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Facets, indium distribution, and lattice distortion of InGaAs ÕGaAs
quantum dots observed by three-dimensional scanning transmission
electron microscope

Kazunari Ozasa,a) Yoshinobu Aoyagi, and Masaya Iwaki
The Institute of Physical and Chemical Research (RIKEN), 2-1 Hirosawa, Wako, Saitama 351-0198, Japan

Hiroki Kurata
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~Received 16 December 2002; accepted 14 March 2003!

Multiazimuth 360° observation of InGaAs/GaAs quantum dots~QDs! was performed with a 300 kV
scanning transmission electron microscope, where both cross-sectional and plan-view images of the
same specific QDs can be taken for a single specimen. The facet structure of truncated pyramids was
reconstructed from facet-enhanced bright-field images newly observed with the incident axes
slightly off from ^2552& or ^2332&, resulting in high contrast for the lattice distortion on (110)
facets of InGaAs QDs. Dark-field images for a large QD clearly indicate indium distribution inside
the large QD, originating from the coalescence of two small QDs during growth. Localized
relaxation of the lattices was observed, for the same large QD with indium content fluctuation, as
disturbed/disappeared moire-fringes in the images taken with the incidence around^2552&.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1572976#
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I. INTRODUCTION

Investigation of the optical and electrical properties
quantum dots~QDs! has revealed detailed carrier dynami
in QDs,1–5 in which atomic-scale information on QD shape
chemical composition, and lattice distortion6–12 are required
in three dimensions for further theoretical calculations
quantum effects in QDs. In order to obtain such atomic-sc
information for epitaxially grown semiconductor QDs, on
of the most effective ways is to employ a transmission el
tron microscope~TEM!. Facet images of large QDs11,13–15

and misfit dislocations16–20 have been reported based o
TEM observations. The largest disadvantage of conventio
TEM observations, however, is that one cannot obtain th
dimensional~3D! images of specific QDs but only eithe
plan-view images or cross-sectional images, depending
the specimen structure prepared. The facets of QDs and
locations have been discussed mainly based on cr
sectional images,17,19,20 whereas distribution of QDs an
moire fringes can be observed easily in plan-vie
images.16,18 Obviously, such exclusive observation results
limitations on the comprehensive understanding of the
shapes, chemical compositions, and lattice distortio

The disadvantage of conventional TEM observations
be overcome if one can prepare a fine cylindrical specim
and observe it three dimensionally with specim
rotation.21,22 In this paper, we describe the realization of 3
scanning transmission electron microscope~STEM! observa-
tion of such a cylindrical specimen of InGaAs/GaAs QD
The facet-enhanced images were obtained with the un
ventional incident axes found in this study, and the fa
structure of QDs was reconstructed from the images.
direct observation of indium content fluctuation and cor
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lated lattice distortion on the same specific large QD w
presented.

II. EXPERIMENT

The QDs of In0.5Ga0.5As were prepared on a GaAs(001
substrate with the conventional strain-induced self-assem
technology. Chemical beam epitaxy was employed to gr
InGaAs at 480 °C, using triethylgallium~TEGa!, trimethylin-
dium ~TMIn!, and precracked AsH3.23,24 The diameter,
height, and density of the QDs measured using an ato
force microscope were 3466 nm, 3-5 nm, and 6.9
31010cm22, respectively. The QDs were capped by am
phous Si~a-Si! by electron-beam deposition at room tem
perature. The selection ofa-Si rather than GaAs for cappin
is to emphasize the interface of the QDs/capping layer
STEM images by the difference in crystallinity, i.e., sing
crystal versus amorphous.

One of the key issues to realize 3D-STEM observation
the preparation of a fine cylindrical specimen, which co
tains the interface of QDs/capping layer along its rotat
axis. We achieved it using a type of micromachine techniq
i.e., focused ion beam~FIB! and microsampling21,25 for cut-
ting, mounting, and thinning the specimen. A small pie
~cube with side length approximately 10215mm2) of the
sample including the QDs/capping interface was quarried
from the sample surface and mounted on a metal~Mo! cyl-
inder base~0.9 mm diameter, 3.9 mm long!. In order to per-
form both the plan-view and cross-sectional observatio
the ^331& direction of the piece was adjusted to the rotati
axis of the cylinder base, as shown in Fig. 1~a!. The choice
of ^331& instead of thê 110& direction for the specimen ro
tation axis is to observe the QDs slightly off the^11n& fam-
ily axes such aŝ 0213&. By annular sputtering from the
^110& direction with 30 kV Ga1 FIB ~Hitachi FB-2000A!,
the piece was thinned down below 300 nm diameter. Fig
© 2003 American Institute of Physics
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1~b! shows the fabricated cylindrical specimen, which w
approximately 200-300 nm thick. The length of the cylind
was approximately 5mm, sufficiently large to search low
density defects. A detailed description of the specimen f
rication will be reported separately.26

The specimen was mounted on a holder with a pu
motor-driven specimen-rotation mechanism for 360° obs
vation with a fixed rotation axis (^331& direction in this
case!, or on a two-axis tilting holder with better incidenc
alignment but a limited rotation range of620°. The two
holders were designed to fit the conventional TEM/STE
system~Hitachi HF-3000!. For 3D observation, STEM wa
preferred to TEM because of its lower chromatic aberrat
for specimens thicker than 100 nm. The STEM system w
operated with a 300 kV field-emission electron beam~typi-
cally 10–30mA!, and equipped with two alternative electro
detectors; one for bright field images (,1.0 mrad) and the
other, which is a high-angle annular detector with a detec
angle of 40–200 mrad, for dark-field images. The ultim
STEM space resolution was estimated to be less than 0.5

III. RESULTS AND DISCUSSION

A. Cross-sectional and plan-view STEM observations

The cross-sectional STEM bright field image of the c
lindrical specimen is shown in Fig. 2~a!, taken with
^2110& incidence. The QDs were observed at the interfa

FIG. 1. ~Color! Schematic of cylindrical specimen with designed axis alig
ment~top! and scanning electron micrograph of the prepared specimen~bot-
tom!.
Downloaded 20 Jun 2005 to 137.132.123.74. Redistribution subject to AI
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of InGaAs/GaAs anda-Si, as hemispheres gently sloping
their edges, 6–7 nm in height and approximately 22 nm
base diameter@Fig. 2~b!#. In spite of the difference in speci
men structure/preparation, the images of the QDs obtai
with the cylindrical specimen are similar in quality to tho

FIG. 2. ~Color! STEM images taken with~a! and ~b! ^2110& incidence
~bright field!, ~c! approximately^21216& ~bright field!, and ~d! approxi-
mately^21216& ~HAADF image! incidence. Arrows indicate that the sam
specific QD can be traced with specimen rotation.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp



in

lit

s

be

o
te

r

by
D

on
ture,
is-

nd
the
ro-
a-
the

all

nd
ion
n
ion
ere

h-
ith

s

mid
, as
d
28
e of
b-
gu-
sed

re

per-
-

of
rast

ges
er-

-

ci-
led
r

315J. Appl. Phys., Vol. 94, No. 1, 1 July 2003 Ozasa et al.
obtained with the conventional thin-film specimen. A th
damage layer~approximately 10 nm! formed by the FIB pro-
cess was observed at the surface of specimen, but it has
effects on the STEM observation.

By rotating the cylindrical specimen 90° from the cros
sectional incidence, plan-view images can be observed
shown in Fig. 2~c!. Since the rotation axis was designed to
^331&, the incident axis was estimated to be^21216& @Fig.
2~c!#, which is 13° off from the conventional^001& incident
axis. The QDs were hardly resolved in Fig. 2~c!, probably
due to the greater thickness of the specimen and due to
Bragg diffraction. However, they were observed with bet

FIG. 3. ~Color! Facet-enhanced STEM image~a!–~c! and reconstructed
facet pyramid~d! and ~e!. ~a!, ~b!, and ~d! 20°-rotated, and~c! and ~e!
26°-rotated from̂ 2110&. The inset in~a! illustrates the observation direc
tion in ^331& projection image of QD.

FIG. 4. ~Color! Diffraction pattern for the facet-enhanced incidence. In
dencê 2552& is derived from main diffraction spots, but the spots encirc
suggests perturbed incidence of^2221&. Indexes for encircled spots are fo
reference.
Downloaded 20 Jun 2005 to 137.132.123.74. Redistribution subject to AI
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contrast ~so-called Z-contrast! in the high-angle annula
dark-field ~HAADF! STEM image@Fig. 2~d!#. Each of the
white specks in the image of Fig. 2~d! represents a single
QD.

We can observe the QDs with various incident axes
^331& axis rotation. Moreover, we can trace a specific Q
with rotation; the arrows in Figs. 2~b!–2~d! point out the
same single QD. It is highly potential for the investigation
the relationship among the shape of a certain nanostruc
location/surroundings, chemical composition, and lattice d
tortion, as described in the later section.

B. Facet-enhanced images of QDs

Among the various incident axes examined, we fou
particular axes with which the QDs were observed with
enhanced contrast of QD facets. With approximately 20°
tation from ^2110& incidence, the QDs appeared as pyr
mids with one side shadowed at a high contrast against
underlying GaAs@Fig. 3~a!#. The index ^2552& was as-
signed as the closest~within 6°! incident axis~Fig. 4!, but the
imperfect symmetry of the diffraction pattern suggests sm
off angles around̂2552&. The difference in electron-beam
diffraction between the epitaxially grown InGaAs QDs a
the underlying GaAs should be attributed to lattice distort
or strain effects,14,27 induced by lattice mismatch betwee
InGaAs and GaAs. We consider that the lattice distort
localizes on the QD facet surfaces, since the QDs w
capped with bond-flexiblea-Si. The diffraction around
^2552& ~and^2332& as described below! seems sensitive to
the localized lattice distortion. It was also found that a hig
contrast image of the bottom of the QDs was obtained w
the incidence 40°-rotated and 56°-rotated from^2110&, re-
vealing localized lattice distortion on the (001) GaA
interface.

By taking the incident axis~observation angle! into ac-
count and fitting the facet shapes to the observed pyra
shadow, the facet structure of QDs was reconstructed
shown in Fig. 3~b!. The best fitted structure is the truncate
pyramid formed by (110) and (111) facets, with a base of
nm and a height of 8 nm. The estimated size and shap
QDs differs from that obtained with the cross-sectional o
servation. The difference should be attributed to the ambi
ous images of QDs in the cross-sectional observation cau
by the strain effects14,27 and overlap in depth direction. With
26° rotation from^2110& incidence~close to^2332& inci-
dence!, similar facet images of QDs were observed, whe
the (011) facets darkened instead of the (2101) facets@Fig.
3~c!#. The two incidences (^2552& and^2332&) obtained
here imply that small deviation from̂2221& incidence
causes such facet-enhanced images of QDs. Indeed, the
turbed diffraction pattern for̂2221& incidence can be ob
served in Fig. 4~encircled spots!. We conclude from the
diffraction pattern~Fig. 4! that the localized lattice distortion
on (110) facets of QDs evokes the perturbed diffraction
^2221& incidence and results in the facet-enhanced cont
for incidences around̂2552& or ^2332&. Additionally, we
have also confirmed that very similar facet-enhanced ima
of the QDs were obtained with the conventional TEM obs
vation for incidences around̂2552& and ^2332&.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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C. Indium distribution and lattice distortion

Figure 5~a! shows a bright-field STEM image of a large
QD in the same specimen, observed with^2110& incidence.
This large QD seems uniform and featureless in the cro
sectional observation. However, more detailed informat
on the same specific QD can be obtained in the 3D-ST
observation. In the HAADF STEM image of the QD take
with ^0213& incidence (̂001&-closest on-axis incidenc
achieved!, the two bright parts were observed inside the Q
as shown in Fig. 5~b!. In a separate experiment with electro
energy loss spectroscopy~EELS!, it was confirmed that the
contrast of QDs in the HAADF-STEM images agrees ve
well with the indium distribution~Fig. 6!. Therefore, the two
bright parts in Fig. 5~b! correspond with higher-indium con
tents in the QD. A line profile of indium content along th
line shown in Fig. 5~b! is given in Fig. 7~a!. A clear indium
depletion can be observed around the two indium peaks28

It should be noted that the same large QD shows a
tureless appearance in the cross-sectional observation@Fig.
5~a!#. This indicates that the two high-indium-content pa
in Figs. 5~b! and 7~a! were buried inside the larger QD du

FIG. 5. ~Color! Large QD observed with~a! ^2110& ~bright field!, ~b! ^0
213& ~HAADF image!, and~c! ^2552& ~bright field! incidence. Line in~b!
corresponds to the indium profile given in Fig. 7~a!.
Downloaded 20 Jun 2005 to 137.132.123.74. Redistribution subject to AI
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FIG. 6. ~Color! Coincidence between indium signal in EELS~In M-edge
spectrum between 460 and 520 eV, background subtracted! and intensity in
HAADF-STEM image, obtained by the conventional plan-view observat
of InAs/GaAs QDs. The HAADF-STEM image of QDs~top! and corre-
sponding line-profile of HAADF-STEM intensity and EELS indium sign
~bottom!.

FIG. 7. ~Color! ~a! Line profile of indium content along the line in Fig. 5~b!.
Broken line gives the expectation from the uniform cross-sectional imag
the QD@Fig. 5~a!#. ~b! Illustration of the large QD with high-indium-conten
parts inside@same image of Fig. 5~c!#.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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ing growth. In other words, two small but high-indium
content QDs were formed at the initial stage of growth.
gathering indium atoms around themselves, they grew
coalesce into one larger QD, as is often the case in large
formation. The distance between the two original QDs w
measured to be 25 nm from the indium peaks in Fig. 7~a!,
which lies within the distribution of the normal QDs in th
same specimen~19–30 nm!. This suggests that the highe
strain around the high-indium-content QDs~but normally
spaced! induces faster growth compared with the other QD
resulting in coalescence. The height and short and long b
diameters of the large QD are 18, 50, and 70 nm, resp
tively.

The lattice distortion due to strain relaxation with mis
dislocation is often observed as moire fringes in conv
tional TEM observation.16,18 Figure 5~c! shows the bright-
field STEM image of the moire fringes accompanied with t
same large QD in Figs. 5~a! and 5~b!, taken with incidence
around̂ 2552&. The fringe spacing is mostly uniform for th
upper part of the large QD, but disarrayed for the lower rig
part, and disappears for the lower left part. The observa
reveals the distribution of lattice relaxation inside the lar
QD, related to the high-indium-content parts, as illustrated
Fig. 7~b!. The fringes and high-indium-content parts in F
7~b! suggest that the misfit dislocation started at the edg
center of the two original QDs and propagated to the up
left side, but the strain still accumulated in the lower left si
of the large QD. Since the incidence for Fig. 5~c! was
^2552&, the same facet pyramid in Fig. 3~b! is applied as an
eye-guide in Fig. 7~b!, which seems to fit well with the uppe
limit of fringes. The other two large QDs we have found
the same specimen had similar lattice distortion and high
indium contents, indicating that the large QDs were form
with the same mechanism.

It was found that the highest contrast for the mo
fringes was obtained around^2552& incidence as well as the
facet-enhanced images of the QDs. The result supports
conclusion described previously that electron diffracti
around^2552& incidence~and^2332& as well! is very sen-
sitive to the lattice distortion of the QDs with inducing th
perturbed diffraction of̂ 2221& incidence. It shows as wel
that the direct observation of indium distribution and cor
lated lattice relaxation inside a large QD can be perform
from ^2552& or ^2332& incidences.

IV. CONCLUSIONS

We have achieved the 3D-STEM observation of InGaA
GaAs QDs through the fabrication of a cylindrical specime
in which both the cross-sectional and plan-view observati
were performed on a single specimen. Facet-enhan
STEM images were obtained with incidences arou
^2552& and^2332&, and a truncated pyramid structure wi
(110) and (111) facets was reconstructed. The fa
enhanced contrast is caused by the perturbed diffractio
^2221& incidence induced by the localized lattice distorti
on the (110) facets of QDs. The indium content fluctuat
was directly observed inside the large QD, suggesting
Downloaded 20 Jun 2005 to 137.132.123.74. Redistribution subject to AI
to
D
s

,
se
c-

-

t
n

e
n

or
r

r-
d

ur

-
d

/
,
s

ed
d

t-
of

n
e

coalescence of two small QDs during growth. The relaxat
of lattices accompanied with the indium content fluctuati
was observed as disturbed/disappeared moire fringes in
STEM images taken with the facet-enhanced incide
around^2552&.
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