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Abstract: We show in this article that it is possible to obtain elemental compositional maps and profiles with
atomic-column resolution across an InxGa1�xAs multilayer structure from 5th-order aberration-corrected
high-angle annular dark-field scanning transmission electron microscopy ~HAADF-STEM! images. The com-
positional profiles obtained from the analysis of HAADF-STEM images describe accurately the distribution of
In in the studied multilayer in good agreement with Muraki’s segregation model @Muraki, K., Fukatsu, S.,
Shiraki, Y. & Ito, R. ~1992!. Surface segregation of In atoms during molecular beam epitaxy and its influence on
the energy levels in InGaAs/GaAs quantums wells. Appl Phys Lett 61, 557–559# .
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INTRODUCTION

High-angle annular dark-field scanning transmission elec-
tron microscopy ~HAADF-STEM! is a good technique to
determine the composition of materials with high spatial
resolution, because high-resolution electron microscopy im-
ages with strong atomic-number ~Z! contrast are obtained
~Pennycook & Boatner, 1988!. From the 1990s, HAADF-
STEM has been used in combination with spatially resolved
electron energy loss spectroscopy ~EELS! because both tech-
niques provide chemical analysis with atomic resolution
~Browning et al., 1993; Browning & Pennycook, 1996!. The
development of spherical aberration correctors for STEM
improved the signal-to-noise and spatial resolution ~Nellist
et al., 2004!, making possible adequate direct interpretation
of HAADF-STEM images ~LeBeau et al., 2008, 2009; Heidel-
mann et al., 2009; Molina et al., 2009; Van Aert et al., 2009!.
Thanks to the introduction of 5th-order aberration-corrected
systems into STEM, it is possible to improve the signal-to-
noise ratio ~Krivanek et al., 2008! with respect to previous
aberration correctors, allowing nowadays the identification
of atom-by-atom into a nonperiodic material using annular
dark-field ~ADF! imaging at low voltage ~Krivanek et al.,
2010!.

Although aberration-corrected HAADF-STEM imag-
ing can be applied to a wide variety of materials, in the
semiconductor field the application of this technique consti-

tutes a great advance given that small composition fluctua-
tions determine the optoelectronic properties of a material.
In this work, we show that atomic-column resolution com-
positional profiles can be obtained in In~Ga!As/GaAs epi-
taxial layers from experimental HAADF-STEM images taken
with a 5th-order aberration-corrected scanning transmis-
sion electron microscope. The compositional profiles ob-
tained in this way have been found to agree with profiles
predicted by a theoretical segregation model ~Muraki et al.,
1992!.

MATERIALS AND METHOD

The microscope used in this work is the 5th-order aberration-
corrected STEM Nion UltraSTEM 100TM ~Krivanek et al.,
2010!. High-resolution aberration-corrected HAADF-STEM
images were acquired at 100 kV. The inner detector angle is
80 mrad, the outer is 200 mrad, and the convergence
semiangle ~virtual objective aperture size! is about 30 mrad.
Further details of the microscope appear in Krivanek et al.
~2008!.

The sample we have analyzed consists of two InAs layers
of 1.4 monolayers ~ML! and 0.9 ML of InAs, respectively,
grown by molecular beam epitaxy ~MBE! on a GaAs ~001! at
a substrate temperature of 5008C, growth rate rg ~InAs! �
0.01 ML/s, and As4 beam equivalent pressure BEPAs4 � 5 �
10�7 Torr, separated by 4 nm of GaAs. The growth of this
layer is performed by the atomic layer MBE growth tech-
nique at a substrate temperature Ts � 4508C, growth rate rg
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GaAs � 0.5 ML/s, and beam equivalent pressure BEPAs4 �
2 � 10�6 Torr and covered by a 155 nm thick GaAs capping
layer. Cross-sectioned electron-transparent specimens were
prepared following standard procedures, thinning down to
100 mm by mechanical grinding and dimpling down to
20 mm. Electron transparency was obtained with a precision
ion polishing system at up to 3 keV and 38 of beam tilt to
minimize damage in the sample.

We have used a method developed by the authors and
previously published ~Molina et al., 2009! to measure atomic
column by column the percentage of In and Ga atoms on
each cationic column, from the analysis of normalized
integrated intensities. The method was originally developed
for InAsxP1�x alloys, but we have verified its validity for
other III-V ternary alloys. As we know from previous exper-
imental and simulation works ~Molina et al., 2009!, extrap-
olated in our case for InxGa1�xAs, the ratio R for each
atomic column ~the cationic columns in the present work!,
defined as the ratio between the intensity integrated around
an Inxi

Ga1�xi
column ~in Inxi

Ga1�xi
As! and the intensity

integrated around a Ga column ~in GaAs!, keeps a lineal
relation with the xi composition, as it is expressed in the
following equation:

Ri � 1 � a{xi . ~1!

Constant a needs to be determined to know the chemical
composition in each atomic column. To do this, the follow-
ing procedure can be used: ~1! an area of the HAADF-
STEM image that contains the two layers of the sample,
from the substrate to the GaAs capping layer, is selected;
~2! the normalized integrated intensity analysis around each
cationic column is carried out, taking a zone of the GaAs
substrate as reference; ~3! the average value of R for each
monolayer is calculated and a profile with these R values is
traced across the structure; ~4! summing up all these aver-
age R values across the selected area, we have a number that
is related with the total amount of indium deposited with a
linear dependence. This relation is expressed in the next
equation, which results simply from summing up equation
~1! for the N monolayers analyzed:

(
i�1

N

Ri � N � a{(
i�1

N

xi , ~2!

where (i�1
N Ri is the summation of all average R values

associated to each monolayer, (i�1
N xi is the total amount of

indium deposited during the growth process, and N is the
number of MLs we have integrated. (i�1

N Ri is measured
directly from experimental images, (i�1

N xi is obtained from
reflection high-energy electron diffraction measurements
taken in situ during the MBE growth process, and N is the
number of MLs that are inside the selected area, taking care
that in this number of MLs both layers of interest have been
integrated. Knowing all of these parameters, isolating con-
stant a is straightforward. ~5! By substituting the value of a
in equation ~1!, the chemical composition of each cationic
column of the selected area is determined.

RESULTS AND DISCUSSION

Figure 1 shows a high-resolution HAADF-STEM image
of both In~Ga!As layers taken along the @110# zone axis.
Although only InAs has been deposited originally on both
layers, Ga atoms incorporate into them by a segregation
process during the growth of the GaAs capping layers. It
is worth mentioning that the image in Figure 1 was taken
at 100 kV, and, in spite of this low acceleration voltage,
anionic ~As! and cationic ~In-Ga! columns are clearly re-
solved. This is commonly obtained at 300 kV using a
3rd-order aberration-corrected scanning transmission elec-
tron microscope, and it has been reached at 100 kV in this
work thanks to the 5th-order correction of the spherical
aberration.

Figure 2a is a map of Ri values calculated in a selected
area. Each value of Ri is represented by a colored circle
superimposed to the corresponding atomic column posi-
tion of the HAADF-STEM image, and values of Ri are
presented in the left scale bar. The area taken as reference is
marked with a white rectangle. The integration window
used in the analysis is a selected area of 35 pixels of the
projected unit cell, as shown in the inset of Figure 2a. It has
been decided to use this integration window to minimize
the effect of the neighbor columns on the intensity mea-
sured at the cationic column ~In/Ga! positions. The average
R values of each monolayer across the two In~Ga!As layers

Figure 1. HAADF-STEM image of the two In~Ga!As layers sepa-
rated by 4 nm of GaAs. The first layer ~L1 indicates the nominal
location of this layer! was formed after depositing 1.4 ML on InAs
by MBE, and the second one ~L2 indicates the nominal location of
this layer! was grown at the same conditions as L1 but depositing
0.9 ML of InAs. The image has been recorded in a 5th-order
aberration-corrected scanning transmission electron microscope
operating at 100 kV. In~Ga!As layers present a contrast brighter
than GaAs.
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are represented in the profile of Figure 2b ~bottom ordinate
axis!. Error bars in this figure correspond to the standard
deviation. The value of the integrated area under the curve
is ( Ri � 48.364, and the amount of indium deposited
during the growth is 2.3 ML across N � 47 ML, thus the
constant a � 0.006. Introducing the value of a in equation
~1!, we have obtained the percentage of indium for each
atomic column. In Figure 2b we present an indium map.
The existence of two In~Ga!As layers separated by a GaAs-
rich interlayer is clearly confirmed in this figure. The upper
ordinate axis of the profile represents In composition across
the analyzed area. Two In-rich peaks are found, in good
agreement with the structure of the deposited bi-layer. In a
closer comparison between the intensity profile and the In
map, it is possible to observe that the maximum In contents
are shifted-up by one monolayer with respect to In~Ga!As
nominal locations.

During the growth process, a fraction of the deposited
In atoms are expected to segregate outward to the free
growth surface. Segregation can be described by using the
segregation efficiency coefficient Rs, which describes the
fraction of In atoms on the topmost layer that segregate to
the next layer. One of the most used models in the literature
depicting this effect is the Muraki’s segregation model ~Mu-
raki et al., 1992!. To understand the In segregation effects in
the studied sample, we have represented together experimen-
tal and theoretical In elemental compositional profiles in
Figure 3. The theoretical profile has been obtained from the
model proposed by Muraki, and the experimental profile is
an average of different chemical profiles that have been
obtained along @001# direction from a number of zones of
the sample. Each point corresponds with the In percentage
measured at each monolayer, and the error bars correspond
with standard deviations. It has been found that the best fit

between the experimental and modeled In profile occurs for
a segregation efficiency coefficient of Rs � 0.91 for both
layers ~L1 and L2!. The origin of coordinate N � 1 has been
set at the lower interface of layer L1 to compare the experi-
mental profile with the theoretical; thus, MLs with negative
values of N correspond to the GaAs substrate. As can be
observed, the maximum In content found in both layers is
similar, around 12%, slightly larger for L1, but in spite of L2
having a smaller nominal amount of In ~0.9 MLs in L2
versus 1.4 ML in L1!, both layers present similar In con-
tents. This result is due to a segregation effect during
growth, enhanced in the second layer due to the existence of
the first layer. Our analysis has allowed obtaining an In
distribution profile with atomic column resolution that has

Figure 2. a: Map of normalized integrated intensities of the cationic lattice superimposed onto the high-resolution
HAADF-STEM image. Note that areas with presence of indium atoms present higher intensities. The GaAs zone taken
as reference is delimited with a rectangle. The inset is a zoom of a dumbbell where the area selected ~black rectangle of
35 pixels! for each group V column is used to integrate intensities and calculate R ratios. b: In map and normalized
integrated intensity profile along @001# , averaged for each ML ~bottom ordinate axis!. In composition is represented at
the upper ordinate axis.

Figure 3. Experimental In compositional and Muraki’s segrega-
tion modeled profiles along @001# .
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revealed the importance of segregation in MBE growth, and
the effect in this segregation process of the existence of
another layer grown previously. These changes in composi-
tion will have a strong effect in the optoelectronic proper-
ties of these materials. Many techniques have been used to
evaluate the indium segregation in the literature such as
photoluminescence, Auger electron spectroscopy, X-ray
photoemission spectroscopy, secondary-ion mass spectros-
copy, and TEM, but now thanks to the 5th-order aberration
corrector family of STEMs that provide a better resolution,
it is possible to obtain a fast and direct interpretation of the
indium segregation effect.

CONCLUSIONS

In conclusion, we have shown that direct quantification of
the chemical composition with atomic column resolution
is possible from the analysis of 5th-order aberration-
corrected HAADF images. Elemental compositional profiles
obtained from these images fit with theoretical profiles
determined from Muraki’s segregation model. This fitting
has allowed quantification of the In segregation efficiency
coefficient for In atoms in InxGa1�xAs layers.
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