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ABSTRACT 

A molecular beam epitaxy-grown In0.2GaojjAslGaAs strained layer structure has 
been studied by scanning tunneling microscopy in cross-section on the (1 10) cleavage 
plane perpendicular to [OOl] the growth direction. Individual indium atoms were differ- 
entially imaged in the group III sublattice, allowing a direct observation of the interface 
roughness due to the indium compositional fluctuation. In the Ino.2Gag.8As layers, 
Indium atoms are found in clusters preferentially along the growth direction with each 
cluster containing 2-3 indium atoms. Indium segregation induced asymmetrical interface 
broadening is studied on an atomic scale. The interface of In0.2Gq.8As grown on GaAs 
is sharp within 2-4 atomic layers. The interface of GaAs grown on In0.2Gao.8As is found 
to be broadened to about 5-10 atomic layers. The atomic scale fluctuation due to indium 
distribution is about 20 A along the interface in this case. We conclude that clustering 
and segregation are the main reason for the Ino.2Gag.8As/GaAs interface roughness. 

INTRODUCTION 

InGaAdGaAs strained-layer heterostructures have received increasing attention in 
recent years because of their potential application in both optoelectronics and field effect 
transistors. These applications make use of the narrow band gap of InGaAs for infrared 
optoelectronic devices and the small electron effective mass for high frequency transis- 
tors. However, interface quality has been a crucial issue in the use of this heterostructure 
system. Due to lattice mismatch? high quality InGaAs layer can only be prepared by the 
controlled pseudomorphic growth of a layer with thickness below the critical value,l so 
that a strained-layer structure is formed without misfit dislocations. The interface quality 
is influenced by the indium segregation during the growth and is subject to active 
studies.2-8 

Atomic scale studies of IIIIV semiconductor heterostructures are traditionally per- 
formed by transmission electron microscopy (TEM).9 However, the TEM images are 
formed by 10-100 layers of atoms essentially averaging the information on an atomic 
level. In addition? TEM does not have chemical sensitivity to differentiate individual 
atoms in a non-periodic arrangement in the lattice. Photoluminescence (PL) studies of 
semiconductor quantum well structure interface roughness is limited in resolution by the 
exciton diameter (- 100A).ro Scanning tunneling microscopy (STh4) is a powerful tech- 
nique for the study of localized geometric and electronic structures of surfaces.11 STM 
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has shown the capability to distinguish different atomic species via their local electronic 
structure.12-13 A recently developed approach applies STM in cross-section, allowing the 
study of 111-V heterostructures with atomic resolution. 14-16 

Here we report the first direct observation of the spatial distribution of individual 
indium atoms in GaAs/In0.2Ga0.8As/GaAs strained layers. Indium is found to cluster 
along the growth direction within the Ino.2Ga0.8As. Indium segregation at the 
GaAs/Ino.zGag.gAs/GaAs interfaces and the resulting asymmetrical broadening is also 
studied on an atomic scale. We propose that clustering and segregation are the main rea- 
son for the roughness of GaAs/Ino.2Gao8As/GaAs interfaces. 

EXPERIMENTAL 

The studies were conducted using STM in cross-section in an ultra-high-vacuum 
(UHV) environment (8 x 10-11 Torr). The sample is a multiple quantum well structure 
with three undoped 80A-thick Ino.2Gag.8As layers as quantum wells separated by two 
undoped l o o h h i c k  GaAs layers as barriers. The 80A Ino.2Gag.8As layer is below the 
critical thickness so that no dislocations are present and the structure is strained. 1 The 
sample was grown by MBE at 540°C on [OOl] oriented n+ GaAs substrate. It is exposed 
for STM studies by cleavage in UHV along the (110) plane, perpendicular to the [OOl] 
growth direction. The STM system used for this study is homemade and has been de- 
scribed previously.16 The STM tips are electrochemically etched Pt-Rh wires (0.25 mm 
in diameter), and all images were taken in a constant current mode. 

RESULTS AND DISCUSSION 

1. Images of individual indium atoms 

First we show a 20001i x 2000A STM image with the strained-layer 
GaAs/Ino.2Gw.8As/GaAs MQW’s viewed in the cross-sectionally cleaved (1 10) surface 
(Fig. 1). The three 80W-thick Ino.2Gag.8As wells are imaged as the brighter bands run- 
ning from the bottom left to top right and are separated by two slightly darker GaAs lay- 
ers. The irregular black and white bands from bottom right to the top left are single 
atomic steps created by the cleavage. 

~ i g .  I. 200o.A x 200oA STM image of the cleaved (1 10) surface. The 
image is acquired with a tunneling current of 0.5 nA at sample bias of 
-2.0 V. Three In~.2Gag.gAs multiple quantum wells appear as white 
bands running from bottom left to top right, superimposed on the 
atomic steps created by the cleavage. 

Zooming in the re@on enclosed by a box in Fig. 1, we see a l50A x 120A STM 
image with atomic resolution (Fig. 2). It shows the GaAs on InGaAs and the InGaAs on 
GaAs interfaces. The image is taken at positive sample bias, corresponding to electrons 
tunneling from the tip to the empty states of the sample surface. Since empty states are 
located preferentially at the group 111 (cation) sites, the atoms imaged in the GaAs region 
are gallium and those in  the Ino.2Gag-8As region are gallium or indium. In this image, 

2 



most important is the presence of bright atoms which are ascribed to Indium atoms at the 
group III lattice sites as discussed below. 

Fig. 2. 150A x 120A STh4 image 
from obtained the boxed area in 
Fig. 1. The nominal interface of 
In0.~Ga&8As grown on GaAs is 
indicated by the white dots. The 
image was acquired with a 
tunneling current of 0.5 nA at 
sample bias of +2.0 V. A few 
indium atoms in clusters are indi- 
cated by arrows. 

Fig. 3 is an expanded empty state STM image of an area inside Ino.2Gao.8As 
layer. In this image, the observed individual brighter atoms have higher corrugation 
(-0.3 higher, as seen in Fig. 3b). We assign these brighter atoms to indium, based on 
the following arguments. First, the fraction of these brighter atoms is constant in all STh4 
images and accounts for 20 k 5% of all the group 111 sublattice sites in the images, which 
agrees well with the nominal concentration of 20% In. Second, since indium is associ- 
ated with empty states with lower energy than gallium, the tunneling probability is larger 
when the tip is located at the indium site rather than at the gallium site (Fig. 3c). The 
higher corrugation of indium is the result of this electronic effect. 

( C )  

Fig. 3 . (a) Expanded STM image of the empty states 
in the In0.2Gao.8As region, showing brighter atoms 
which are attributed to indium. The image was 

~ acquired with a tunneling current of 0.5 nA at a 
.' ' sample bias of +2.0V. (b) Line profile along the 
- ,  mows at C and D shows the variation in corrugation 

: from the brighter to dimmer atoms. (c) Energy band 
diagram illustrating the electron tunneling process. 
The tip-induced band bending at the semiconductor 
surface is considered. The lower energy of the In- 

,,b) '. =tance (A) . - . .. . states explains the higher tunneling probabilities and 
their bright appearance. 

2. Indium clustering in In0.2Gao.gAs alloy 

Close inspection of many images reveals that the ternary Ino.2Gag.gAs alloy re- 
gion tends to have 2-3 grouped indium atoms that are seen on the (1 10) plane. We as- 
cribe this to a clustering of indium atoms. A few of these are indicated by arrows in Fig. 
2. Statistically, 90% of the clusters contain 2-3 indium atoms. We found that the indium 
atoms are aligned preferentially along the [OOl] growth direction, as seen by the chains of 
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brighter atoms in Fig. 2. We disregarded the possibility of plate-like clustering on the 
(1 10) planes (perpendicular to the surface) that are imaged edge-on. If it was plate-like 
on the (110) plane, this should also be seen on the (110) cleavage plane, because it is 
identical to (1 10) by symmetry. Thus the clustering was concluded to be preferentially 
chain-like along the [OOl] growth direction. In the GaAs region near the Ino.2Ga08As 
layer, some slightly bright atoms are due to clusters of indium located in the second layer 
below the cleavage surface. 

We suggest that the observed clustering is the result of local strain. In substitu- 
tional ternary TlIN semiconductors with two group III elements, there is the possibility of 
clustering just as a result of random arrangement when the percentage of the substitu- 
tional group III elements is large enough. However, random clustering should lead to a 
wide distribution of cluster sizes.17 In our results, random clustering is very unlikely 
since 90% of the clusters contain 2-3 indium atoms. We propose the following explana- 
tion for the strain induced clustering (see Fig. 4). During the MBE growth of 
Ino.2GaggAs on GaAs, incorporation of indium into the group III lattice will cause strain 
because its size is larger than that of the gallium. Indium atoms tend to segregate on the 
growing surface and lead to a high concentration of surface indium adatoms.8 Near 
equilibrium, indium atoms can be incorporated into the lattice by kinetic freezing.2 Once 
an indium atom is at a group III site on the top growing layer, strain is built up locally. 
The strain is mostly in the horizontal (001) growth plane because the vertical strain is re- 
laxed due to the free surface. This strain tends to expand the lattice locally, and thus 
might favor the incorporation of a second indium atom at the site on top of the first one in 
the following growing layers. However, this process is not likely to form long columns 
with more indium atoms because the local strain along the clustering direction will pre- 
vent the incorporation of additional indium atoms. At this point, the conditions become 
more favorable for indium incorporation at a new site. In support of this argument, it was 
found that clusters containing more than three indium atoms occu  less frequently. 

e - G a  oIn --Strain 

0 090 0 90 
C . .  . . . . . .- 
e e Q e !OI e e 

Fig. 4. A schematic model showing the suggested growth process: indium incorporation in group I11 
lattice. The view is on the (1 10) plane. Arsenic atoms are not shown. Open circles &e indium atoms and 
filled circles refer to gallium atoms. (a) An indium atom is incorporated into the top growing layer. (b) 
This indium atom expands the lattice horizontally, making the incorporation of another indium on the top 
site in the next growing layer favorable. (c) When an indium is on top of the other in a solid phase, strain 
along the growth direction starts to build up. Thus additional indium atoms get more favorable 
incorporation in a new site. 

t 
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3. Asymmetrical interface broadening 

3 

In Fig. 2, we see directly that the interface of In0.2Gag.8As grown on GaAs is 
quite abrupt within the first 2-4 atomic layers. However, the interface of the GaAs grown 
on In0.2GaggAs is diffuse within 5- 10 layers, with some indium atoms incorporated deep 
in the GaAs layer. Fig. 5 shows clearly the asymmetric broadening of the interfaces. 

I Nonninal Interface Position 

I 1-1 I l ~  I I 
Growth Direction 

I 
Fig. 5. Distribution of indium atoms across 

G ~ A S  1 the GaAsDng.@~.gAs/GaAs heterostruc- 
ture. The vertical bars are calculated by 
counting the fraction of indium atoms in 
rows of group 111 atom along the (1 10) di- 
rection. The total number of atoms for each 
bar is about 100. The position of the zero 

C 
0 

c4 

I 

' 0 
l6 24 32 '15 72 

Number of Atomic Layers along Growth Direction (0) layer is &i&ly. 

During MBE growth of InGaAs, excess indium tends to segregate on the growing 
surface.8 In the growth of the first few atomic layers of InGaAs when the top growth 
surface is not uniformly rich with segregated indium, incorporation of indium is 
inhomogeneous. Thus the Ino.2GaggAs on GaAs interface is wavy. After several layers, 
when sufficient segregated indium exist on the growing surface, the Ing.2GaggAs will 
grow with more uniform indium incorporation. At the GaAs on In0.2Gao&s interface, 
on the other hand, the excess indium on the growing surface is incorporated into 5-10 
layers, resulting in the observed diffused interface. It is interesting to notice that the 
indium atoms incorporated deep inside the GaAs region also form indium clusters 
containing -2 indiums and are oriented along the growth direction, similar to those inside 
the In0.2GaggAS. The discussion above allows us to conclude that clustering and 
segregation are the main reason for interface roughness in this system. 

The asymmetrical interface broadening observed here directly is consistent with 
previous studies by photoelectron spectroscopy7 and by TEM chemical lattice image 
studies of InGaAslAlGaAs heterostructure. 18 The interface roughness fluctuates along 
the interface with a length scale of about -20 A, as directly seen here in Fig. 2. While 
photoluminescence (PL) indicates flat interfaces of GaAs/In0.2Gag.gAs/GaAs 
heterostructures,19 PL does not probe fluctuations smaller than the confined exciton 
diameter (- 100 A). 
CONCLUSIONS 

In summary, we have used cross-sectional STM to study atomic scale interface 
structure of strained-layer Ino,2Gag.8As/GaAs multiple quantum wells. STM is capable 
of directly imaging the individual indium distribution in Ino.2GaogAs on an atomic scale. 
We find that indium clusters preferentially in Ino.2Gao.8As along the growth direction and 
the clusters contain 2-3 indium atoms. We attribute the clustering to the minimization of 
local strain during growth. In addition, segregation-induced asymmetrical interface 
broadening was studied on an atomic scale. The interface of In0.2Gag.8As/GaAs is abrupt 
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within 2-4 atomic layers and that of GaAs/Ino.2Gag.gAs is broad to -5-10 atomic layers. 
We suggest that the roughness of the Ing.2GaggAs/GaAs interface is the result of indium 
clustering and segregation. 
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