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The strain effects in and the crystal structures of self-assembled InAs/GaAs quantum dots~QDs!
were investigated by using transmission electron microscopy~TEM!. The in-plane lattice constant
of the InAs QDs was larger than that of the GaAs substrate, and the vertical lattice constant of the
InAs QDs was smaller than that of the InAs bulk. The variation of the lattice constant for the InAs
QD originated from the strain effect. A schematic diagram of a strained InAs QD based on the TEM
results, indicative of the strain distribution around the QD, is presented. ©2003 American Institute
of Physics. @DOI: 10.1063/1.1612894#
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The formation of self-assembled InAs quantum d
~QDs! on GaAs substrates has attracted much interest du
their use in promising nanoscale devices such as QD las1

optical memories,2 and QD infrared photodetectors.3 Nano-
scale devices utilizing QDs can be fabricated without an
ditional lithography process because QDs already main
discrete atom-like energy levels with good optic
properties.4 Self-assembled QDs in lattice-mismatched s
tems, such as InAs/GaAs and SiGe/Si QDs, can be achie
by using the Stranski–Krastanow~SK! growth mode.5 In the
SK growth mode, the mismatched layer grows on the s
strate two-dimensionally during the initial stage; then, abo
a critical thickness, strain-induced and dislocation-free Q
with a three-dimensional shape are formed on a residual t
dimensional wetting layer.6 An appropriate regulation of the
optimized growth conditions may provide the possibility f
controlling precisely the size and the density of the QDs7

The shapes and the sizes of QDs are important par
eters in determining their electrical and optical propertie8

The microstructural parameters of QDs are generally inv
tigated by using transmission electron microscopy~TEM!,9

atomic force microscopy~AFM!,10 scanning tunneling mi-
croscopy~STM!,11 and x-ray diffraction~XRD!.12 AFM and
STM measurements have been generally performed to m
sure the surface morphologies of QDs. XRD measurem
have been carried out to measure the average strain r
ation of QDs in dots-in-a-well. TEM measurements are
only powerful tool for investigations of buried QDs. Also
under the usual on-zone axis or two-beam imaging condit
a diffraction contrast image is formed mainly by the stra
field around the QDs. By using high-resolution TE

a!Electronic mail: hslee0409@kaist.ac.kr
b!Author to whom correspondence should be addressed; electronic

twk@hanyang.ac.kr
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~HRTEM!, we can study the shapes and the sizes of the Q
and measure the lattice constant of the QDs directly. The
fore, among the various measurement methods, HRT
measurements are a particularly powerful tool for investig
ing the strain distribution around an island.13

This letter reports data for the strain distribution arou
islands in lattice-mismatched InAs QDs on~100! GaAs sub-
strates. In particular, the lattice relaxation of the se
assembled InAs QDs on~100! GaAs substrates was invest
gated by using HRTEM measurements. A possible cry
structure for the InAs QDs is presented on the basis of
HRTEM results.

The samples used in this work were grown on sem
insulating~100!-oriented GaAs substrates by using molec
lar beam epitaxy, and the surface coverage due to molec
adsorption was studied by using a reflection high-ene
electron diffraction~RHEED! system. The substrate temper
ture was monitored with an infrared pyrometer. The nat
oxide layer on the substrate surface was thermally remo
at 530 °C under an As4 pressure of approximately 1025 Torr.
The InAs and the GaAs growth rates were set to 0.077
1.42 monolayers~ML !/s, respectively. The whole growt
process was controlled by usingin situ RHEED. Two kinds
of the samples were grown. Sample S1 was a single la
consisting of QDs, and sample S2 was a five-stacked laye
QDs. Both samples were grown without capping layers. T
QD samples in this study consisted of the following stru
tures: First, a 100-nm-thick GaAs buffer layer was grown
a GaAs substrate at 530 °C. Then, the substrate temper
was lowered to 410 °C for the growth of a single layer a
five periods of the InAs/GaAs QD array. Finally, a 1.5 M
InAs wetting layer was deposited, followed by a 4 nmGaAs
spacer layer after a 20 s growth interruption.

The TEM observations were performed in a JEM 30
transmission electron microscope operating at 300 kV. T
il:
6 © 2003 American Institute of Physics
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samples for the cross-sectional TEM measurements w
prepared by cutting and polishing with a diamond paper t
thickness of approximately 30mm and then argon-ion mill-
ing at liquid-nitrogen temperature to electron transparenc

Figure 1~a! is a HRTEM image of sample S1 showing a
InAs QD formed on a GaAs substrate. The side facets of
island consist of$113% planes, which is in reasonable agre
ment with the RHEED results.14 The lattice constants of th
vertical components of the GaAs substrate and the InAs
determined from Fig. 1~a! are 0.5653 and 0.5909 nm, respe
tively. The lattice constants of the horizontal components
the GaAs substrate and the InAs QD determined from F
1~a! are similar to those of the GaAs bulk. This result ind
cates that InAs QDs receive a compressive strain. To inv
tigate the magnitude of the strain and the stress of the I
QDs, we assumed that during the initial stage, the InAs Q
were pseudomorphically grown on GaAs substrates.
crystal structure of the InAs layer can be simplified by us
the atomic structure due to only the strains in the biax
direction. A possible schematic diagram of the~110! projec-
tion of the crystal structure for an InAs/GaAs QD, takin
into account strain effects, is shown in Fig. 1~b!. The rela-
tionship between the biaxial stress (s i) and the strain (« i)
components is given by

Fs1

s2

s3

G5FC11 C12 C12

C12 C11 C12

C12 C12 C11

G F «1

«2

«3

G , ~1!

whereCi j is the elastic modulus of thei j component. When
the InAs layers are grown on GaAs substrates, they recei
compressive strain. When the InAs wetting layer is pseu

FIG. 1. ~a! A cross-sectional high-resolution TEM image along the@110#
zone axis of a single layer of the InAs/GaAs QD without a capping layer.~b!
A possible schematic diagram of the~110! projection of the crystal structure
for an InAs/GaAs QD, taking into account strain effects.
Downloaded 18 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract
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morphically grown on GaAs substrates, since the value ofs3

is zero, the other components of the strain are given by

«352
2C12

C11
«1 . ~2!

If the elastic modulus of the InAs layer and Eq.~2! are
used, the magnitude of the strain in the vertical direction,
strain component in the horizontal direction, the lattice co
stant of the InAs layer, and the stress component in the
tical direction can be obtained. The calculatedc-axis lattice
constant of the InAs layer is 0.6431 nm. This value is diffe
ent from the measured value of 0.5909 nm. This result in
cates that the formation process for InAs QDs is not o
pseudomorphic. The angle between the^110& and the^111&
directions for the InAs layers is 64.44°.

Figure 2~a! is a HRTEM image of sample S2 corre
sponding to the top region of five vertically stacked QD la
ers without a capping layer. The vertical components of
lattice constants of the GaAs substrate and the InAs QD
termined from Fig. 2~a! are approximately 0.5653 an
0.5690 nm, respectively. However, the parallel compon
~0.5741 nm! of the lattice constant of the InAs QD is slightl
larger than that~0.5653 nm! of the GaAs substrate. Thi
means that the InAs QD receives a compressive strain. H
ever, the lattice constant of an edge side of a QD denoted
‘‘A’’ region in Fig. 2 is larger than that of the core side of
QD denoted by ‘‘B’’ region. The angle between the^110& and
the ^111& directions for the InAs layers is 54.91°. A possib
schematic diagram of the~110! projection of the crystal
structure for an InAs/GaAs QD, taking into account stra
effects, is shown in Fig. 2~b!.

Figure 3 shows schematic diagrams of a strain-relaxa
process of an InAs/GaAs QD, indicative of the strain dist

FIG. 2. ~a! A cross-sectional high-resolution TEM image along the@110#
zone axis of a five-stacked layer of the InAs/GaAs QD without a capp
layer.~b! A possible schematic diagram of the~110! projection of the crystal
structure for an InAs/GaAs QD, taking into account strain effects.
. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions
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bution around the island;~a! the surface of GaAs substra
before deposition of an InAs layer,~b! the surface after de
positing one monolayer deposition of an InAs layer,~c! the
surface after attachment of a partial InAs layer, and~d! the
preferential arrangement of In atoms and As atoms due
strain effect between the InAs island and the GaAs substr
It is reasonable to assume that the lattice constant of
island approaches that of unstrained InAs; thus, the isla
become less strained regions. Since the island has a fi
lateral dimension, a relaxation of the lattice strain existing
the island can occur, and the island can expand laterally
a result, the value of the lattice strain in three-dimensio
islands is smaller than that in two-dimensional regio

FIG. 3. Schematic diagrams of a strain-relaxation process of an InAs/G
QD: ~a! the surface of GaAs substrate before deposition of an InAs layer~b!
the surface after depositing one monolayer deposition of an InAs layer~c!
the surface after attachment of a partial InAs layer, and~d! the preferential
arrangement of In atoms and As atoms due to strain effect between the
island and the GaAs substrate. The in-plane lattice constant of the isla
higher than that of the two-dimensional region due to partial strain re
ation.
Downloaded 18 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract
to
te.
e

ds
ite
n
s
l
,

where the strain of the wetting layer is thought to be u
formly distributed. Since a cubic unit cell in the InAs wettin
layer is initially distorted into a tetragonal cell, the later
relaxation of the lattice strain in the InAs QD occurs. T
in-plane lattice constant of the QD is higher than that of
two-dimensional region because of a partial relaxation of
strain, as shown in Fig. 2. Therefore, the effective param
of the lattice mismatch of the island decreases when go
from the bottom atomic layer to the top layer.

In summary, the strain distribution around a QD isla
was observed by using HRTEM. The in-plane surface latt
parameter of the InAs layer was determined to investig
the strain relaxation behavior of the InAs QDs. A schema
diagram of a strained InAs/GaAs QD was presented on
basis of the HRTEM results. These results provide import
information on the growth process for and the stra
relaxation behavior of InAs/GaAs QDs.

This work was supported by Grant No. R02-2003-00
10030-0 from the Basic Research Program of the Kor
Science and Engineering Foundation.
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