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In recent silicon transistors, fluctuation of the gate threshold voltage due to statistical variation in the number
of dopant atoms has been pointed out to be a serious problem. For this reason, characterization methods are
required which can detect individual dopant atoms within the transistor. In this paper, we present a technique
for visualizing individual arsenic �As� atoms in a doped silicon crystal using our developed spherical aberration
corrected scanning transmission electron microscope �STEM� with a convergent electron probe with a half
angle of 30 mrad to view very thin doped silicon crystals from the �001� direction. The STEM images show the
distribution of As dopant atoms within a 2.7 nm defocusing range around the focal position. It was found that
in a highly doped silicon wafer following rapid thermal annealing, clustering of As atoms was extremely rare.
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I. INTRODUCTION

With the downsizing of silicon-based transistors, statisti-
cal deviations in the number of dopant atoms can no longer
be ignored. For a transistor with a 0.5 �m channel length, a
deviation of about 2000 dopant atoms causes fluctuation in
the gate threshold voltage.1 Since transistors in commercial
devices have channel lengths below 50 nm, not only statisti-
cal fluctuations in doping levels but also positional variation
in the dopant atoms among the transistors has been pointed
out to be a serious problem.2–7 In device simulations, three-
dimensional �3D� dopant distributions have been incorpo-
rated in order to investigate such characteristic fluctuations.8

Experimentally, the gate threshold voltage has been demon-
strated to be controllable by fabricating ordered dopant ar-
rays in the channel region.9 Scanning tunneling microscopy10

and scanning spreading resistance microscopy experiments
showed that the gate threshold voltage change depended on
the cross-sectional mapping of the carrier concentration11 but
these studies lacked atomic-scale resolution, and the relation-
ship between the carrier concentration and dopant distribu-
tion was not clarified. Furthermore, in high concentrations,
the dopants have been reported to form electrically inactive
clusters, which deteriorate the performance of the transistors.
For these reasons, it is necessary to detect individual dopant
atoms in transistors with atomic-scale precision.

High-angle annular dark-field scanning transmission elec-
tron microscopy �HAADF-STEM� is a very powerful
method to obtain atomic resolution images, in which the in-
tensity roughly correlates to the atomic number �Z� of atoms
along each illuminated atomic column.12 Muller’s group has
successfully observed antimony �Sb�-doped silicon along the
�110� direction, and clearly distinguished the atomic columns

with and without Sb atoms.13,14 However, individual atoms
of common dopant elements �arsenic �As�, phosphorus �P�,
and boron �B�� in a silicon crystal have not yet been clearly
imaged,15 although arsenic Cottrell atmospheres around sili-
con defects16 and arsenic atoms at a silicon grain boundary17

have been observed.
Recently, spherical aberration corrected electron micro-

scopes have been developed to yield scientific insights at an
atomic scale since sharp electron probes with large conver-
gent angles can be realized.18–22 In simulation, such probes
allow not only improved transverse resolution but also depth
resolution on a nanometer scale.23 Thereby, the contrast is
expected to be enhanced for elements around the focal posi-
tion. For crystalline materials, the channeling effect, which
degrades the depth resolution, has been reported to be sup-
pressible by reducing the energy spread of electrons.24 Our
developed spherical aberration corrected electron microscope
�R005� �Ref. 22� �E=300 kV� has a half-convergent angle
of 30 mrad, and a cold-field-emission gun with a small en-
ergy deviation ��E /E=10−6�, allowing visualization of As
atoms doped in a silicon crystal.

In this study, using our new microscope, a quasi-two-
dimensional �2D� distribution of As atoms in a doped silicon
crystal was observed from the �001� direction. This is be-
cause, by viewing along the �001� direction, strong 111 dif-
fractions are never excited. In fact, it is difficult to take an
atom-resolved STEM image along the �001� direction with-
out the use of a spherical aberration corrector whereas this is
relatively easy along the �110� direction. Therefore, in view-
ing along the �001� direction, the multiple-scattering �chan-
neling� effect must be suppressed, suggesting that informa-
tion around the focal position would be enhanced using the
spherical aberration corrected electron microscope. In other
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words, As atoms around the focal position would show stron-
ger contrast.

II. EXPERIMENTAL

A silicon wafer was doped by As-ion implantation at 30
keV, and then annealed at 1300 K for just 10 s in order to
produce an almost uniform distribution of As-doped atoms at
a depth of 10–30 nm from the wafer surface as shown in Fig.
1. As seen in the inset of Fig. 1, the concentration of As
dopant atoms was estimated to be 5.5�1020 cm−3 at a depth
of around 30 nm and 6.5�1020 cm−3 at a depth of around 20
nm by secondary-ion mass spectroscopy �SIMS�, which is
typical of recent devices, although the concentration could
not be measured correctly for regions above this due to in-
stability of the ionization energy. The specimens for STEM
observation were carefully thinned from the back side of the
�001� wafer by mechanical polishing and dimpling, and fur-
ther thinned by low-angle ion milling from both sides to
remove amorphous layers. The specimens were obtained
from about 10 nm below the original surface, although the
precise depth is not known. Therefore, the concentration of
As dopant atoms was estimated to be 6�0.5�1020 cm−3

�1.2%�. From among many specimens, we selected the thin-
nest one, which was estimated to be about 10 nm in thick-
ness, based on electron energy-loss spectroscopy. During
STEM observations, the probe current was 30 pA. The
HAADF-STEM images were obtained by detecting electrons
scattered from semiangles of 60–160 mrad. The exposure
time per pixel in the STEM image was 38 �s. For a speci-
men thickness of approximately 10 nm, the number of elec-
trons collected at the annular detector was in the range from
80 to 120.

In the quantitative analysis, the intensity of each column
was obtained by fitting a 2D Gaussian function to the raw
data. This was performed using the Levenberg-Marquardt al-
gorithm, which is a standard method in nonlinear fitting.25

The column intensity is defined as the amplitude of the fitted
curve ignoring background roughness. No Fourier filtering

was carried out, as pointed out in a previous report.14 Re-
garding dopant analysis, Voyles et al.14 proposed three quan-
titative criteria for whether or not a set of images shows
contrast due to a single atom: �1� identification of the con-
centration, �2� explanation of the contrast, and �3� a null test,
which means that there should be no pronounced intensity in
the STEM image of pure crystalline silicon. In this study, we
applied these criteria to the imaging of individual As dopant
atoms.

III. RESULTS AND DISCUSSION

Figure 2�a� shows a typical processed HAADF-STEM
image taken from a nondoped area �impurity concentration
of less than 5�1010 cm−3�. The image in the inset is a raw
STEM image, which shows prominent bright spots corre-
sponding to atomic columns, all of which have a similar
contrast. On the other hand, Fig. 2�b� shows a typical pro-
cessed HAADF-STEM image taken from a doped area. It
can be seen that some atomic columns exhibit prominently
brighter contrast than others, and these brighter columns are
distributed at random. The raw STEM image in the inset of
Fig. 2�b� is confirmed to show similar brighter contrast. Such
brighter columns were observed in about ten different doped
areas but never in nondoped areas. It suggests that this bright
contrast is not the result of either thickness variations or the
presence of adsorbed molecules on the specimen surface but
rather the existence of one or more As atoms in those col-
umns.

For nondoped areas, the intensity histogram of approxi-
mately 3000 columns was reproduced by a Gaussian func-
tion with a standard deviation of 0.1 around the average in-
tensity �Fig. 3�a��. Taking into account that the intensity in
the STEM image is proportional to the number of detected
electrons, the latter is estimated to be approximately 100
because of the 10% statistical error. In fact, the number of
electrons measured at the annular detector was in the range
from 80 to 120. On the other hand, for the doped areas �Fig.
3�b��, the intensity histogram of approximately 3000 col-

FIG. 1. �Color online� Simulation of distribution of arsenic �As�
atoms in silicon crystal as a function of depth from the wafer sur-
face. The As atoms are concentrated around 20 nm from the surface
in the as-deposited sample �bold blue/dark gray curve� while it
spreads to a depth of 10–30 nm from the surface after annealing
�thick red/gray curve�. Inset is the result of secondary-ion mass
spectroscopy. The ordinate is the concentration, where the abscissa
is the depth. Arsenic is red �gray� and silicon is blue �light gray�.
The thin horizontal line corresponds to 6.5�1020 cm−3 and the
vertical line to 30 nm in depth.

FIG. 2. �a� Typical processed STEM image of a nondoped area
viewed from the �001� direction. Horizontal and vertical axes rep-

resent the �110� and �11̄0� directions, respectively. All columns in
the 16�16 array have a similar contrast. A raw STEM image is
shown at the lower right �contrast is enhanced to distinguish the raw
and processed images�. �b� Typical processed STEM image of As-
doped area viewed from the �001� direction. Some columns are
clearly brighter than others. These columns contain one or more As
atoms in a certain defocusing range around the focal position. A raw
STEM image is shown at the lower right.
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umns exhibits an enhanced tail at higher intensity superim-
posed on a Gaussian function similar to that for the non-
doped areas. Therefore, the intensity component due to the
doped columns, corresponding to the enhanced tail, broad-
ens, which is different from the previous result for Sb-doped
silicon, where the intensity was found to be constant regard-
less of the position of the Sb atom along the column.13 Such
broadening of the intensity histogram suggests that the image
intensity of the column depends on the position of As atom
along the column.

STEM images of a silicon �001� crystal doped with As
atoms were simulated using multislice calculations.26 The
model structure consisted of 19 unit cells �10.3 nm thick-
ness� along the �001� direction, where an As atom was sub-
stituted for a silicon atom located in the center of the column
�the tenth cell from the top�. As shown in Fig. 4, the intensity
ratio of the doped to nondoped column was found to change
depending on the focal position. A maximum ratio of 1.4 was
obtained when the electron probe was focused on the doped
atom, and a value of 1.3–1.4 was obtained within the 2.7 nm
defocusing range while it decreased rapidly to 1.0 outside of
this range. The simulation results suggest that the STEM
image corresponds to a sectioning image of a 2.7-nm-thick
slice around the focal position. When the substituting As
atom was close to the top surface �the fourth cell from the
top� or the bottom surface �the 16th cell from the top�, the
dependence of the intensity on the amount of defocus was
similar to the case for an As atom in the middle of the col-
umn, and the defocusing range was calculated to be 3.3 and
2.7 nm, respectively. Although the defocusing range had a
tendency to be slightly wider when the As atom was located
near the top surface, this effect was small enough to be ig-
nored.

We also calculated the intensities for double-doped col-
umns on the condition that the first As atom substitutes for a

silicon atom located in the center of the column �the tenth
cell from the top� and the focal position of the incident con-
vergent electron beam is in the same plane as the As atom.
The ratio of the intensity to that of the nondoped column is
1.40, 1.40, 1.52, 1.43, 1.41, and 1.40, respectively, when the
second As atom substitutes for a silicon atom located at the
first, third, fifth, 15th, 17th, and 19th cell from the top. The
intensity ratio is not affected by placing the second As atom
outside of the 5.4 nm defocusing range �corresponding to a
thickness of ten unit cells�. On the other hand, the intensity
ratio is higher than 1.4 when the second As atom is located
within the 5.4 nm defocusing range but its statistical prob-
ability is rare �below 0.05%� based on a binomial distribu-
tion.

Based on these results, we constructed theoretical inten-
sity histograms for a 10-nm-thick silicon specimen with a
concentration of As dopant of 1.0%, 1.2%, 1.4%, or 1.6%.
The dopant atoms were assumed to be fairly uniformly dis-
tributed within the specimen. The ratios of nondoped, single-
doped, and double-doped columns were determined using a
binomial distribution and the defocusing dependence of the
column intensity was based on the simulation results. Using
the least-squares method, we found that the calculated histo-
gram for the 1.2% concentration most closely matched the
experimental results, as shown in Fig. 3�b�. This is in accor-
dance with the concentration estimated by SIMS. When the
concentration was more than 1.4%, the area of the enhanced
tail in the histogram became larger whereas when it was less
than 1%, the area of the main peak became larger.

As shown in Fig. 3�b�, the calculated histogram is com-
posed of three different components: one representing non-
doped columns, one representing columns containing one or
two As atoms within the 2.7 nm defocusing range, and one

FIG. 3. �Color online� Histograms of column intensity ratios for
nondoped and As-doped areas. �a� The ratio of the column intensity
to the average intensity was obtained for approximately 3000 col-
umns in several different nondoped areas. The vertical axis is the
intensity ratio �the minimum unit is 0.01�. The Gaussian function
�blue/dark gray curve� has a standard deviation of 0.1 around the
average intensity. �b� The column intensity normalized by the aver-
age intensity of the nondoped columns was obtained for approxi-
mately 3000 columns in several different As-doped areas. An en-
hanced tail appears in addition to the Gaussian distribution due to
the nondoped columns. Fitting curve �bold purple/dark gray curve�
is obtained for a 1.2% dopant concentration. It is composed of three
different components: nondoped columns �bold blue/black curve�,
columns containing As atoms within the 2.7 nm range �bold red/
gray curve�, and containing As atoms outside of the 2.7 nm range
�thin red/gray curve�.

FIG. 4. �Color online� Simulated intensity ratio of an As-doped
column to a nondoped one as a function of defocusing. �a� Sche-
matic of the atomic arrangement on the �001� plane of As-doped
silicon in which an As atom is located in the center. �b� Intensity
ratio as a function of defocusing. The ordinate is the amount of
defocus, where zero is defined as the position of the As atom. The
abscissa is the intensity ratio. When focusing the probe within a 2.7
nm range around zero, the intensity ratio is above 1.3 �as indicated
by the red arrow�.
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representing all other doping cases. The two doping compo-
nents have a Gaussian-type shape with center intensity ratios
of 1.05 and 1.35 �indicated by thin and bold red/gray curves
in Fig. 3�b�, respectively�. The curves overlap to some ex-
tent, with an intersection point at roughly 1.3. About 70% of
columns with an intensity ratio above 1.3 correspond to the
case of a single or two As atoms within the 2.7 nm range.

In the HAADF-STEM image for the doped area shown in
Fig. 5�a�, the columns indicated by red circles have intensity
ratios greater than 1.3 and represent 25 out of about 460
columns. Among these 25 columns, about 18 correspond to
the case of a single or two As atoms within the 2.7 nm
defocusing range. This result provides important information
for investigating segregation of dopant atoms. Especially, it
is possible to determine the types of dopant clusters that exist
since the image is taken by viewing along the �001� direc-
tion. The left-side model of Fig. 5�b� is a dopant pair, DP2.27

The STEM image shows two different contrast patterns by
viewing from the different �001� directions. One is two

doped columns separated by twice the nearest-neighbor col-
umn distance and the other by the second-nearest neighbor.
Therefore, in the �001� observation, these two patterns occur
when a DP2 cluster exists. Furthermore, we propose a new
cluster named a “facing donor pair,” FDP2, as shown in the
right side of Fig. 5�b� by taking into an account that a DP2 is
a kind of combination of two As atoms in a six-membered
ring of silicon crystal. The facing donor pair has two As
atoms facing each other in the six-membered ring. The
STEM image shows two doped columns separated by the
nearest-neighbor column distance and also by the fourth
nearest-neighbor distance. In Fig. 5�a�, two possible DP2
clusters are indicated by thin yellow ellipses and two pos-
sible FDP2 clusters by bold yellow ellipses, although the
position of the dopant atoms on their respective columns
cannot be precisely determined. In a total of ten different
HAADF-STEM images, patterns such as those seen in Fig.
5�b� were observed only rarely. Although it is possible that
such DP2 or FDP2 clusters exist in highly doped silicon
following rapid thermal annealing, the probability of their
occurrence seems very low.

We performed observations on As-doped silicon crystals
with several specimen thicknesses and found that the in-
creased brightness of the doped columns was more clearly
visible for the thinnest specimens. We believe that this is due
to the reduction in multiple-scattering effects in such thin
specimens, leading to enhanced contrast within the defocus-
ing range. The �001� observation results suggested the pres-
ence of certain types of dopant clusters, although the prob-
ability of their occurrence was very low. In the near future,
we hope to obtain a 3D mapping of dopant atoms or clusters
in silicon crystals by reducing the amount of statistical er-
rors.

IV. CONCLUSION

Individual arsenic atoms in doped silicon crystal have
been visualized using our developed spherical aberration cor-
rected electron microscope �R005�. By the use of a highly
convergent electron probe and by viewing very thin doped
silicon crystals along the �001� direction, arsenic dopant at-
oms were found to be uniformly distributed within a 2.7-nm-
thick slice through the crystal. In the near future, it is ex-
pected that mapping of the three-dimensional dopant
distribution in a silicon device will be possible.
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