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Facets, indium distribution, and lattice distortion of InGaAs /GaAs
guantum dots observed by three-dimensional scanning transmission
electron microscope
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Multiazimuth 360° observation of InGaAs/GaAs quantum d@Bs) 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 (—552) or (—332), 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 afeiB&D).
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I. INTRODUCTION lated lattice distortion on the same specific large QD was
presented.

Investigation of the optical and electrical properties of
guantum dotgQDs) has revealed detailed carrier dynamics
in QDs!~®in which atomic-scale information on QD shapes,
chemical composition, and lattice distortfo? are required The QDs of I sG& sAs were prepared on a GaAs(001)
in three dimensions for further theoretical calculations ofsubstrate with the conventional strain-induced self-assembly
quantum effects in QDs. In order to obtain such atomic-scaléechnology. Chemical beam epitaxy was employed to grow
information for epitaxially grown semiconductor QDs, one INGaAs at 480 °C, using triethylgalliuiTEGa), trimethylin-
of the most effective ways is to employ a transmission elecdium (TMIn), and precracked AsH?*?* The diameter,
tron microscopeTEM). Facet images of large QBls3~1° height, and density of the QDs measured using an atomic
and misfit dislocation§=2° have been reported based onforce microscope were 346nm, 3-5 nm, and 6.9
TEM observations. The largest disadvantage of conventionaf 101%”_‘_2' respectively. The QDs were capped by amor-
TEM observations, however, is that one cannot obtain thred?Nous Si(a-Si) by electron-beam deposition at room tem-
dimensional(3D) images of specific QDs but only either perature. The.selectlo.n @fSi rather than GaAs fo.r capping
plan-view images or cross-sectional images, depending off {© €mphasize the interface of the QDs/capping layer in
the specimen structure prepared. The facets of QDs and dig. EM images by the difference in crystallinity, i.e., single

locations have been discussed mainly based on crosg-ryStaI VErsus amorphous. . S
sectional image& % whereas distribution of QDs and One of the key issues to realize 3D-STEM observation is

e e can b o Saty 'n parveule PeEaton o o ne ol e, i co
imagest®!8 Obviously, such exclusive observation results in Q pping 1ay 9

limitations on the comprehensive understanding of the QDaX'S' We achieved it using a type of micromachine technique;

; ; : 21,25 s
shapes, chemical compositions, and lattice distortions"e"focused ion bearfFIB) and microsampling **for cut

The disadvantage of conventional TEM observations catmg’ mounting, and thinning the specimen. A small piece

: . o : Ecube with side length approximately 4a5um?) of the
be overcome if one can prepare a fine cylindrical SPECIMEIL, ple including the QDs/capping interface was quarried out
and observe it three dimensionally with specimen P 9 bping q

. . ) - from the sample surface and mounted on a m cyl-
rotation??? In this paper, we describe the realization of 3D P ) cy

. b ; inder basg0.9 mm diameter, 3.9 mm longln order to per-
scanning transmission electron microsc¢&EM) observa- o ng P

. f h indrical ) ¢ INGaAs/GaAs OD form both the plan-view and cross-sectional observations,
tion of such a cylindrical specimen of In S sQ S'the(33],> direction of the piece was adjusted to the rotation
The facet-enhanced images were obtained with the unco

) o - i xis of the cylinder base, as shown in Figa)l The choice
ventional incident axes found in this study, and the facebf (331) instead of thg'110) direction for the specimen ro-
structure of QDs was reconstructed from the images. The,iion axis is to observe the QDs slightly off theln) fam-
direct observation of indium content fluctuation and COITe5jiy axes such ag0—13). By annular sputtering from the
(110 direction with 30kV G& FIB (Hitachi FB-2000A,
dElectronic mail: ozasa@postman.riken.go.jp the piece was thinned down below 300 nm diameter. Figure
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FIB sputtering
i Y 30kV Gat d

FIG. 1. (Color Schematic of cylindrical specimen with designed axis align-
ment(top) and scanning electron micrograph of the prepared specibwgn
tom).

1(b) shows the fabricated cylindrical specimen, which was
approximately 200-300 nm thick. The length of the cylinder
was approximately Sum, sufficiently large to search low-
density defects. A detailed description of the specimen fab-
rication will be reported separatef§.

The specimen was mounted on a holder with a pulse-
motor-driven specimen-rotation mechanism for 360° obser-
vation with a fixed rotation axis(@31) direction in this
case, or on a two-axis tilting holder with better incidence
alignment but a limited rotation range af20°. The two
holders were designed to fit the conventional TEM/STEM
system(Hitachi HF-3000. For 3D observation, STEM was
preferred to TEM because of its lower chromatic aberration
for specimens thicker than 100 nm. The STEM system was
operated with a 300 kV field-emission electron beéypi-
cally 10-30uA), and equipped with two alternative electron
detectors; one for bright field images<(.0mrad) and the g 2 (colon STEM images taken witlfa) and (b) (—110) incidence
other, which is a high-angle annular detector with a detectionoright field), (c) approximately(—1—16) (bright field), and (d) approxi-
angle of 40—-200 mrad, for dark-field images. The ultimatemately(—1—-16) (HAADF image incidence. Arrows indicate that the same
STEM space resolution was estimated to be less than 0.5 nrfPecific QD can be traced with specimen rotation.

FEJOKY 300KV =200k 7T

IIl. RESULTS AND DISCUSSION

f In Nna-Si hemispher ntly slopin
A. Cross-sectional and plan-view STEM observations of InGaAs/GaAs and-Si, as hemispheres gently sloping at

their edges, 6—7 nm in height and approximately 22 nm in
The cross-sectional STEM bright field image of the cy-base diametelFig. 2(b)]. In spite of the difference in speci-

lindrical specimen is shown in Fig. (&, taken with men structure/preparation, the images of the QDs obtained

(=110 incidence. The QDs were observed at the interfacavith the cylindrical specimen are similar in quality to those
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contrast (so-called Z-contrast in the high-angle annular

a dark-field (HAADF) STEM image[Fig. 2d)]. Each of the
white specks in the image of Fig(d represents a single
QD.

We can observe the QDs with various incident axes by
(331) axis rotation. Moreover, we can trace a specific QD
with rotation; the arrows in Figs.(B)—2(d) point out the
same single QD. It is highly potential for the investigation on
the relationship among the shape of a certain nanostructure,
location/surroundings, chemical composition, and lattice dis-
tortion, as described in the later section.

B. Facet-enhanced images of QDs

Among the various incident axes examined, we found
particular axes with which the QDs were observed with the
o i enhanced contrast of QD facets. With approximately 20° ro-
‘; L I+ 38 ankt! tation from (—110 incidence, the QDs appeared as pyra-
mids with one side shadowed at a high contrast against the
d . e underlying GaAs[Fig. 3@]. The index(—552 was as-
ooy o RN signed as the closegtithin 6°) incident axis(Fig. 4), but the
mu;/""’““‘j“‘:\ %} "~'H'_JH imperfect symmetry of the diffraction pattern suggests small
et &/;’ : R off angles around —552). The difference in electron-beam
""5:“1' "4 Sies > 8 diffraction between the epitaxially grown InGaAs QDs and
‘ ' » the underlying GaAs should be attributed to lattice distortion
_ or strain effects?” induced by lattice mismatch between
FIG. 3. (Color Facet-enhanced STEM image)—(c) and reconstructed . . . .
facet pyramid(d) and (e). (a), (b), and (d) 20°-rotated, andc) and (&) InGa_As and GaAs. We consider that the lattice distortion
26°-rotated from( —110). The inset in() illustrates the observation direc- localizes on the QD facet surfaces, since the QDs were
tion in (331) projection image of QD. capped with bond-flexiblea-Si. The diffraction around
(—552) (and({— 332 as described belomseems sensitive to
the localized lattice distortion. It was also found that a high-

ggﬁ:eedI;vz?athemi?nq\;fglt'ofg L;?;Qr::ren d ipetﬂgqﬁré Ar(;ctun contrast image of the bottom of the QDs was obtained with
ge ‘ayetapp y y P }Qe incidence 40°-rotated and 56°-rotated from110), re-

cess was observed at the surfz_ace of specimen, but it has “ttvealing localized lattice distortion on the (001) GaAs
effects on the STEM observation. interface
By rotating the cylindrical specimen 90° from the cross- '

. C oo By taking the incident axigobservation ang)einto ac-
sectional incidence, plan-view images can be observed as o .
- ; . . . count and fitting the facet shapes to the observed pyramid
shown in Fig. Zc). Since the rotation axis was designed to be

(331), the incident axis was estimated to be1— 16) [Fig. shadow, the facet structure of QDs was reconstructed, as

2(c)], which is 13° off from the convention&D01) incident shown in Fig. 8b). The best fitted structure is the truncated

. - ramid formed by (110) and (111) facets, with a base of 28
axis. The QDs were hardly resolved in FigcR probably Py . . :
due to the greater thickness of the specimen and due to o im and a height of 8 nm. The estimated size and shape of

Braaq diffraction. However. thev were observed with better Ds differs from that obtained with the cross-sectional ob-
99 ' ey servation. The difference should be attributed to the ambigu-

ous images of QDs in the cross-sectional observation caused

by the strain effect4?” and overlap in depth direction. With

26° rotation from(—110) incidence(close to(—332) inci-

dence, similar facet images of QDs were observed, where

the (011) facets darkened instead of thelQ1) facetgFig.

3(c)]. The two incidences{(-552 and(—332) obtained

here imply that small deviation fron{—221) incidence

causes such facet-enhanced images of QDs. Indeed, the per-

turbed diffraction pattern fof —221) incidence can be ob-

served in Fig. 4(encircled spofs We conclude from the

diffraction pattern(Fig. 4) that the localized lattice distortion

on (110) facets of QDs evokes the perturbed diffraction of

(—221) incidence and results in the facet-enhanced contrast
] ] o _ for incidences around—552) or (—332. Additionally, we

S'G' 4. (Colon Diffraction patter for the facet-enhanced incidence. Inci- e a150 confirmed that very similar facet-enhanced images

ence(—552) is derived from main diffraction spots, but the spots encircled . . .

suggests perturbed incidence(ef 221). Indexes for encircled spots are for of the QDs were obtained with the conventional TEM obser-

reference. vation for incidences aroungd-552 and(—332).
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FIG. 6. (Color) Coincidence between indium signal in EEL(® M-edge
spectrum between 460 and 520 eV, background subtraatetlintensity in
HAADF-STEM image, obtained by the conventional plan-view observation
of InAs/GaAs QDs. The HAADF-STEM image of QDgop) and corre-
sponding line-profile of HAADF-STEM intensity and EELS indium signal

(bottom.
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FIG. 5. (Colon Large QD observed witlta) (—110) (bright field), (b) (0 :

—13) (HAADF image), and(c) (—552) (bright field) incidence. Line in(b) 5

corresponds to the indium profile given in Figay >

&

£

C. Indium distribution and lattice distortion %

Figure 5a) shows a bright-field STEM image of a larger z
QD in the same specimen, observed with110) incidence.

This large QD seems uniform and featureless in the cross-
sectional observation. However, more detailed information
on the same specific QD can be obtained in the 3D-STEM
observation. In the HAADF STEM image of the QD taken
with (0—13) incidence (001)-closest on-axis incidence
achieved, the two bright parts were observed inside the QD
as shown in Fig. &). In a separate experiment with electron-
energy loss spectroscopiZELS), it was confirmed that the
contrast of QDs in the HAADF-STEM images agrees very
well with the indium distributior(Fig. 6). Therefore, the two
bright parts in Fig. &) correspond with higher-indium con-
tents in the QD. A line profile of indium content along the
line shown in Fig. B) is given in Fig. Ta). A clear indium
depletion can be observed around the two indium pé%ks.

It should be noted that the same large QD shows a fea-

tureless appearance in the cross-sectional observiiign G- 7- (Colon (@ Line profile of indium content along the line in Figlt5.
Broken line gives the expectation from the uniform cross-sectional image of

5(a)]. This indicates that the two high-indium-content parts;,e QDIFig. 5a)]. (b) lllustration of the large QD with high-indium-content
in Figs. §b) and 7a) were buried inside the larger QD dur- parts insidgsame image of Fig. (§)].

o 20 40 &0 BO 100 120
Distance (nm)

Downloaded 20 Jun 2005 to 137.132.123.74. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 94, No. 1, 1 July 2003 Ozasa et al. 317

ing growth. In other words, two small but high-indium- coalescence of two small QDs during growth. The relaxation
content QDs were formed at the initial stage of growth. Byof lattices accompanied with the indium content fluctuation
gathering indium atoms around themselves, they grew tevas observed as disturbed/disappeared moire fringes in the
coalesce into one larger QD, as is often the case in large-QBTEM images taken with the facet-enhanced incidence
formation. The distance between the two original QDs wasaround({—552).

measured to be 25 nm from the indium peaks in Fi@),7
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