for solid state tomographic
reconstructions is  presented and the relevance of focused ion beam
tomography to these techniques is discussed. Methods for quantitatively
reconstructing three-dimensional spatial and chemical maps using focused 1on
beamn microscopy are then discussed in detail. Finally, areas for future
technique development and improvement are discussed.

Key words:  Focused ion beam microscopy, tomography, shaped based interpolation,
quantitative volume reconstruction.

1. INTRODUCTION

The great majority of materials characterization techniques currently
available are limited to one- or two- dimensional representations of materials
properties (here we take the term "properties” to include structure and
chemistry). For example, spectroscopic and X-Ray or neutron diffractiop
techniques typically measure the average properties of relatively large
volwnes of material (although micro-spot modes for two-dimensional
mapping or near surface measurement medes often exist). High resolution
imaging technigues, such as electron microscopy, generally produce two-
dimensional representations either of surface or near-surface properties (such
as in secondary electron imaging), or of an average property measurement
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projected through a sample thickness (such as in transmission electron
imaging). Scanning probe microscopy techniques, such as atomic force
microscopy or scanning tunnelling microscopy, may be regarded as
providing "two and a half dimensions” in that that they have provide high
lateral resolution (down to atomic dimensions) perpendicular to a surface
normal, and provide vltra-high resolution {down to a small fraction of an
Angstrom) parallel to the surface normal. However, these scanning probe
techniques are limited to surface measurement and cannot provide sub-
surface information, although combined etching / probe microscopy
techniques have been used to infer three dimensional structures (Magerle,
2000) in a similar fashion to the sequential FIB sputtering and imaging
techniques described in this chapter.

Three-dimensional imaging techniques have of course long been
enormously important in the medical field. Magnetic resonance imaging
(MRI) and computerized axial tomography (CAT) techniques provide
essentially non-destructive (critical in human care!) methods for three-
dimensional imaging of internal organs. The resolution of such techniques is
of order of a fraction of a millimeter, which couples well with the length
scales inherent to human organs and most flaws within them., However.
improvement of resolution, signal, reconstruction and interpretation
algorithms remains a highly important medical research field.

Several other techniques have been developed for three dimensional
imaging of (primarily) inorganic materials, as wil] be discussed later in this
article. Perhaps foremost among these is X-Ray iicro-tomography which
has a resolution on the order of a micron, is non-destructive, but has limited
chemical sensitivity. Another important technique is the position sensitive
atom probe, which uses field ion desorption from an ultra-high curvature tip,
coupled with time-of-flight mass spectrometry and a position sensitive
detector, to reconstruct the three dimensional structure and chemistry of the
tip with atomic resolution. The field of view of this technique is Jimited to
less than a cubic micron, and requires that samples be prepared using
specialized geometries. Furthermore, samples must alse be conducting in
most cases.

These techniques leave an imporfant part of dimensional space
inaccessible, corresponding to length scales of tens of nanometers to tens of
microns. As the field of nanotechnology becomes increasingly important,
these length scales become increasingly critical. Further, the ability to
engineer on the nanoscale (i.e. on length scales of order tens to hundreds of
atomic dimensions) implies control (and therefore measurement) of
properties in three dimensions. It is to this important regime that focused ion
beam tomography is ideally suited.
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The essence of focused ion beam tomography is the serial acquisition of
images at different depths in a structure. These images may be created by
secondary electrons, by secondary ions, or by mass-filtered secondary ions
to create chemical maps. The resolution of such images is determined by a
combination of the primary ion beam diameter at the sample surface, the
secondary electron / ion escape depth, and the implant depth / lateral
spreading of the primary ions in the sample. For a state-of-the-art primary
ion beam diameter of 10 nm, and a beam energy ot 30 keV, this translates
into a practical spatial resolution of order 20 - 30 nm for most inorganic
materials, both parallel and perpendicular to the sample surface normal, as
will be described later in this article. The set of images recorded at different
depths from the original sample surface are then aligned and concatenated in
the computer using appropriate interpolation algorithms between slices.
This forms a three dimensional representation of the sample which can
contain up to 107 or more individual voxel elements, each of which are
separately addressable in the reconstructed image. Three-dimensional
structural and chemical relationships between components in the structure
may thus readily be investigated.

A major issue in the generation of such three-dimensional reconstructions
is signal to noise. The secondary electron yield (number of secondary
electrons emitted per incident ion) is relatively high, generally greater than
one for conducting or semi-conducting materials. Thus, even at 10 nm
resolution there are high numbers of secondary electrons to detect - for a
vield of 2, and a (10 nm’) voxel volume, there will be of order 10° secondary
electrons generated per voxel. Secondary ion yields are many orders of
magnitude lower, as discussed in the chapter on secondary ion mass
spectroscopy (SIMS) in the focused ion beam by F.A. Stevie in this volume.
Collection efficiencies through quadrupole mass spectrometers typically are
also relatively low, This means that chemical mapping using mass-filtered
secondary ion species may often be signal limited. Compounding this issue
is the fact that there is only one opportunity to detect a sputtered ion. This is
in contrast to techniques such as electron energy loss spectroscopy in the
transmission electron microscope, where low interaction cross-sections
between the primary electron and the appropriate chemically-sensitive
inelastic scattering event in the sample may be overcoine by acquisition of
spectra from literally billions of primary electrons incident on the same
volume of sample. This "one shot”" aspect of FIB-SIMS reconstructions
means that efficient strategies for secondary ion (and to a lesser extent,
electron) detection are crucial. Despite these limitations, it is our experience
that extremely useful chemical reconstructions may be obtained for
inorganic materials at local atomic concentrations of order a few percent or
greater, and at spatial resolutions of order tens of nanometers.
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1.1 Micro-Tomography Techniques

Tomography has become increasingly important over the past ten years
for imaging and reconstructing three-dimensional volumes of many
materials. Many techniques used for obtaining two-dimensional images and
elemental maps have been modified or combined with sectioning techniques
to reconstruct three-dimensional renderings from two-dimensional
information. This allows investigators to establish three-dimensional
microstructural and chemical relationships directly. In addition, these three-
dimensional relationships  provide insight into structure property
relationships and also aid in materials design.

One of the most common probes for micro-tomography are x-rays. X-
ray tomography records x-ray aftenuation as a function of angle of rotation
to produce a two-dimensional image (Copley et al. 1994). A series of these
images is collected as a function of distance along an object and
concatenated into a three dimensional volume. The most important
difficulties with x-ray attenuation measurements are signal to noise and
signal localization. One method to overcome these problems, Cone-Beam X-
Ray Tomography (CBXRT), has recently been suggested to improve signal
to noise (Defrise 2001). In CBXRT, two —dimensional x-ray attenuation
data are collected in paralle! using an array detector, thus improving signal
to noise and, in some cases, removing the need for interpolative methods
during volume reconstruction (Copley et al. 1994). A difticulty with CBXRT
is however, that collected data need to be processed with complex
deconvolution algorithms. Whether this technique will find applications in
materials analysis is yet to be seen.

X-ray tomography can be used to reconstruct the three-dimensional
morphology and, in some cases, chemical distributions within a material.
Elemental distribution can be inferred in some cases because x-ray
attenuation coefficients depend upon chemical constituents within a velume
(Owens et al. 2001). Since x-ray attenuation is dependent on the density of a
material and as well as elemental consfituents, care should be taken in
interpreting the data.

As with most experimental methods, ultimate resolution is an important
consideratien in x-ray tomography. Many different types of x-ray sources
can be used to perform x-ray tomography, but to get to high spafial
resolution a synchretron source is used. Using synchrotron radjation, spatial
resolution of up to ] um can be obtained. In addition to micron scale spatial
resolution, x-ray tomography is also a non-desfructive technique. This
allows the sample to be used for other experiments and enables the evolution
of microstructural and chemical changes in materials to be investigated as a
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function of time (Babout, 2001; Lin, 2000; Lu et al., 2001; Lin et al., 2000;
Martin et al., 2000; Guvenilir et al., 1997; Ludwig and Bellet, 2000),

Electron probes have also found widespread vse in microtomography
(Mangan and Shiflet, 1997; Soto et al., 1994). In conjunction with serial
sectioning, both Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM) have been used to reconstruct material
volumes. Two different methods have been used to produce SEM
tomographic reconstructions. In the first, samples were serially sectioned
using standard polishing techniques and SEM imaging. In this technique, a
sample is removed from the chamber and polished between images. This
allows slices to be taken at 200-300 nm depth increments,

A second, non-destructive method for SEM tomography is to collect
backscattered electrons as a function of primary electron energy (Soto et al.,
1994). Since backscaftered electron emission depth varies as a function of
incident beam energy, a sample can be imaged as a function of depth by
increasing the incident beam energy. Noise from a particular depth can be
reduced by energy filtering of backscattered electrons.

TEM has also been used in conjunction with serial sectioning methods to
reconstruct volumes in biological materials. Sections 1-2 um in thickness
were taken from a structure of interest and each slice was analyzed in the
microscope. In addition, three-dimensional reconstructions of biological
molecules have been done using TEM without using serial sectioning, but by
varying defocus and tilt in samples suitable for phase contrast imaging
(Niedrig and Rau, 1998; Ruprecht and Nield, 2001). In both SEM and TEM
reconstructions, Jateral resolution is limited by microscope contrast transfer
tunctions, while depth resolution is limited by sectioning technigue or
minimum defocus and tilt increments.

Two techniques that allow very high spatial resolulion are Scanning
Force Microscopy (SFM) (Magerle, 2000) combined with plasma etching
and Atom Probe Field-lon Microscopy (FIM) (Magerle, 2000; Miller, 2000,
Deconihout et al., 1999; Blavette et al,, 1993). Proof of concept for SFM was
done using block copelymer samples and by sectioning with plasma etches
techniques. An advantage of this technique is that changes in topography due
to preferential etching can be followed directly with SFM during data
collection. Lateral resolution for this technique is of order 10 nm.

FIM atomic scale reconstructions of three-dimensional elemental
positions are performed with the aid of Time of Flight Mass Spectrometry
(TOFMS) and a position sensitive detector. A sample is formed into a probe
with a tip radius of less than 50 nm and a taper angle of less than 10 degrees.
Monolayers of atoms are field deserbed in a pulse mode and filtered
spatially and by mass using TOFMS. This information is then reconstructed
into a three-dimensional volume with near atomic resolution. Since a sample
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has to be formed into a conductive probe of very fine dimensions, this
technique is limited to applications for which samples can be fabricated,

A number of approaches have been developed to use primary ion beams
for reconstructing three-dimensional velumes from both images and
elemental maps. For example, a non-destructive method using Particle
Induced x-ray Emission (PIXE) and Scanning Transmission lon Microscopy
(STIM) has been developed using Focused lon Beams (Jamieson, 1998;
Malmgvist, 1995). An ion beam, usually a focused proton beam, is rastered
over the surface of a sample and emitted x-ray intensity is recorded as
tfunction of position. Since x-ray attenuation is a non-linear process, local x-
ray attenuation factors are calculated from STIM density reconstructions to
account for differences in x-ray production cross sections (Malmqvist,
1995). By using accurate modeling and advanced algorithms for
concatenating experimental data, volume reconstructions can be cbtained
with spatial resolutions as high as 0.5 um (Schofield, 1995). This technique
has been used to study both biological samples as well as metallurgical
samples (Sakellariou et al., 1997; Ng et al., 1997).

SIMS is another technique where primary ion beams are used to obtain
elemental information (Benninghoven et al., 1987). The primary ion beam
(usually Cs" or O") is used to sputter material from a surface and sputiered
ions are extracted into a mass filter where their yield as a function of mass
and position is recorded. Since the primary beam is sputtering the surface
away, images are collected at given time intervals that correspond to
different depths in the sample {(Hutter and Grassebauer, 1992). Slices can
then be reconstructed into a three-dimensional volume with approximate
lateral resclutions of 2 um and an approximate vertical resolution of 20 nm
(MclIntyre et al., 1992; Lu et al., 1994; Hutter et al., 2001; Gammer et al.,
2001). One drawback of this method is that sputtering efficiency varies
dramatically with both composition and crystallographic orientation {(Ng et
al., 1997), thus, uncertainties due to differential sputtering increase as a
function of sputtered depth. In some cases, uncertainties due te differential
sputtering can be compensated for through Atomic Force Microscopy data or
by milling the surface perpendicular to the imaging plane, but in most cases
this involves removing the sample from the ion microscope and can lead to
contamination problems (Wagter et al., 1997).

Focused ion beam microscopes are particularly well suited to
tomographic reconstructions because samples can be sectioned and data
collected in the same chamber. Several groups attempted to use FIB for
three-dimensional analyses but were limited by the capability of computers
of the time to handle the amount of data generated (Steiger et al.,, 1993).
With higher capacity computers images could be acquired at increasing
depths and the elemental distributions compared as a function of depth. This
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type of methodology has the same inherent topography problem encountered
in jon microscopes but has better lateral resolution. Since a FIB is an ion
mill and material can be removed with nanometer precision in-situ, serial
sectioning can be performed. This is done by first milling a flat surface and
then rotating the sample to image the newly formed surface (Satch et al.,
1991; Nihei, 1997: Nibei et al., 1997; Tomiyasu et al., 1998: Montgomery et
al., 1998). This process is repeated to obtain images at various depths in the
sample. These images can then be compared to look at changes in both
microstructure and changes in composition. Focused ion beam microscopy
has been successfully used to examine multi-layer semiconducting devices,
embedded particles, alloys, fracture surfaces as well as other materials of
interest to the materials science community (Sateh et al., 1991; Nihei, 1997,
Wang et al., 1999; Takanashi et al., 2000; Sakamoto et al., 2000).

Volume reconstructions for medical applications have led to extensive
research into interpolation algorithms as well as algorithms for noise
reduction (Lohmann et al., 1998; Herman et al.,, 1992; Raya and Udupa,
1990; Leroy, 1998; Drebin et al., 1988). Many of these algorithms can be
adapted for rendering volumes of FIB generated data (Dunn and Hull, 1999).
For example, volumes have been reconstructed from both secondary electron
images and ion maps so that the distribution of elements in semiconductor
via structures could be compared. In addition, a more advanced algorithm
using shape-based interpolation has been used to look at metal precipitates
with irregular features. These reconstructions can be combined with
animation routines so that complex structures can be easily visualized. While
limits to resolution come from both beam interactions and redeposited
material during milling (Rudenauer and Steiger, 1988), Jateral resolution of
approximately 10 nm can be obtained. Detailed discussion of experimental
and reconstruction techniques for FIB tomography now follows,

2. QUANTITATIVE THREE-DIMENSIONAL
VOLUME RECONSTRUCTIONS USING
FOCUSED ION BEAMS

Focused ion beam tomography is a conceptually simple technique that
is capable of yielding quantitative three-dimensional insight into problems
in materials science. An essential assumption implicit in focused ion beam
tomography is that the geometry and chemistry of a feature can be
accurately reconstructed in three-dimensions from discrete two-
dimensional slices. Ideally, cne might like to disassemble a feature of
interest atom by atom using a continuous sputter process, sort atoms by



288 Chapter 14

species and position, and then display this information graphically for
analysis. Unfortunately, continuous sputter processes yield relatively poor
spatial resolution for most materials because differential sputtering and re-
deposition seriously degrade resolution and chemical sensitivity.
Problems due to differential sputtering and re-deposition can be overcome
by discretely sampling a three-dimensional feature of interest as a function
of depth and then interpolating geometric and chemical information
between data samples. Data sets in this case can be thought of as slices
through a sample at different depths.

For each slice, image information is collected using either secondary
electron or ion images. Chemical information is collected for each sample
using secondary jon mass spectroscopy, energy dispersive x-ray analysis,
Auger electron spectroscopy or any other spectroscopic technique capable
of producing two-dimensional elemental maps. These slices are then
concatenated and the sampled volume is reconstructed using interpolative
algorithms. As such, focused ion beam tomography can be thought of as a
Iwo-step process, data collection and volume reconstruction. In this
chapter, we explain the process of focused ion beam tomography using
secondary electron images and SIMS elemental maps. The reader should
keep in mind that these are only two of many possible signals that can be
used to generate tomographic reconstructions, The volume reconstruction
methods discussed below are useful for a variety of imaging and
spectroscopic signals.

2.1 Data Collection

Data collection is the most crucial step in focused ion beam
tomography because it determines the ultimate accuracy and resolution of
three-dimensional reconstructions. A typical data collection algorithm used
for focused ion beam tomography is as follows. Secondary electron images
and secondary ion mass spectroscopy {SIMS) elemental maps are collected
as a function of depth in a structure of interest. Each image and elemental
map is divided into pixels, where pixel size is scaled to the probe size. A
probe of appropriate size is then scanned over the image area and held at
each pixel for a user selected dwell time, typically ranging from 20-40 nSec
for secondary electron images and up to 4 mSec for elemental maps. At each
pixel, secondary ¢lectron and SIMS signals are collected and stored. The
feature of interest is then sputtered down to a specified depth with the beam
parallel to the surface of interest, and another set of images and elemental
maps is collected. To a first approximation, slice thickness is determined by
the amount of material removed by the beam when collecting secondary
electron images and SIMS elemental maps. In addition, fiducial marks are
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cut into the periphery of the first slice so that subsequent slices can be
aligned with the first slice. These alighment markings are re-cut at several
depths to avoid slice misalignment. Secondary electron images and SIMS
elemental maps are iteratively collected as a function of depth until a volume
of interest has been sampled.

There are several aspects of this procedure that wamrant further
explanation. First, it is very important that a feature of interest be sectioned
with the beam parallel to the surface for data collection because this
minimizes deviations from a planar section due to differential sputtering. If
one removes material between slices using normal incidence sputtering,
surface undulations due to differential sputtering may progressively increase
in magnitude and severely degrade depth resolution.

Second, it is important that fiducial marks used for alignment remain
sharp and undistorted in each slice. Typically, at least three square fiducial
marks are cut into the periphery of each slice so that both rotational and
translational drift can be corrected.

Third, care must be taken to ensure that accurate slice depth can be
measured. The most straightforward method for measuring slice depth is to
rmeasure sputtered depth, edge-on using secondary electron images. In
particular, the depth from the original surface is measured with the beam
parallel to the sputtered surface. lnherent in this method is the assumption
that the image plane is flat and not inclined along the beam. A second
method for determining slice depth is to measure the final sputtered depth
using scanning probe microscopy. The total depth is then divided by the
number of slices to estimate the depth of each slice.

Finally, it is important to choose a probe size that does not over or under
sample image and elemental map information in a particular slice. Since
focused ion beam imaging and SIMS are inherently ion processes, one has to
take account of the normal and Jateral extents of signal generation. A typical
FIB image or elemental map is divided into voxels with an image plane area
determined by the digital-to-analog characteristics of beam scan coils. Since
only those ions within 0.5 nm of the surface have enough energy to escape
(Sigmund, 1969), a more important consideration is the lateral range of ions
once they have impacted a sample surface. Estimates of lateral range for
most materials can be made using a typical spreadsheet and approximations
to Linhard, Scharff and Schiott (LSS) theory (Schiott, 1970). Using this
information, an appropriate probe size can be chosen to ensure that signals
measured do in fact arise from within voxel bounds.

The ultimate resolution of FIB tomographic reconstructions is directly
determined by instrumental factors and the physical aspects of sputter
events. Since we are discussing a sputter based technique, both lateral and
depth reselution must be considered.
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Lateral resolution is controlled by two factors, the smallest ion probe
achievable in a given FIB and the lateral range of probe ions in a feature of
interest.  The smallest achievable probe for a given FIB system is
determined by the FIB column contrast transfer function and coulombic
inferactions of ions within the beam (Orloff, 1993). Using modern FIB
instrumentation, it is possible to achieve ion probes 10 nm in diameter. High
current ion probes smaller than 10 nm in diameter are susceptible to
perturbations due to celumbic interactions (Orloff, 1993).

Since ion probes are used to sputter surfaces, the effect of ien-sample
interaction has to be taken into account when considering the ultimate
resolution of image and SIMS elemental maps. Because secondary electron
images and SIMS elemental maps are incoherent, lateral resolution is
directly proportional to effective probe size. As was mentioned earlier, the
effective probe size is increased by the lateral range of probe jons in features
of interest. To estimate the increase in probe size due to lateral straggle, one
can use a variety of techniques. The simplest method is to use LSS theory.
Shown in table 1 are estimates for 30 keV Ga ions in Al, Ti and Si.

Table 14-{. Estimated Lateral Ranges for 20 keV Ga lons

Sample Material Lateral Range (nm)
Af 7
Ti 7
Si 3

The effective probe size can then be estimated by adding twice the lateral
range of probe ions in sample materials to the smallest achievable incident
probe diameter. Using the lateral ranges in table [ and a 10 nm incident
probe, the ultimate Jateral resolution of images and elemental maps from
these materials are thus approximately 24 nm for Al and Ti and less for Si.
As was mentioned earlier, Jateral range is strongly dependent vpon sample
material and incident ion species and energy and should thus be calculated
on a case-by-case basis.

Depth resolution in FIB tomography is affected by differential sputtering
and damage profiles produced as jons traverse sample materials. To
minimize differential sputtering, it is important to section a feature of
interest with the jon beam parallel to the surface for data collection. This
minimizes differential sputtering during sectioning.

Damage profiles along the beam direction during data collection directly
affect the minimum distance between slices for a feature of interest. Knock-
on displacement events can distort sample features, so the minimum depth
between slices is limited by depth of maximum damage for a given sample
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material. For 30 keV Ga ions, this depth ranges from a few nanometers to
tens of nanometers depending upon sample material.

2.2 Volume Reconstruction Algorithms

Once data from a feature of interest has been collected, it has to be
processed to reconstruct three-dimensional image and chemical information.
There are several methods that can be used to reconstruct volumes from
these data, but we will focus on Jinear intensity interpolation and shape
based interpolative methods.

2.3 Linear Intensity Interpolation

In linear interpolative schemes, collected data are concatenated as a
function of depth to produce a three-dimensional set of discretely sampled
data. Volume ¢lements (voxels) between slices are then interpolated using
linear interpolation algorithms. In linear interpolative schemes, secondary
electron intensities or SIMS intensities are used as voxel elements thus,
signal intensities are interpolated from slice to slice.

Linear interpolative schemes are accurate and useful for objects that can
be generated by exirusion operations such as columnar grains and vias in
multilevel interconnect structures used in integrated circuits. For example,
Figure ] shows an Al grain from a metal line in an integrated circuit. This
volume reconstruction was done using secondary electron image data from 4
slices through this grain,

Using the same interpolative methods, three-dimensional chemical maps
can be reconstrocted using linear interpolative schemes. Shown in Figure 2
is a set of Al vias reconstructed using linear interpolation. These vias are cut
into SiQ, interlayer dielectric, lined with Ti and then filled with Al
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Secondary electron image slices Reconstructed Volume

slice | slice 2

Figure 14-1. Shown is a secondary electron image volume reconstruction of an Al grain. (a)
Secondary electron image slices from an Al grain used to reconstruct the volume inb. (b}
Volume reconstruction of a single Al grain. Since secondary electron yield tends to be large
at surfaces, grain boundaries are accentuated. In this reconstruction, secondary clectron
intensities are mapped from blue to red, with blue being Jowest intensity and red indicating
highest intensity (shown as greyscale images bere).

Secondary electron image AISIMS volume

v i "
olume reconstruction reconstruction

Figure 14-2. Shown are image and SIMS chemical maps reconstructed from secondary
electron images and SIMS elemental maps. {a) Secondary eleciron image reconstruction
calculated using linear interpolation from S secondary electron images. (b) Al elemental
reconstruction calculated using linear interpelation trom 5 SIMS Al elemental maps. In this
figure, orange and yellow indicate the highest Al signal, while dark-red and black indicate
Jow Al intensity (shown as greyscale mages here).
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It is clear from Figure 2 that linear intensity interpolation is capable of
accurately reconstructing via structures. However, as was mentioned
previously, this type of interpolation does not accurately reconstruct features
that cannot be generated by extrusion operations. If for instance, these vias
contained voids, void edges would be blurred during the interpolation
process. This would make it impractical to make quantitative estimates of
void volume, surface area, connectivity or morphology.

While linear interpolative schemes are limited to extrusion geometries,
they can be used to achieve high spatial reselutions in semiconductor
structures. In fact, using multilayer specimens, lateral reselutions of order 22
nm and depth resolutions of order 10 nm have been obtained using linear
interpolative schemes (Dunn and Hull, 1999).

2.4 Shape Based Interpolation

Shape-based interpolation is a scheme developed for medical
tomographic imaging that uses interfaces present in three-dimensional data
sets to reconstruct complex features. Shape-based interpolation is more
accurate than intensity based reconstruction techniques because the shape of
the object, rather than image intensity, is being interpolated, thus
inaccuracies and edge blurring often observed in intensity interpolation are
avoided (Rayaand and Udupa, 1990; Herman et al., 1992). Since FIB
microscopy images and elemental maps consist primarily of spatially
varying intensities, shape-based interpolation can be readily adapted to
three-dimensional tomographic reconstructions of geometric and chemical
data from FIB microscopy data. Shape based volume reconstructions can be
used to not only establish three-dimensional chemical and geometric
relationships, but also to obtain quantitative information such as the
sharpness of interfaces. surface area, volume and volume fraction of features
of interest.

Shape-based interpolation is an interpolative method to reconstruct three-
dimensional objects from two-dimensional slices. In this methed, the
shortest distance of a voxel to the edges of a feature is calculated vsing either
Euclidean or city-block distances (Rayaand and Udupa, 1990) as is shown in
Figure 3. If a voxel is inside the edges of a feature, this distance is entered
into a voxel as a positive distance; if a voxel is cutside the edges of a feature,
its closest distance to feature edges is entered into a voxel as a negative
distance. Voxels that fall on the edges of a feature, by definition, have zero
distances. The determination of whether a voxel is inside or cutside of a
feature is done using standard inside-out tests (Haines, 1994).
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Edge Distances For Shape Based Interpolation

Feature Edge “11-1]-1
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Figure {4-3. Shown is a schematic representation of distances 10 edges in a slice uscd for
shape based interpolation. The closest distance to an edge is calculated and stored in a pixel.
If a pixel is outside an edge, its value is recorded as the negative distance to the edge and if it

is inside an edge, its value is recorded as the positive distance 1o the edge. If a pixel is on an
edge, it is given a value of zero.

Once each slice has been processed and edge distances recorded,
distances for slices in between recorded data slices are interpolated using bi-
linear interpolation (Rayaand and Udupa, 1990). After interpolation has
been completed, voxels that have negative edge distances are turned off (set
to zero) and the resulting volume is represented by a volume of voxels that
have zero or positive distances to feature edges.

SIMS elemental maps can be processed by shape based interpelation
using the same method described for image data. In some cases however,
SIMS elemental maps have a low signal to background ratio making it
difficult to find edges using typical edge detection methods. In these cases,
a combination of shape based interpolation methods and intensity
interpolation are used to analyze these data. In particular, SIMS data are
concatenated into a three-dimensional array and volume between slices is
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linearly interpolated to produce a three dimensional map of SIMS intensities
(Dunn and Hull, 1999). These data are then further processed to determine
the chemical distribution of selected elements within or outside the edges of
features of interest. Since the volumes described above have voxel values of
1 for voxels inside a feature and zero for those outside of a feature, these
volumes can be vsed to select SIMS intensities inside a given feature by
logical AND operations. In addition, the chemical distribution outside of
selected features can be selected by NAND logical operations. These logical
operations can then be used to investigate changes in chemistry across the
interfaces of selected features.

As an example, a typical geometric and chemical reconstruction for Cu-
15In celtular colonies is shown in Figure 4, Figure 4 shows a montage of
reconstructed volumes and three-dimensional In SIMS elemental maps taken
from cellular colonies. Shown in Fig. 4a is a volume reconstruction of
several cellular structures of interest that have been reconstructed using
shape based interpolation. This reconstruction clearly shows that these
structures are not plates as has been assumed in the past. In addition, Figure
4a shows that some of these structures are connected to one another, which
would be difficult to tell from a random two-dimensional section. The
volume fraction of cellular structures in this view is 0.114 and corresponds
to a total reconstructed volume of 2.9 pm’,

Figure 14-4. (8) An In rich lamellar colony reconstructed using shape based interpolation. (b}
Three dimensional In elemental map showing In concentrations throughout the matrix and
lamellae for the colony shown in (a). This elemental map was reconstructed using linear
interpolation. (c) Logical AND operation of the volume reconstruction shown in (a) with the
In clemental map shown in (b). This operation yields a three-dimensional map of In
congentrations within lamellae (Sample courtesy of G. Shiflet, University of Virginia).
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Figure 4b is a three-dimensional In elemental map showing the spatial
variation of In in both the lamellae and the matrix. This chemical
reconstruction was done using linear interpolation of In signal between
slices. If the elemental map shown in Fig. 4b is operated on vsing a logical
AND operation with the volume in Fig. 4a, the spatial variation of In within
lamellae is obtained as shown in Fig. 4c. This operation shows not only the
variation of In cencentration within lamellae but also yields the position of
interfaces between lamellae and the surrounding matrix. Using this position,
one can extract data across a specific interface and investigate the abruptness
of interfaces both geometrically and chemically.

Three-dimensional reconstructions using FIB microscopy and shape
based interpolation can provide critical input for problems in materials
science and condensed matter physics. In problems involving solid state
phase transformations and reaction kinetics, it is important to ascertain the
connectivity of component phases and their respective volume fractions and
surface areas. Typically, this type of information is obtained through
stereclogical analyses. One draw back to stereological analyses is that
feature geometry must be assumed. Features are typically assumed to take
on model shapes such as plates, cylinders, spheres, oblate and prolate
spheroids, and then methods of geometric prebability are used to infer mean
feature dimensions, volume fractions, surface areas, etc. By using FIB
three-dimensional reconstruction techniques, one can measure these
quantities directly without having to assume model feature shapes. In
addition, this technique can be used to test fundamental stereological results
that can be used to investigate samples that are net amenable to FIB
microscopy.

2.5 Future Prospects and Summary

Focused ion beam tomography is emerging as a very powerful
technique for nanoscale three-dimensional structural and chemical
reconstructions. The major capabilities of this technique are:

a) A lateral (i.e. perpendicular to the surface normal) spatial resolution of
order 20 - 30 nm for most inorganic materials. This is defined mainly by
the primary beam diameter and by lateral spread of the implanted
primary ions in the sample,

b) A vertical (i.c. parallel to the surface normal) spatial resolution of order
10 nm. This is defined mainly by the implant depth of the primary ions
(a function of the implant ion energy and species, and the atemic number
of the target sample), and by the escape depth for secondary electrons
and jons from the sample surface. Mixing of specimen feature within the
primary ion implantaticn depth also has to be considered. Finally in
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