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A focused ion beam (FIB) instrument has been used to mill surfaces in single-
crystal Si and single-crystal Cu for subsequent electron backscattering diffrac-
tion (EBSD) analysis. The FIB cuts were performed using a 30 keV and a 5
keV Ga™ ion beam at a stage tilt of 20° to provide a readily obtainable 70° sur-
face for direct EBSD investigation in a scanning electron microscope (SEM).
The quality of the patterns is related to the amount of FIB damage induced in
the Cu and Si. These or similar methods should be directly transferable to a
FIB/SEM dual beam instrument equipped with an EBSD detector.
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INTRODUCTION

Background on EBSD

The primary strength of electron backscattering
diffraction (EBSD) techniques in a scanning elec-
tron microscope (SEM) is the ability to study both
the morphology (via SEM) and the crystallographic
relationships of polycrystalline phases (via EBSD)
simultaneously. When a focused electron beam im-
pinges on a crystal with an inclined surface of ap-
proximately 70°, a reflection Kikuchi pattern of in-
tersecting bands may be obtained as a result of
diffraction of backscattered electrons. Indexable
electron backscattered diffraction patterns (EBSPs)
may be obtained from a ~22-nm region using an
SEM equipped with a field emission source.’

The quality of the EBSP decreases with increased
defect density in the sample. The image quality (IQ)
depends on the material, its surface quality, the
technique and parameters used to index the pat-
terns, crystallographic orientation, as well as other
factors. Elements with higher atomic numbers gen-
erally produce stronger patterns due to increased
backscattering. A rough surface will also produce
variations in IQ due to the deviation in the surface
plane from the ideal 70° tilt for diffraction. The sur-
face quality of the crystal lattice within the diffract-
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ing volume may affect the quality of the EBSP. Any
lattice strain within the diffraction volume will pro-
duce lower quality diffraction patterns. Since the 1Q
also depends on the crystallographic orientation of a
given material, it cannot be used to distinguish
small strain differences from grain to grain. How-
ever, a determination of the IQ may be used to yield
a qualitative description of the strain distribution in
a polycrystalline microstructure.?

Because the IQ parameter is also a function of the
indexing method, any parameters that effect the op-
eration of the indexing method would effect the re-
sulting IQ parameter calculation. In order to obtain
a crystal’s orientation from a diffraction pattern, the
pattern must be indexed. Using the Hough trans-
form method, the IQ parameter is the average value
of the heights of the most prominent detected peaks
in the Hough transform.? Thus, in general, a larger
IQ indicates a better pattern.

There is still debate as to the magnitude of the
surface depth from which the EBSP originates.
Since EBSP bands are sharp and discrete, it is as-
sumed that the backscattered electrons that con-
tribute to the pattern lose no more than ~100 eV.*
Therefore, EBSPs are formed from the near surface
regions of a sample. The surface depth of the
backscattered electrons having this energy loss may
be determined using Monte Carlo simulations. The
depth is a function of the extinction distance for
electrons, and, therefore, it varies for different re-
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flections. Calculations show that the contrast of the
channeling drops rapidly for a thickness greater
than two extinction distances (e.g., ~100 nm).® For
EBSPs obtained from a field emission source, pat-
terns have been obtained from volumes 20 nm X 80
nm X 10 nm.® However, when considering possible
surface damage, the magnitude of the interaction
volume that is of most interest is the amount of ma-
terial below the damage (or other) layer thickness
required to produce a pattern that is sufficient to
overcome any absorption during backscattering
through the same layer. Thus, a study on focused ion
beam damage on the quality of EBSPs has been ini-
tiated.

Background on FIB and Ion Beam/Material
Interactions

The focused ion beam (FIB) instrument has come
into the forefront of analytical instruments for de-
vice and mask repair in the semiconductor market,
micro- and nanomachining, and as a specimen
preparation tool spanning the physical and biologi-
cal sciences. The FIB is now widely used for speci-
men preparation for scanning electron microscopy
and transmission electron microscopy (TEM) analy-
ses, and it is also being pursued as a general speci-
men preparation method for analysis by, e.g., Auger
electron spectroscopy and secondary ion mass spec-
trometry (SIMS).” In an FIB instrument, ions (typi-
cally Ga™) obtained from a liquid metal ion source
are accelerated down a column at energies up to
~50 keV. Beam sizes in FIB instruments on the
order of 5-7 nm may be achieved. The primary ion
beam interaction with the target results in the emis-
sion of secondary ions and secondary electrons, ei-
ther of which may be collected to form an image.
Large regions of material (e.g., 500 pm?) can be re-
moved at high beam currents in just a couple of min-
utes, while lower beam currents (smaller beam di-
ameters) are used to remove smaller amounts of
material within the same time frame (e.g., ~5 um?).

Specimen preparation by FIB uses the process of
ion bombardment to selectively remove material.
Atoms that are displaced from their equilibrium po-
sitions by the impingement of energetic ions gener-
ate a collision cascade within the target material.
Sputtering occurs if sufficient momentum is trans-
ferred to a surface atom. The nature of the cascade
depends on the incident ion energy and the ratio of
the target (M2) to ion mass (M1). If M1 << M2, then
single knock-on occurs. That is, the target atoms do
not receive enough energy to generate a cascade and
sputtering is minimal. The FIB instrument gener-
ally operates in a linear cascade regime where the
ion energies are moderate and M1 ~ M2. Thus, re-
coil atoms receive enough energy to generate a cas-
cade. In this regime, the number of moving atoms is
small with respect to the total number of atoms con-
tained within the collision volume.®

One consequence of ion implantation can be the
development of a surface amorphous phase. The
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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.® The restoration of the collision cascade
induced disorder requires correlated and coopera-
tive motion of alloying atoms. 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 materi-
als with a broad phase field will remain crystalline,
because the atomic packing arrangement is less
stringent than line compounds or stochiometric in-
termetallics.

FIB Damage in Si

The amorphization of Si as a result of FIB milling
is well known. For any given material, the amor-
phization layer thickness would depend on the inci-
dent ion species, incident angle, and incident ion en-
ergy. For Si, amorphization FIB damage at high (i.e.,
glancing) incident angles has typically been re-
ported in the ~10-30 nm range.'®!! In a previous
report from our lab, we have shown a cross section of
Si from a FIB milled cut specific to FEI instruments
known as the “clean up cut” (CUC).!? In the CUC,
the beam is scanned one line at a time toward the
region of interest. Because each line overlaps the
previously milled surface as it progresses toward
the region of interest, sputtering occurs on a side
wall, which has an overall effect of creating a deeper
cut for each subsequent line scan. In addition, as the
beam progresses forward, sputtered material may
redeposit onto the previously milled surface. A CUC
in Si was milled using a beam current of 1000 pA.
The sample was then removed from the FIB, sputter
coated with Au-Pd, and then placed back into the
FIB where the CUC was filled by depositing with Pt.
A cross-sectional TEM specimen of the CUC was
prepared by the lift out technique.'®'* A TEM cross-
sectional image of a portion of the CUC in Si at 1000
pPA is shown in Fig. 1la. The single-crystal Si is de-
noted by the ubiquitous [011] selected area diffrac-
tion pattern (SADP). Note that the beam scan posi-
tions may be observed and the beam size may be
estimated at ~100 nm. The redeposited Si is readily
observable via a change in contrast in the image,
and is also indicated by the nanocrystalline (nearly
amorphous) SADP pattern shown in the inset. The
amorphization FIB damage is evident between the
single-crystal Si and the nanocrystalline rede-
posited Si along the side-wall cut and the outline of
the beam position.

FIB Damage in Cu

Interest in the FIB preparation of Cu has in-
creased due to its increased use for metallization
layers in silicon-based integrated circuits. Thus, to
ascertain the FIB damage in Cu, a CUC was
milled at 1000 pA into (001) Cu. The Cu was cross
sectioned and prepared for TEM analysis in the
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Fig. 1. (a) A cross-sectional TEM image of a CUC in Si. (b) A cross-
sectional TEM image of a CUC in Cu.

same manner described above for the Si CUC. The
entire cross section of the CUC is shown in the
low-magnification TEM image in Fig. 1b. Insets
show convergent beam electron diffraction (CBED)
patterns obtained from the Cu substrate and the
redeposited Cu region. Note that in Fig. 1(b), the
CUC begins on the left side of the image and pro-
gresses toward the region of interest to the right. A
[001] CBED pattern of the Cu substrate obtained
from the region of intersecting bend contours (in-
dicated by the arrow) is shown in the inset. Note
that the bend contours are not continuous across
the FIB milled region. A near [001] CBED pattern
obtained from the redeposited Cu (its position is
indicated by the arrow) is also shown in the figure.
Hence, the redeposited Cu CBED represents a sin-
gle crystal. Thus, it appears that the redeposited
Cu nucleated (nearly) epitaxially with the under-
lying Cu substrate. Therefore, Cu does not amor-
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phize when FIB milled with Ga*. The dark line of
contrast outlining the position of the beam scan
corresponds to a wall of dislocations. These are
likely misfit dislocations that accommodate the
slight deviation in orientation (~2°) between the
substrate and the redeposited Cu. In addition,
these dislocations may also be attributed to a high
density of crystalline defects produced in the Cu
by the FIB process.

Thus, TEM cross sections of the FIB milled cuts
shows that Cu does not amorphize when exposed to
a Ga™ FIB beam, while Si does amorphize when FIB
milled with Ga™*. It is presumed that the surface of
the Cu defined by the FIB collision cascade contains
crystalline defects, although the specific type of de-
fects is not resolvable from the image shown in Fig.
1b. The observed FIB damage differences between
Si and Cu are consistent with the theoretical de-
scription of the damage described above. This paper
will discuss the quality of EBSPs obtained from FIB
prepared surfaces of Si and Cu.

EXPERIMENTAL TECHNIQUES

A (001) cleaved piece of silicon wafer and a section
of a (001) single-crystal copper were used in this
study. The sample sizes were on the order of ~10
mm X 10 mm in dimension. An FEI 200TEM FIB
workstation was used to mill surfaces in the Si and
Cu samples. Each sample was mounted on a typical
sample stud using silver paint such that each sam-
ple surface plane was approximately normal to the
FIB beam. The FIB was used to mill an initial
trench into each sample at a stage tilt of 20°, as
shown in Fig. 2a. Once the initial trench was
milled, the sidewall of interest was such that the ion
beam was approximately parallel to it (e.g., an ~89°
ion beam incident angle with respect to the FIB sur-
face). Note that the surface of interest was milled
near the edge of the sample to avoid potential shad-
owing of the diffracted electrons during subsequent
EBSD analysis in the SEM. Tilting and FIB milling
the sample at a 20° angle created a 70° milled face
that was readily observed by EBSP/SEM (Fig. 2b
and c).

FIB

(c)

Fig. 2. A schematic diagram of the sample orientation during FIB
milling for subsequent EBSP analysis.
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All FIB cuts were performed using a beam energy of
30 keV except where noted. To prepare the Si sample
for EBSD analysis, the first FIB cut was performed at
a stage tilt of 20° using a rectangular trench with di-
mensions of 20 um X 5 um and 20 pm deep at a beam
current of 20,000 pA. The second trench cut of the
same dimensions as the first cut was performed with
a beam current of 500 pA. This second cut slightly
overlapped the first. A third rectangular cut having
dimensions 20 pm X 0.5 pm and 20 pm deep over-
lapped the previous at a beam current of 100 pA. A
second region of interest was prepared in the same
manner as described above. This second region of in-
terest was then tilted back to a stage tilt of 15° (i.e., 5°
tilt into the previous cut) and the magnification was
increased to include the FIB milled surface of interest
in the field of view of the imaging screen. The beam
conditions were changed to an energy of 5 keV (with a
predefined beam current of 60 pA) and the surface
was imaged with the ion beam. That is, the beam was
rastered across the region of interest in “imaging”
mode rather than in “milling” mode for several min-
utes in an attempt to reduce the 30 keV milling ef-
fects. The Cu sample was prepared in the same man-
ner as the Si sample performed at a beam energy of 30
keV as described above. The EBSPs from the FIB
milled surfaces of Si and Cu were obtained with a Hi-
tachi (Japan) 4000 field emission SEM equipped with
a TexSEM Laboratories EBSD unit.

RESULTS AND DISCUSSION

An EBSP and corresponding automatically in-
dexed pattern of the FIB surface in Cu obtained
using an SEM accelerating voltage of 20 kV is shown
in Fig. 3. Note the high quality of the EBSP obtained
from this Cu sample. Background subtraction was
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Fig. 3. An EBSP and corresponding indexed pattern obtained from
a 30 keV Ga™ FIB cut in Cu obtained with an SEM accelerating volt-
age of 20 kV.

omitted for this particular pattern because the qual-
ity of the pattern did not warrant this procedure. An
1Q value of 133 was obtained for the Cu EBSP. The
slight deviation in the positions of the indexed pat-
tern may be due to either (1) strain in the Cu lattice
due to Ga' implantation or (2) incorrect calibration
of the EBSD unit. Despite the Ga* implantation into
the Cu surface, an excellent EBSP was obtained indi-
cating that the ion implantation damage is not suffi-
cient to hinder acquisition of EBSPs for Cu. As such,
the use of EBSPs for the analysis of FIB milled Cu
was previously confirmed by Ref. 15.

The FIB surfaces in Si were analyzed using
EBSD methods at an SEM accelerating voltage of
20 kV and 30 kV. In addition, the (001) Si wafer
surface was analyzed by the EBSD method at an
SEM accelerating voltage of 20 kV to serve as a
qualitative reference for the FIB prepared sur-
faces. A (001) “clean” Si surface was tilted in the
SEM to 70° and its EBSP and indexed pattern are
shown in Fig. 4. (It is understood that crystal orien-

Fig. 4. An EBSP and its indexed pattern obtained from a Si (001) surface.
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tation may affect the IQ of the EBSP.) An IQ
value of 345 was obtained for the (001) Si surface.
The EBSP quality of this surface (Fig. 4) may be
compared to the EBSPs from the FIB milled sur-
faces shown in Fig. 5. Figure 5 shows an EBSP
from the 30 keV Si FIB surface observed at 30 kV
(IQ = 104), the 5 keV Si FIB surface observed at
30 kV (IQ = 164), the 30 keV Si FIB surface ob-
served at 20 kV (IQ = 67), and the 5 keV Si FIB
surface observed at 20 kV (IQ = 89). Note that all
images in Figs. 4 and 5 were obtained using back-
ground subtraction. The 5 keV FIB patterns
showed a better IQ than the 30 keV FIB surfaces
for each SEM accelerating voltage. The IQ of the
EBSPs obtained using the 30 kV SEM accelerat-
ing voltage were higher than either of the pat-
terns obtained at 20 kV. These results are consis-
tent with the theory that lower ion beam energies
induce less amorphization damage. Thus, higher
quality diffraction patterns are expected for Si
with less amorphization thickness, because ab-
sorption of the backscattered electrons would be
less with a thinner amorphous layer. In addition,
the patterns obtained at an SEM accelerating
voltage of 30 kV were of higher quality than the
patterns obtained at the 20 kV, because the ratio
of the electron interaction volume to amorphous
layer increases. It should be noted that, despite
the range of IQ in the patterns, the patterns were
consistently indexed for all of the images in Fig.
5. The best IQ of Si surfaces may be obtained
using a combination of a low FIB beam energy
with a high SEM accelerating voltage; however,
suitable EBSPs may be obtained with other com-
binations of FIB energy and SEM accelerating
voltage.

FIB

5 kv

20 kV

SEM

30 kv

Fig. 5. The EBSPs from Si: a 30 keV Ga* FIB cut obtained with an
SEM accelerating voltage of 20 kV, a 5 keV Ga* FIB cut obtained
with an SEM accelerating voltage of 20 kV, a 30 keV Ga* FIB cut
obtained with an SEM accelerating voltage of 30 kV, and a 5 keV
Ga™ FIB cut obtained with an SEM accelerating voltage of 30 kV.
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Comparison of Cu and Si EBSD Results

Using a Monte Carlo simulation called TRIM, ¢
the projected Ga" ion range, R,, may be predicted
for both Cu and Si at the ion beam energies and in-
cident angles used in this study. The ion range may
be represented schematically by the diagrams in
Fig. 6. These R, values for Cu and Si are summa-
rized in Table I. It is noted that TRIM assumes that
the target is amorphous. In addition, ion channeling
in Cu can significantly reduce the sputtering yield
and, hence, increase the R, value.'” Nevertheless,
TRIM is an excellent tool for comparing ion interac-
tion trends. Note that the R, value for the 5 keV Si
is less than the R, value for the 30 keV Cu (e.g., 2.4
nm versus 3.8 nm). Using the Bethe approximation
given in Ref. 18, for an electron energy of 20 keV, an
electron range for Si and Cu (or the EBSD informa-
tion depth) may be determined at an electron loss of
100 eV and a 70° incident angle. Table I shows that
the EBSD information depth for Si is greater than
for Cu at 20 kV (e.g., 28.2 nm versus 9.2 nm). Hence,
one would expect that the EBSP of the 5 keV Ga™ Si
obtained with a 20 kV electron beam would be of
higher quality than the 30 keV Ga™ Cu. However,
the Cu does not amorphize when bombarded with
Ga™, but Si does. Therefore, the FIB amorphization
damage absorbs some of the backscattered electrons
that degrade the EBSPs. The Cu surface remains
crystalline during FIB milling (albeit with a Ga*
implanted region) and, thus, EBSPs are readily ob-
tainable from the FIB prepared Cu surface.

In the cases observed in this study, the electron in-
teraction volume for BSEs is always greater than
the R, for Ga*. The stopping power for electron
scales with the stopping power for Ga™ ions. The R,
for Ga* is three times less than the electron interac-
tion necessary to acquire an EBSP for electron ener-
gies in the 5 keV to 30 keV range at these incident
angles. Thus, it appears that EBSD analysis of
many crystalline materials FIB milled by 30 keV
Ga™ (depending on ion incident angle) should be
achievable. The FIB milling at lower beam energies
will yield even better EBSD results.

The Application of EBSD to Dual Beam
Instrumentation

Dual beam instruments that have an electron col-
umn and an ion column on the same platform allow
the flexibility of cutting with the ion beam and im-
aging with either beam.!® In addition, compositional
analysis is also available on these instruments via
SIMS and/or energy dispersive spectroscopy (EDS).
Computer scripted algorithms enable FIB milling
and SEM imaging to be performed automatically. It
is envisioned that three-dimensional crystallo-
graphic orientation analysis of materials could also
be incorporated into a dual beam via EBSD analy-
sis. The combination of an ion beam, electron beam,
SIMS, EDS, and EBSD would allow for site-specific
three-dimensional crystallographic analysis of mul-
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Fig. 6. The TRIM simulations for the Cu and Si experimental conditions as described in the text.

Table I. Comparison of Ion Damage Depth with EBSP Information Limit

Ga* R, Values
(nm)

Material 89° and 30 keV
Cu 3.8 £ 2.7*
Si 7.1 = 5.2%

Ga* R, Values EBSP Surface
(nm) Limit 20kV/70°
85° and 5 keV (nm)
— 9.2
2.4+ 1.6* 28.2

tiphase and polycrystalline materials. In addition,
the use of the channeling contrast obtained via ion
imaging (or electron imaging) may be used to make
EBSD analysis faster. For example, the EBSD could
be automated to obtain diffraction patterns from
only those regions where single grains are observed
in the image. The number of collected patterns per
unit area could vary depending on the size and vari-
ation of the observed channeling contrast in the
image. That is, in regions where a large single crys-
tal was observed, the number of patterns collected
could be limited to just a few points. However, in re-
gions where small, multiple, or unresolved grains or
phases are observed, a larger density of patterns
could be collected and analyzed. The addition of an
EBSD detector to a dual beam instrument could sig-
nificantly advance the understanding of microstruc-
ture, texture, and crystallographic relationships of
grains and phases in three dimensions.

CONCLUSIONS

The FIB milled surfaces prepared in Si and Cu at
a 20° stage tilt provided surfaces that were directly
available for EBSD analysis in an SEM. The EBSPs
that could automatically be indexed were success-
fully obtained for both the Si and the Cu despite the
FIB damage that is unique to these materials. The
EBSP image quality could be directly explained in
terms of the electron interaction volume range com-
pared with the FIB damage layer thickness. The
successful application of EBSD analysis to FIB
milled surfaces suggests that an EBSD detector in-

corporated into a dual beam instrument would be an
enormously powerful technique.
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