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Abstract

Annular dark-field scanning transmission electron microscope (ADF-
STEM) images of an Si (001) crystal were obtained by using an aberra-
tion-corrected electron microscope, at 30-mrad convergent probe and
cold field-emission gun at 300 kV. The intensity of ADF-STEM images,
that is, the number of scattered electrons relative to the incident elec-
trons, obtained for specimen thickness from 10 to 50 nm was compared
quantitatively with absorptive multi-slice simulation. The column and
background intensities were analyzed by column-by-column two-dimen-
sional Gaussian fitting. These intensities were found to increase linearly
with the sample thicknesses. However, the simulated image gave higher
column intensity and lower background intensity for all the sample thick-
ness. We found that experimental images were reproduced by the simu-
lation with Gaussian convolution of 70 pm full-width at half-maximum for
all the sample thicknesses from 10 to 50 nm. The possible factors
accounted for this Gaussian convolution is discussed.

analysis

Introduction

Three-dimensional structure (elementary) analysis
of nano-scale materials is increasingly important for
gaining an understanding of the properties of elec-
tronic devices [1-3], catalysis [4], rechargeable bat-
teries [5], and so on. A homogeneous dilute dopant
density in the channel region [6,7] is necessary to
control the gate threshold voltage of silicon-based
nano-devices. In homogeneity and/or localization
results in clustering of dopants that suppress the
carrier concentration [8-10]. High-angle annular

dark-field scanning transmission electron
microscopy (HAADF-STEM) has been successfully
used to detect heavy dopant atoms such as anti-
mony (Sb) in silicon crystals [11].

Recently, spherical aberration (Cs)-corrected
electron microscopes (SAC-EMs) have improved
the spatial resolution of HAADF imaging [12].
SAC-EMs have also improved the depth resolution,
as demonstrated with hafnium atoms in an amor-
phous layer of SiOs [13]. The increased depth resol-
ution afforded by the use of a large convergent

© The Author 2011. Published by Oxford University Press [on behalf of Japanese Society of Microscopy]. All rights reserved.
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angle of 30 mrad (300 kV) has enabled light arsenic
(As) dopants to be detected in silicon crystals [14].
Improved depth resolution by large convergent
angles had enabled clusters to be detected, as
reported previously [15].

The previous STEM experiments compared the
column intensities of the experimental HAADF
images with those of the simulated ones by the
global scaling [16,17]. Recently, LeBeau and
Stemmer counted the number of electrons falling
onto an annular detector [18] and compared the
absolute intensities of experimental and simulated
HAADF images of crystals containing heavy
elements such as SrTiO3 and PbWO, [19-21].
Although the absolute intensity of the experimental
images did not match that of the simulated images,
they found that it matched that of the simulated
image after convolving it by a Gaussian function.
They suggested that the discrepancy between the
experimental and simulated images came from
spatial incoherence stemming from the effective
size of the source, mechanical instability of the
microscope, drift, and so on [19-21]. To detect
homogeneities and clustering of dopants quantitat-
ively, it is important to find a factor that covers the
mismatch between the absolute intensities of the
experiment and simulation for a large convergent
angle of incident probe.

In this study, we performed a quantitative analysis
of ADF images of non-doped silicon crystals with
thicknesses from 10 to 50 nm. A multi-slice simu-
lation based on the absorptive potential approxi-
mation was used for quantitative comparison with
the experiment [22]. We found that the simulated
ADF images convolved with a Gaussian function of
70 pm full-width at half-maximum (FWHM) repro-
duced the experimental ones for all the sample
thicknesses. We discuss possible factors accounted
for 70 pm Gaussian convolution.

Methods

An aberration-corrected electron microscope
(R0O05) fitted with a cold field-emission gun (CFEG)
was used at an accelerating voltage of 300 kV [23].
Chromatic aberration, Cc, was 1.65 mm and energy
spread was 0.5 eV. The incident convergent angle
was 30 mrad. This corresponds to 0.76 A7l of the

scattering vector, sin 6g/A, where 6g is the Bragg
angle and 1 =0.019 A is the wavelength of the elec-
tron at 300 kV. The ADF detector had inner—outer
angles of 42-104 mrad (1.06-2.64 A™Y). The inner
angle was relatively lower than that used in the
previous experiments [24]. The silicon crystal was
viewed from the [001]-direction. The thickness was
measured by electron energy loss spectroscopy
(EELS).

The ADF images were recorded at the focus that
gave the highest column intensity by adjusting the
amount of defocus in steps of 1 nm. The spherical
aberration was corrected by using the SRAM
method [25]. The ADF images had a frame size of
512 x 512 pixels. The size of each pixel was 9.1 pm.
The dwell time, ¢, per pixel (the time that probe
spends at each pixel) was 38 ps. The probe current,
Iprobe, Was measured to be constant (30 pA) before
and after acquisition of the ADF image. Therefore,
the number of incident electrons for each pixel was
about 7000, as calculated from t*Ip,ope/e, Where e is
the elementary charge. For quantitative imaging,
the intensity of the ADF detector output for the
incident electron was calibrated, following the
method described by LeBeau and Stemmer [18].
Figure 1 shows the calibration curve: the ADF
image intensity was proportional to the number of
electrons falling on the detector in the range 0-250
electrons. Since the ADF image intensities of an Si
crystal acquired in the experiment were smaller
than 250, the intensity was converted into the
number of electrons by using the linear relationship
given in Fig. 1.

o]
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ADF detector intensity (x10°)
[
u

=
o v o
1 |
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T T T T 1
100 200 300 400 500
Number of electrons
Reaching ADF detector

Fig. 1. Relationship between the number of electrons falling onto
the annular detector and intensity of the STEM image. The
experimental data are plotted (dots). The ADF intensity was
proportional to the number of electrons up to 250 electrons.
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The Si (001) sample was prepared by mechanical
polishing to be electron-transparent. Compared
with the sample prepared by ion milling (not shown
here), the mechanically polished specimen showed
ADF images with less fluctuation in the column
intensities and less blurring of the column image.
The surface of the ion-milled specimen can have a
damaged layer which causes a blurred image inten-
sity [26].

The thickness of the specimen was estimated by
EELS to be from 10 to 50 nm. The EELS spectrum
was obtained with an aperture size of 2.1 mrad by
averaging 50 measurements, each of which was
obtained with exposure time of 0.05s and energy
dispersion of 0.1 eV/channel. The specimen thick-
ness was calculated by multiplying the inelastic
mean free path Ag (230 nm for Si) with the logarithm
of the ratio of the total area to zero-loss area [27].

The ADF intensity of each column (column inten-
sity) was obtained by 2D Gaussian function fitting
to the raw data [14]:

2 2
I=1Ip exp<_(x2—0§0) )eXp<—(y2_o“ZO) )

—I—IB. (1)

Here, (xo,y0) is the coordinate of the column and o
is the standard deviation. The FWHM of the column
image is given by 2.350. The fitting was performed
using the Levenberg—Marquardt algorithm, which is
a standard nonlinear fitting method [28]. The
column intensity, Ic=Ip+ Iz, was defined as the
sum of the Gaussian amplitude, Ip, and the back-
ground, Is. The ADF image intensity for each pixel
was normalized by the number of incident
electrons.

Simulation

The multi-slice simulation was performed by
running the HREM™ program [22], including
(thermal diffuse scattering (TDS)) absorptive poten-
tial approximation that used the Weikenmeier—Kohl
scattering factor. A Debye—Waller factor (DWF) of
0.46 A% was used for Si atoms [29]. The cut-off scat-
tering vector, sin 8g/A, was determined to be 3 A‘l,
which corresponded to a scattering angle of 120
mrad. Regarding the reciprocal-space resolution for
obtaining the transmitted and diffracted disk

S. Kim et al. ADF-STEM images of a silicon crystal 3

patterns, the Fourier coefficients were calculated at
512 x 512 points in the square of +3 A~!. The inten-
sity was calculated at 101 x 101 points per silicon
unit cell (0.543 nm?). The silicon unit cell of the cal-
culation was divided into four slices, and the simu-
lated image or intensity profile was calculated up to
50 nm in thickness (368 slices). The defocus was
chosen to be 2 nm below the top specimen surface
(underfocus), where the column intensity had the
maximum [15].

The ADF intensity for a chromatic beam of AE =
0.5eV was calculated by summing a monochro-
matic ADF intensities within a defocus spread of
Af=0.5Cc(AE/E). The column intensity I did not
change by more than 3%. Therefore, we compared
the monochromatic images with the experimental
images hereafter.

Result

Figure 2 shows mean intensity, I, as a function of
thickness. It is defined by the intensity of scattered
electrons per unit area of the ADF-STEM image and
was calculated by summing the intensities of all
pixels in an unit area of the STEM image [20]. In
Fig. 2, simulated mean intensity (solid line) had the
same value as the experimental intensity (circles).
The first row of Fig. 3 shows the ADF images
observed at thicknesses of 49, 37, 24 and 11 m. The
intensities are displayed as a rainbow of colors.
The images in the third row are the simulations.
The simulated column intensity does not match the
observed one; the simulated column has a much
sharper profile than the experimental one. After
convolving the simulated image by a Gaussian

0.02

ury
b=
(=]

Number of scattered electrons

Mean intensity

—Simulation
= Experiment

0.014 - 70

Normalized intensity

0 T T T 0
0 10 20 30 40 50
Thickness (nm)

Fig. 2. Mean intensity of all pixels in the ADF image as a function
of thickness (nm). Fourteen experimental mean intensities, for
which the thicknesses are different, are plotted (dots). The
simulated mean intensity is drawn as a function of thickness. The
experimental intensities are almost on the simulated line.
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49 nm 37 nm

(a)

Experiment

(b)

Simulation

(c)

Simulation

Normalized intensity

0.05 No convolution 70 pm FWHM

(d)

Line profile

o

Normalized
intensity

0

0 Distance (pm) 270

Fig. 3. (a) Typical ADF images taken at thicknesses of 49, 37, 24 and 11 nm. No drift correction was done because the images show little
drift. Intensity ratio of the number of electrons falling onto the annular detector to that of incident electrons is shown in rainbow colors on
the bar on the right side. (b) Simulated ADF images with a Gaussian convolution of 70 pm (FWHM) for thicknesses of 49, 37, 24 and 11 nm.
The simulated images match the observed images. (c) Simulated ADF images without Gaussian convolution. (d) Typical intensity profiles of
one Si column in [100]-direction. dot: experiment, solid line: simulation with Gaussian convolution, dashed line: simulation without

convolution.

envelope function with an FWHM of 70 pm, the
theoretical results were able to reproduce all of the
experimental images from different specimen thick-
nesses as shown in the second row of Fig. 3. The
intensity profiles of the images in the first, second,
and third rows are shown in the fourth row; the
experimental profiles were reproduced by a
Gaussian with an FWHM of 70 pm.

The same Gaussian convolution provided a good
agreement with the 14 experimental images of
thicknesses ranging from 10 to 50 nm, as displayed
in Fig. 4.

Figure 4(a) and (b) shows the coincidence
between the experimental intensities and the simu-
lated ones with the 70 pm FWHM Gaussian convo-
lution. The column intensities, background
intensity, and FWHMs of Si columns for the thick-
ness range 10-50 nm coincide for a 70 pm Gaussian
convolution. As shown in Fig. 4(a), the simulated
column intensity without the Gaussian convolution
(indicated by the dashed line) is much higher than
the observed one. The simulated intensity with the
Gaussian convolution (indicated by the bold line)

reproduces the observed one. The simulated back-
ground intensity barely changes as a result of the
Gaussian convolution, because the Si columns are
separated by 0.27 nm from each other along the
[100]-direction. Figure 4(b) shows the FWHM
(defined by 2.35¢0 in equation (1)) of the Si column
at different thicknesses. The FWHMs were ~75 pm
at 10 nm thickness and increased linearly to ~95
pm at 50 nm thickness. The FWHMs of the simu-
lated images after the convolution (solid line) are
similar to the observed ones.

Discussion

Z-contrast imaging in ADF with an incident beam
of a large convergent angle

The detector inner angle used in the present exper-
iment, 42 mrad, was relatively small for Z-contrast
imaging in HAADF. In such case, ADF intensity can
be affected considerably by elastic scattering and
failed to give Z-contrast images [30]. However, we
found a higher TDS intensity, Itps, than the coher-
ent one, Iq.gic, for the 42 mrad inner detector by
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Fig. 4. (a) ADF intensity as a function of thickness from 10 to 50
nm. The average column intensities, I, taken from 14 ADF images
are plotted as dots. They are lower than the calculated values taken
from the simulated ADF images, indicated by the dashed line. The
observed background intensities, Iz (dots), are similar to the
calculated values (dashed line). By convoluting the Gaussian
function of 70 pm (FWHM) with the simulation, the calculated
column intensities decrease (solid line) and come in line with the
observed intensities. (b) Average FWHM for the columns taken from
14 different ADF images as a function of thickness when column
intensity is expressed as a two-dimensional Gaussian function. The
experimental FWHMs are indicated by dots, which gradually
increase with thickness. The simulated FWHM (dashed line) shows
the same tendency as the experimental one but has smaller values.
By convoluting the Gaussian function, the simulated FWHM (solid
line) becomes similar to the experimental one. Error bars of each
plot denote standard deviation of measurement uncertainty.

calculating the relative contribution of TDS to
elastic scattering as will be shown below.

Figure 5(a) shows the intensity evolution of
TDS (left panel) and coherent scattering (right

(a) TDS Coherent x40
A4 v

001]

50 -
nm [100]

S. Kim et al. ADF-STEM images of a silicon crystal 5

panel) with increasing specimen thickness. The
intensity evolution of coherent scattering oscil-
lated two times in the vicinity of the focal pos-
ition (2 nm under the surface) and becomes lower
for thicknesses greater than ~4 nm. In addition,
both intensity evolutions of TDS and coherent
scattering rapidly increase up to ~4 nm in thick-
ness. The electron channeling effect must have
occurred only in thicknesses up to ~4nm (see
also Fig. 5(b)). This value (4nm) is reasonable
considering the improved depth resolution of
the large convergent electron probe (depth of the
field ~2 nm [15]). Comparing their intensities, we
found that ratio of TDS intensity to the elastic
one, Itps/leasic; 1S about 40 for the thickness
range 10-50 nm. The sum of TDS and coherent
scattering is shown by the dotted line in Fig. 5(b),
and this line corresponds to the simulated column
intensity as shown by the dashed line in Fig. 4(a).
Since it is almost the same with the intensity of
TDS, the ADF intensity for this experimental con-
dition is determined dominantly by TDS.

For the simulated intensity ratio, Itps/lelastic, for
detector inner angles of 35 mrad, the ADF intensity
was determined by TDS against the coherent scat-
tering and the ratio was ~10 for thicknesses of 10—
50 nm (not shown). However, a small-thickness
oscillation in the total intensity appeared due to
coherent scattering. As a result, we confirmed that
the 42 mrad detector inner angle showed a
Z-contrast image even with the 30 mrad convergent
probe.

®) 0,08
= TDS

':'..;" === Coherent x40
5 TDS+Coherent
o
£
© 0.04
N
®
£
=]
=

0 - T T T T 1

Thickness (nm)

Fig. 5. (a) Intensity evolution of TDS and coherent scattering as a function of thickness. (b) Intensity evolution of TDS (solid line), coherent
scattering (bold line) and the sum of TDS and coherent scattering (dotted line) as a function of thickness. The intensity of coherent

scattering is shown at 40 times scale.
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Gaussian convolution

In the present study, we found that experimental
images were reproduced by the simulation with 70
pm FWHM Gaussian convolution. In the previous
quantitative studies, the FWHM of the Gaussian
function convolved with the simulated image was
estimated to be 80 pm for the SrTiOs crystal [19]
and ~120 pm for the SrTiOs and PbWO, crystals
[21], when the observation was done with a conver-
gent beam of 10 mrad and detector having inner
angles of 65mrad. They suggested that the
Gaussian convolution was required because of
spatial incoherence such as the effective source
size, mechanical instability of the microscope, drift,
and so on [20,21]. Moreover, the two experiments
on the SrTiOs [19,21] crystal had different FWHMs
of 80 and ~120 pm. This difference was explained
to be due to the Schottky field emitter degradation,
which in turn influences the effective source size of
the emitter [20]. We considered several effects that
might cause the difference between the experiment
and simulation in Fig. 4.

Effect of lattice vibration

It has been reported that the electron beam could
heat a specimen during TEM/STEM experiment
[31]. Therefore, lattice vibration could be increased
during irradiation of highly dense electron beam in
the STEM experiment and TDS intensity could be
increased. Taking such an irradiation effect into
account, we simulated the ADF intensity for a DWF
of 1.0 A%, which was higher than 0.46 A% in the lit-
erature [29]. For DWF =1.0 Az, the column intensity
decreased by 10% and the background intensity
increased by 10%. The simulated image could not
be matched the observation, because the back-
ground intensity after Gaussian convolution became
too high. Therefore, we conclude that a DWF of
0.46 AZ is reasonable for the experimental result.

Effect of strain in the specimen

The effect of lattice strain on the ADF intensity was
tested by simulation. The Si (001) specimen was
strained with a maximum displacement of A =0.1 A
or 0.2 A along the [100]-direction.

X, = A cos <2ﬂ£m> (2)

where X,,, n=0, 1, 2, ..., is the displacement along
the [100]-direction of the nth atom in the column,
L is the specimen thickness, and a is the unit cell
distance of 5.43 A. These maximum displacements
correspond to 3.5 and 7% strains, respectively, since
the distance between two neighboring atoms is
2.7 A along the 4100f-direction. As a result, the
column intensity decreased at ~3 and ~10% for 0.1
and 0.2 A, respectively.

Effect of sample preparation

Ion-milled samples were reported to be covered
with amorphous damaged layers, and they gave
blurred image intensities [26]. The column intensi-
ties in the ADF image of the ion-milled specimen
fluctuated more than those in the images of the
mechanically polished sample. For our ion-milled
specimens, we needed a Gaussian function of about
100 pm in FWHM to match the observation with the
simulation. Although the present mechanically
polished specimen had less amorphous damaged
layer than the ion-milled ones, Gaussian convolu-
tion size might partly be due to an amorphous layer
on the specimen which was not completely elimi-
nated during sample preparation process of mech-
anical polishing.

Effect of the source size

We estimated the effective source size, assuming
the brightness of our CFEG source to be the
reported value of 1 x 10° A/(cm2 srad) [24]. In the
present study, Gaussian probe size, Sgauss, Was 31
pm at an electron probe current of Ipyope =30 pA
and convergent beam angle of o = 30 mrad by

oo = 4T 2770 ®)
The estimated Gaussian probe size (effective source
size on the sample) of 31 pm is smaller than
Gaussian convolution size of 70 pm.

In this study, we showed that the simulation with
Gaussian convolution agrees well with the exper-
iment performed at a constant probe current using
spherical aberration-corrected microscope.
Although our current data do not allow us to
explain the Gaussian convolution size of 70 pm,
further experiments at various probe currents could

S&
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tell us about the remaining factor accounted for the
Gaussian convolution size.

Concluding remarks

In summary, we measured the ADF intensity for
silicon [001] crystals as a function of sample thick-
ness from 10 to 50 nm by using a large angle con-
vergent beam (30 mrad) with a probe current of 30
PA. We found that the multi-slice simulation are in
accordance with the observed ADF images after
convolving it with a Gaussian function of 70 pm in
an FWHM. We also concluded that the effective
source size is one of the factors that contribute to
discrepancy in the ADF image intensity between
the experiment and simulation.
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