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InAs quantum dots grown on the GaAg113)A and GaAg113)B surfaces:
A comparative STM study
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InAs quantum dotgQD'’s) were grown on GaA413A and GaAs(TS)B substrates by molecular-beam
epitaxy. Atomically resolved scanning tunneling microscopy images acqunrsidu from uncapped samples
reveal the shape of the QD’s including the atomic structure of their main bounding facets. Q3%
substrate the QD’s are elongated alcﬁﬁgf] with a wide size distribution, whereas OW?.)B they are rather
round and exhibit a more uniform size distribution. These observations are related to the different morphology
of the substrates before QD formation. The differences in shape, size, and size distribution are discussed in
terms of facet growth kinetics.
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. INTRODUCTION neling microscopy (STM).1® These facets, which frame
nearly the whole QD, grow with equal rates because of the

Dislocation-free three-dimension&BD) islands, called same reconstruction and elastic energy density. On high-
quantum dot$QD’s), have attracted considerable interest re-index substrates the symmetry is lower and, e.g., GELSs
cently because they behave like artificial atoms with uniquesurfaces exhibit only one symmetry plane normal to the sur-
optoelectronic properti€s> The QD’s grow in the Stranski- face. Therefore, only two planes are expected with equiva-
Krastanow(SK) growth mode® which often occurs in het- lent indices and growth rates. As two planes alone cannot
eroepitaxy for systems with significant lattice mismatch suctconfine a 3D island, other surfaces with different growth
as InAs/GaAs (7.2%). The SK growth mode leads to arrates are likely to develop. Thus, preferential migration of In
instantaneous self-organization of the QD’s on top of a wetatoms among the different bounding facets from the slower
ting layer, when the amount of deposited material exceeds g the faster growing facets, so-called intersurface diffusion,
critical thickness which is about 1.6 monolay@L) for  should be taken into account.
InAs/GaA4001). The QD's, composed of a low-band-gap  |n this contribution we report on the influence of substrate
semiconductofe.g., InAs or InGa; _,As) and embedded in  reconstruction and orientation on the shape, size, and size
a wide-band-gap substrate.g., GaA$, create a confinement distribution of InAs QD’s grown on GaA&13A (Refs. 17—

potential for electrons and holes. Thereby, the electroni —
structure of the QD’s and the efficiency of the devices basegg) and GaAs(13)B (Refs. 20 and 2lsubstrates. Gener-

on them are determined by their shape, size, and size dist@y: One defines thé andB faces as follows: A surface in
bution which presumably are largely fixed during the Sk the vicinity of (11DA is an A face, and a surface in the
growth mode. vicinity of (111)B is a B face. Although we have already

It has been known for some time that the reconstructionreported on the atomically resolved shape of these 335,
and orientation of the substrate play a key role in InAs/GaAswe find it important to compare the growth on the two sub-
heteroepitaxy: InAs QD’s form on Ga#@01),* GaA4113A  strates in greater detail and to illuminate the role of the wet-
andB,>® and GaA§114A andB,° whereas InAs grows in the ting layer. First, we show that the atomic arrangement is not
layer-by-layer growth mode with the introduction of disloca- the same on the bare GajA$3 surfaces and on the subse-
tions on GaA6110),” GaAg111)A,2 and GaAs(—]LT)B.gThe quently grown InAs wetting layers. We conclude that this
differences in growth mode have not been explained yetobviously induces a different morphological response to the
Presumably, the structure of the substrate surface influencesisfit strain and results in different sizes and size distribu-
the growth kinetics, producing specific QD sizes and sizdions of the QD’s. Second, we demonstrate from atomically
distributions>° Furthermore, the substrate orientation mayresolved STM images that, although the bounding facets ap-
induce certain bonding facets on the QD’s and therefore depearing on the main part of the QD’s are identical, the over-
termine their shap&*°lt is therefore interesting to compare all shape of the QD’s is largely different on both substrates.
the formation and development of InAs QD’s on substrates In Sec. Il we will give some experimental details. In Sec.
of different orientation. Il we will combine results and discussion for the bare sub-

It has been reported already that InAs QD’s on G@A4)  strate surface, the wetting layer, the coherent islands, called
exhibit two mirror-symmetry planes as on the bulk-truncatedQD’s, the larger islands, some of them being presumably
(001 substrate. From reflection high-energy electron diffrac-incoherent, and their growth kinetics. We also will summa-
tion (RHEED) observations &136) orientation of the facets rize the results for the atomically resolved shape of the ma-
was proposed earliét.Later and presumably more correctly, jority, presumably coherent QD’s. The conclusion will fol-
four (137 bounding facets were derived from scanning tun-low in Sec. IV.
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II. EXPERIMENT

The experiments were carried out in a multichamber
ultrahigh-vacuum system that was equipped with a
molecular-beam epitaxyMBE) and an STM chambediPark
Scientific Instruments, VP2 as described in detail

elsewheré? The GaA$113A- and GaAs(13)B-oriented
substrates with a typical size ob&10 mn? were cut from a
GaAq113 wafer (n type, Si doped, carrier concentration
1.4—4.8<10" cm™ 3, Wafer Technologyand prepared in the
same way. The samples were cleaned by several ion bom-
bardment and annealing cycles. Thereafter GaAs buffer lay-
ers about 50 nm thick were deposited using MBE at a sample
temperature of 530-570 °C. The temperature was measured
by a pyrometer that was calibrated against the Ga@b
c(4x4) to (2x4) transition at 46510 °C. The samples
were then cooled down to 453010 °C and InAs was depos-
ited at a growth rate of about 0.05-0.07 A /s and ag/lis
ratio of 40-50 at an Aspressure of X10 ' mbar. The
deposition of 2.5+ 0.3 ML (ML,5=1.82 A ; the index 113
indicates the monolayer perpendicula{1d3) of InAs onto

GaAgq113A and of 1.7+ 0.3 ML onto GaAs(1.3)B led to
the appearance of sharp spots in the RHEED pafieitin

the electron beam alon@32]), indicating the onset of 3D
SK growth. Immediately after the transition to the SK
growth, the samples were transferred to the STM chamber
within 60 s without breaking the vacuum. STM images were
acquired from the uncapped QD’s at room temperature in
constant-current mode.

FIG. 1. (a) Top view of the structural model for Gafkl3)
A(8 X 1). Atoms in the second and third layers are depicted with
smaller circles. The As atoms in dimers are connected with black
bars. The zigzag chains of As dimers are depicted with dotted lines.
(b) Atomically resolved STM image of GaAEL3A(8 X 1): the

size of the image is (9% 80) A2, sample bias voltageJ
A. Bare GaAs(113A and GaA¥113)B surfaces and InAs g ' p ltag

wetting layers =—2.5V, sample currert=0.24 nA. In the overlay As dimers are

depicted with black circles and connected by dotted lines in accord
At 450 °C — the growth temperature of the InAs QD’s with the structural model.

— the bare GaAd13A surface exhibits the (& 1) recon-
struction [it is called “8 X 1" with respect to the face-

Ill. RESULTS AND DISCUSSION

ceeded in atomically resolving the As dimers in the zigzag

centered(113 unit celll.X’~*° It was confirmed by RHEED ghains The overall corrugation measured from STM images
patterns during preparation, afterwards at room temperatur %3.0+ 0.4 A and the length of unit cell vectors is 32.5

and also through subsequent STM experiments at room tenﬁ; 05 A and 1305 05 A , which nicely confirms the
perature. Zigzag chains of As dimers extending alp882] .4, N *

S . ; . rgodel for the (8X 1) reconstruction.
are characteristic elements of this reconstruction as depicte Several authors have reported on an unusual undulating
schematically in Fig. (). The GaA$113A(8 X 1)

iof7-19 ) ) . morphology on GaAd13A, both for surfaces prepared by
reconstructio comprises three atomic layers with an \isg and by metal-organic vapor phase epita&y?®In Ref.

overall corrugation of 3.4 A and exhibits the Iargest_unit celloy it has been shown that Gai@s7 15A and GaA& 5 11)
among the known GaAs reconstructions: 32.0 Ain[th#0] A surfaces appear as side facets of arrowhead like pits, sur-
direction and 13.3 A in thg332] direction. The zigzag rounded by the (8< 1) reconstruction. This was not repro-
chains in the top and middle layers are phase shifted by duced in the present studil'he difference may be due to the
quarter of the unit cell if332] direction. Note that a sur- buffer layer which was about 200 nm in the former studies
face, formed by continuously stacking zigzag chains fromcompared to 50 nm in the present workinder the prepara-
middle to top to next top and so on, results if3a7 15  tion conditions in this study the surface consists of fairly
surface”® Between the middle zigzag chains in the (8 small (8 X 1) terraces with many islands up to 12 A in

X 1) unit cell there is a trench containing As and Ga dan-neight and up to 186< 600 A? in lateral dimensions, which
gling bonds from the third layer. The bulk-truncatédl3) are seen in Fig. @) as large hills elongated in tHe832]

surface exhibits?lO) as symmetry plane, but the (8 1) direction.(The stripes anngﬁﬁZ] are due to the As-dimer
reconstruction suspends this symmetry. A small-area STMigzag chaing. The density of the hills is (3.7% 1.5)
image of GaA&l13A is presented in Fig. (b). We suc- X 10'° cm™?, which is of the same order of magnitude as
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The appearance of high-index Gd8s7 15A, {137}A,
and{2 5 1T A surfaces on GaA&13A cannot be explained
by the surface free energy, because under As-rich conditions
the respective values of 55 meVfARef. 28, 56 meV/A?
(Ref. 29, and 53 meV/® (Ref. 28 are greater than the
value of 47 meV/A which was calculated for the
GaAs(113A(8 X 1) reconstructiort® Probably, the shape
of the GaAs islands is influenced by growth kinetics, which
was found to be very anisotropic ¢h13 surfaces.”*°

The (113 A surface becomes more corrugated and even
disordered when depositing InAs. The large-area STM image
of the InAs wetting layer on GaA$13A in Fig. 3(a) reveals

that the 3D hills elongated alorf@32] still remain, with a
slightly decreased density 10'° cm™2, and the height and
lateral dimensions are less well defined. An atomically re-
solved STM image in Fig. ®), acquired from the wetting
layer between the large hills, shows the disappearance of any
flat region on the surface. Poorly ordered, small arrowhead
like hills develop instead of the original (& 1) reconstruc-

tion. The 3D hills are pointing along332] with walls built
up from a mixture of{3 7 18A, {2 5 1A, and {137}A
FIG. 2. (@ Overview STM image of GaA413A(8  surfaces[In Fig. 3c) a (137DA facet is showr.A similar
X 1): (2620 2620) A%, U=—-25V,1=0.16 nA. (b) High-  pehavior of the wetting layer was observed by depositing
_resolutlon STM |mage20f GaA%13A(1 X 1) with a 3D QaAs Ing sGay sAS Onto GaA§311)A. %
island: (685X 685) A%, U=-25V,1=0.16 nA. (c) High- The strong undulation of the wetting layer is probably
g:zgﬁiggnig\ﬂ(;Qa%i)ogtgeffﬁ&;sl\?ﬁ(_l Oxl é)n,f:lig)t z? me caused by a partial relaxation of the strain at the 3D hills so
resolution STM image of th,e spike O'f a éaAs .island 'On qais) that a surface rich yvith hiII_s may be favorable. Also, from the
A8 X 1): (230X 230) A2, U=-2.7 V, 1=0.2 nA surface-energy point of view, covering the GaAs surface by
' ' o ' ' InAs is favorable since the surface free energy of
INAs(3 7 15, (2 5 11A, and (137A is 42, 41, and
the density of subsequently grown InAs QD's. Thus, thesei4 meV/A?, respectively® i.e., lower than for the respec-
GaAs islands may act as nucleation centers for the InAgye GaAs surfaces. This difference in surface energy cer-
QD's: For the first few layers of InAs overgrowing the GaAs tainly favors, at least at the beginning, a 2D growth of the
than in a homogeneous InAs |ayel’. ThIS eﬁect iS Similar tOroughness_ However, no |0ng_range_ordered areas Of these
the mechanism responsible for strain-induced vertical stacksrfaces were observed after InAs deposition. Overall, the
ing of INAs QD's on GaAg01),?" where the lattice of the yetting layer exhibits a rather chaotic morphology.
embedding material is expanded around the buried dot i.e., Now we turn to the(TS)B substrate which — during
the local lattice constant is nearer to that of the growing rowth at high temperature — exhibits a well-ordered (8
InAs, and therefore the QD’s in the next layer of the stackg< 1) reconstructioas on theA side, 8 x 1 is taken with
prefer to form at these areas of expanded substrate lattice. '

A magnified STM image of a typical GaAs island is respect to _the face-c_enteredl(@) unit cell] cpnsisting of
shown in Fig. 2b). On both sides of the island3 7 13A  2i97ag chains of Ga dimers in the top and middle lay@rs,

facets develop alongﬁ§2] by stacking of (8% 1) As- obviously in an identical arrangement as the As dimers on

dimer zigzag chains. A high-resolution STM image of one ofthe (LL3A face for the As-rich (8x 1) reconstruction. It
the facets is shown in Fig.(@. The facet is inclined to the can be recognized from Fig. 4 that the mesoscopic morphol-

(113A substrate by 9= 3° and exhibits the unit cell vectors ©9Y Of the GaAs(13)B(8 x 1) surface differs strongly
a,=13.2+ 0.3 A anda,=11.0+ 0.5 A .[The geometrical from that of theA face shown in Fig. 2; Ia'rge_terraces are
values for the GaA8 7 15(1 X 1) reconstruction pro- _observed _and no t_endency to form other high-index surfa_ces
jected onto the113) plane are 9.7°, 13.A , and 105 A , is recognized. This may be related toHresumably high
respectively]l The size of each facet is up to 100 unit cells. energy of (37 15B,(2 5 11)B, and (137)B surfaces

As the islands have a triangular shape, facets other(@an Which have not been observed up to now.

15) should develop as bounding facets. Th87A (Ref. 13 At 470-490 °C under Asflux, the GaAs(13)B surface
and{2 5 1ZA (Refs. 23,24 and 28urfaces, whose intersec- undergoes a transition to a less-orderedq{2l)+ (1 X 1)

tion lines with the(113A surface are tilted againg832] by ~ structure by incorporating As atoms and rearranging Ga
16.8° and 5.7°, fulfill this requirement and were actuallydimers, thus filling up the trenches. This mixed ¥21)
found in this region, as shown in Fig(d. However, no *(1 X 1) structure consists of locally ordered As adatoms
long-range-ordered areas of these surfaces were observedand dimers on the bulk-truncatedi3)B surface’* Thus, at
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FIG. 4. Overview STM image of GaAs(B)B(8
X 1): (2500% 2500) A%, U=—-2.8V, 1=0.15 nA. The surface
was prepared — following buffer layer growth — by keeping the
sample at the growth temperature of 530°C for 15 min and the As
Knudsen cell shut off, i.e., under less As-rich conditions. From Ref.
21.

mostly monatomic steps; i.e., the X3)B substrate remains
very flat before the growth of InAs QD’s starts. Moreover,
near to the SK transition, as is the case in Fig. 5, the mor-
phology is very similar to that of001) (Ref. 31): small (S)

and large(L) 2D monatomic islands and small 3D clusters
(C) up to 4 ML in height(potential precursors for the InAs
QDr’s) are seen in the STM image. One may suppose that the
very large similarity and the rather flat wetting layer may be
mirrored in the similarly favorable optical properties found
for InAs QD’s grown on both the GaA80)) (Ref. 32 and

the GaAs(13)B (Ref. 33 substrate.

FIG. 3. STM images of the InAs wetting layer on G4&53A.
The thickness of deposited InAs is 1.85 MLl@) (4000
X 4000) A2, U=-3.0V,1=05 nA; (b) (1000
X 1000) A%, U=—-3.0V, 1=0.2 nA; (c) turned by 90° with re-
spect to(a) and (b) (480 X 165) A% U=-3.0V, 1=0.2 nA.

450 °C — the growth temperature of the InAs QD’s — the
surface reconstruction is not the same as on the GA8A
substrate. Furthermore, with the transition to the As-rich

phase, the GaAs@3)B surface does not change its FIG. 5. Overview STM image of the InAs wetting layer on

morphol_ogy?1 _ GaAs(113)B(8 x 1) just before the SK transition: (4000
STM images of the InAs wetting layésee one example x 4000) A%, U=-2.55 V, 1=0.1 nA. The thickness of deposited
in Fig. 5 exhibit terraces up to 1000 A wide, separated byinAs is 1.35 ML.
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B. Kinetic interrelation between the shape of individual QD’s effect of strain on surface diffusion. All these effects together
and the statistical properties of QD ensembles give rise to a quite well-defined size of the QD’s, at which

The development in time of a QD ensemble consists of€ir growth stops or at least becomes very slow.

two periods, which may, for different QD's of the ensemble Under these premises, the size distribution in an ensemble
also overlap: a nucleation period and a growth period, irpf QD’s is determined by the relative duration of the nucle-

which the QD's acquire their final size. In the following, we &tion period and growth period. The time scale for the nucle-
will attempt to show that the relative duration of both periods&tion Period is set by the amount of supersaturation supplied
is crucial for the properties of the resulting QD's. Growth PY the flux of In atoms and by their diffusivity on the sur-
proceeds by adding layers of material to the side facets of thf#ce- Furthermore, in the case of heterogeneous nucleation,

QD’s. The duration of the growth period is determined by thethe number an_d availability of special nucleation sites will
magnitude of diffusive flow of material from the wetting affect the duration of the nucleation period. The duration of

layer to the QD’s, but more importantly by the speed of opthe g.rowth pfariod de.pends mainly on the speed_ at which the
growth of the fastest-growing facet of the QD. Due to the9rOWing QD'S can incorporate the material, i.e., on the
latter effect, the shape of the individual QD’s in an ensembldd™OWth speed of the fastest-growing facet. If 3D growth of
and the statistical properties of the ensemble, in particulai® QDS is rather fast, but nucleation proceeds over a longer
the sharpness of the QD size distribution, are interrelated. Perod. the ensemble will — at each moment — consist of
We will first discuss the QD shape: Due to the differentQD’S at different stages of their growth. We call this nucle-
2D growth speed of different QD facets, a characteristicdtion limitation. On thg other hand, if nucleation is limited to
growth shape of the QD's evolves. For an object of conves& rather narrow time |_nterval cpmpgred to the_tlme scale of
geometry, such as a QD, fast 2D growth of a facet leads t(_QD growth, the final size of an |nFJ|V|duaI QD will be almost
elongation of the QD in the direction of this facet, and finally "dependent of the moment of its nucleation, and the QD

the facets will disappear from the QD. The remaining facet€nsemble will exhibit a narrow size distribution, for the rea-
grow more slowly, and thus the overall growth rate of theSons discussed above. We call this growth limitation. In the

QD will become smaller and smaller, until growth S,[Opsfollowing, we will compare the experimental findings for

when all available InAs has been consumed. The relativ€D’s grown on the GaA413A and (113)B substrate with
growth speed of facets can be estimated from growth experthe above considerations in mind.

ments on patterned substratés® However, one should

keep in mind that certain facets, on the patterned substrate or

on the quantum dot or on both, may grow in step-flow mode, €- Comparison of the QD ensembles GaA413A and GaAs
with the edge between two facets acting as a continuous (113)B

source of steps. In thi; case, thg detailed atomic structure of pifferent atomic structures of the bare GAAKIA and

the edge and its reactive properties may be crucial for decidsaas surfaces and the respective InAs wetting layers let us

ing the relative growth speed of the two adjacent facets.  gyppose that somewhat different QD’s may develop on these
Next we will discuss the size of the QD's: While earlier g syrfaces. Indeed, some well-defined differences were ob-

calculations for InAs QD on GaA801) have shown that gered experimentally. Figure 6 shows two STM images for

there is no energetic reason for a specific island size to b , e
reached’ (an island may grow indefinitely by decreasing its fAs QD's grown on Geu E13A and GaAs(]LS)B na 3.D
plot. More detailed views from on top are given in Fig. 7.

average energy per atopseveral reasons lead to a slowing From Figs. 6 and 7 one recognizes that @A3A three

down of the growth and, finally, o a rather well-defined 'S” different structures can be observed: small hills or embryo

land size. First, there is only a finite amount of InAs avail- dots, a larger number of QD's of intermediate size, and sev-
able, in which a given number of nuclei must share. This ' 9 '

leads to a well-defined value for the average island ¥i2&. eral larger islands. Both the QD's and the larger dots are

Second, large QD's tend to grow more slowly, and thereforéxtended alon§832]. An embryo dot is marked by an arrow
the QD’s in an ensemble tend to end up at similar sizesin Fig. 6@ and also depicted below in Fig(@. The embryo

There is a number of effects contributing to this rather gendot is terminated by2 5 1LA surfaces which are inclined to
eral trend: As pointed out in the paragraph above, on largein€ substrate by only 10.0°. _ o
islands, only the more slowly growing facets remain. More- SO on the GaAd13A substrate it seems that dots in dif-
over, if the growth of a facet does not proceed in Step_ﬂo\,\,ferent growth states are observed. Such a situation is ex-
mode, a 2D nucleus must be formed on the facet each time Rected for nucleation limitation, i.e., if nucleation takes place
new layer is added. It has been argued that the activatiofver & period typical for QD growth. We have already specu-
energy for forming such a nucleus increases with the size dfted that the QD’s may grow on top of the hills in the rough
the facet? Consequently, facet growth stops once the QDsubstrate layer. As these hills have random sizes and different
has reached a certain size. Furthermore, it has been shown ilt-in strains, the critical InAs thickness will be exceeded
least in a special case, that the strain field induced in théocally at different moments during the InAs deposition. This
substrate around a QD hinders diffusive material flow to-means that events of nucleating QD’s will take place over a
wards the dof? Since the strain field of a QD is inhomoge- rather long time interval.

neous, with the highest strain values at the footing of the QD, The behavior on (13)B is remarkably different. The

in the center of the edge between QD and substste Ref.  wetting layer is much more smooth and the ensemble of dots
42), large QD's are affected more strongly by the detrimentaimuch more uniform. Besides the normal QD’s, only a small
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(113)A

FIG. 7. (a) Top-view STM images of InAs QD’s on Ga&kL3
A. (b) Dot embryos and wetting layer for InAs QD’s on GdA%3)
A. (c) Top-view STM images of InAs QD’s on GaAs(8)B. (d)
Wetting layer for InAs QD's on GaAs(lI3)B. U=—3 V, 1=0.1
nA.

FIG. 6. 3D overview STM images of the InAs QD’s grown on and between 20 and 40 nm with the peak of 45% at 30 nm
the (8) GaA4113A and (b) GaAs(113)B surfaces. The images on the (113)B surface. The 3x 10'° cm™2 in number den-

were acquired and presented in 3D form with the same parameterg‘ity on GaAsal?)B is higher than the 9.% 10° cm 2 on
ML 2 _ . _
The size is (5000< 5000) A% U=-—3 V, I=0.1 nA. The GaAgq113A. Before we compare the QD formation on the

rowth temperature was 450 °C and the nominal InAs thicknes . - . .
8\,&5 55 Ml_f; on theA and 1.4 Mly,; on theB face. A nucleus on andB faces in further dgta|_l,_we brlefl}/ recall the a_tom!cally
the (113)A surface and a large dot are marked by arrows. rgsolved §hape of the |nd|V|duaI Q15D s as determinedirby

situ STM images of unburied dofé:
number of elongated dots is observed. One of them is
marked by an arrow in Fig. (B). Remarkable is also the i
different structure in the wetting layer as already discussed GaAs(113)A

above. So for (13)B we conclude that we are in a growth G

regime different from th€113)A surface: The nucleation pe- i ]
riod is short compared to the growth period, and the finally 0.2} -
observed QD ensemble does not preserve any memory of
nucleation. No small dots or embryos can be observed under
these conditions, as can be clearly seen in Figé&c) 7and

7(d). These observations provide clear evidence for the
above-mentioned growth limitation.

The critical thickness — as established with RHEED —
at which the 3D QD’s are formed is 2:5 0.3 ML, for the
Aface and 1.7t 0.3 ML, 3 for the B face. The delay in the
SK transition on theA face can be explained by the partial
relaxation of InAs at the 3D small and large hills observed
already on the wetting layer, because in the 3D structures
InAs can better relax than in the 2D film. A similar delay of
QD formation was found for I5:Ga, sAs grown by the MBE
for GaAg311)A compared to GaA400 under otherwise
identical preparation conditioriS.

The different size distributions of the QD’s are apparent:
While there are many small as well as large dots onAhe
face, those on th®& face are very uniform. The measured

size distributions are shown in Fig. 8. On 14 3)A surface, FIG. 8. Size distribution for QD’s grown on Gaf43A and

the measured diameters at the base a[@8f] are distrib-  (113)B substrates at 450 °. The full width at the base alf882]
uted between 30 and 60 nm with the peak of 35% at 40 nnwas taken.

Number density [10™ cm?|

20 30 40 50 60 70 80 90
QD size [nm]
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FIG. 10. Atomically resolved STM imageserror signal
=constant-height modeof corresponding facets on the QD, num-
bered in Fig. ®): (a) the (011) or (101) facet: (37x 37) A2, U
=-3.1V,1=0.135 nA; (b) the (11D)A(2 X 2) reconstructed
facet: (98x 98) A2, U=-3V, 1=0.32 nA;(c) ( 2 5 1DA(1
X 1) reconstructed facets on the summit of the island: (110
X 110) A%, U=-2.5V, 1=0.33 nA; and(d) the border between
the (011) and the (13)B(1 X 1) facet: (63x 63) A? U
=-3.1V,1=0.135nA.

FIG. 9. (8 3D STM image of a QD nucleus grown on been assumed that nucleation occurs at the bottom edge,
GaAs(il:%)A: (440 X 440) A2, U=—30V, 1=01 nA. The Which is at first glance in agreement with our observation.
stripes of{2 5 11A facets are indicated by the bars at the nucleusHowever, these calculations had shown that nucleation at the

foot. (b) 3D STM image of an InAs QD of an intermediate shape: lower facet edge, in particular in the middle of this edge,

(320 x 320) A2, U=—3.0V, 1=0.32 nA. would be associated with high strain energy i.e., the InAs
material must be strongly compressed before incorporation
D. Atomically resolved shape of InAs QD’s on GaA&L19A into the QD crystal. Therefore the authors of Refs. 39 and 42

o assumed that the 2D embryo grows out of one of the lower

It is fascinating how perfectly crystalline islands form on ¢orers of the facet. Our observation shows that this assump-
the disordered wetting layer on the G4&B3A surface tjon is not generally valid, thus casting some doubt on the
shown in Fig. 8b). Figure 9a) exhibits an atomically re- details of the growth model considered in Refs. 39 and 42.
solved embryo dot which will be discussed below. FigureThe observation of such an island further indicates that the
9(b) presents a 3D STM image of an typical InAs QD with a (110) facets grow rather slowly; otherwise, a full facet layer
height of 45 A ™ It adopts an intermediate shape betweenyoyld have been developed during shutting off the Knudsen
the embryo in Fig. @) and the elongated island in the final g5
growth state(see Fig. 12 beloyv The exact azimuthal direc- The triangular facet 2[Fig. 10b)] is a (111)
tions on the substrate were determined from the atomicall;a\(z X 2)-reconstructed surface as derived from following
resolved wetting layer as well as from wafer-manufacturerneasyrements: It is inclined td13A by 26° + 4° and
data. The QD exhibits mirror symmetry with respect to thegyhibits a rhombic unit cell with the vectou=8.0

(110) plane perpendicular to th€l13A substrate plane + 0.4 A .[Geometrical values for the (6Ga) vacancy buck-

along[332]. The island comprises two symmetrical facets 1,ling model of the (111)A(2 X 2) reconstructioff*° are

a frontal facet 2, two small facets 3 on the summit, and &9.5° andu=7.8 (7.2) A ] The filled-state STM image in

rounded region 4. Fig. 10b) is also very similar to that acquired from the pla-
The facets 1, shown in Fig. 14 on an enlarged scale, are nar GaA$111)A(2 X 2) surface'®

identified to be{110 planes from following STM measure- The facets 3 on the summit of the islaffeig. 10c)] are

ments: The facets are inclined to th&l3)A substrate by {2 5 13}A-reconstructed surfaces as extracted from the fol-

29° + 4° and exhibit unit-cell vectors ai;=3.8+ 0.2 A lowing measurements: The angle to the substrate and the

andu,=5.5+ 0.2 A .[The geometrical values for the In- lengths of the unit-cell vectors are ¥ 3°,u;=11.5

As(GaAs{110 surface projected ont¢113 are 31.5°u; + 0.5 A, andu,=21.7+ 1.0 A, respectively[The geo-

=3.9(3.6) A , andu,=5.8 (5.4) A, respectively.On the  metrical values for the InASaAs {2 5 1TA(1 X 1)

left facet 1 in Fig. 9b) [on the(101) surfacd a 2D embryo, reconstructiof®?® are 10.0°,u;=11.3 (10.5) A , andu,

1 ML high, can be seen that occupies the lower middle part=20.2 (18.8) A] The small{2 5 11A facets are character-

of the facet. In the theory outlined in Refs. 39 and 42, it hasstic of an intermediate stage during QD growth and disap-

165310-7



Y. TEMKO, T. SUZUKI, P. KRATZER, AND K. JACOBI PHYSICAL REVIEW B68, 165310 (2003

FIG. 12. 3D STM image of an elongated InAs QD grown on
_ GaAq113A: U=-2.5V, 1=0.33 nA. From Ref. 15.

FIG. 11. 3D STM image of an InAs QD grown on GaA4Q)
B with five characteristic regions: (428 420) A% U=-3V,I As described in Ref. 14, two symmetrical facets 1 and the
=0.1 nA. From Ref. 14. triangular facet 2 from the main part were identified to be

_ _ {110 and (111)B(1/19 X /19) surfaces, respectively. Simi-

pear when the QD achieves the final elongated siape |ar to the QD’s on GaAd13A a rounded structure develops
below). We note that very larg€2 5 1DA facets were ob-  4i50 on the backside 3 of the island on GaAKg)IB, which

served on top of the InAs QD’s on Gal43A by Wang  \yas considered to be composed of a stacking of vidiaal

16 i i ; s in—
et al.. We believe that the d|.fference with our results is in 1) surfaces. The flat base consists of facets 4 and 5, inclined
the different As pressure which was larger by an order of

magnitude in Ref. 16. The surface free energy of (D) to (113)B by 14.5° and 10.0°, which were determined to be

cleavage plane (52 meV/3 is independent of the chemical Of {135}B and{112}B orientation, respectively. .
potential of As, > whereas the surface energy of the GEAs The emstencg of the flat base is in agreemept with the
5 1DA(1 X 1) reconstruction increases towards Ga-richidea, proposed in Ref. 15, that the growth rate is lower on
conditions. This means that — similar to the GaAs surfacedhose facets where the As-As bond of;Amas to be broken
— the difference between energies of both surfaces waBefore incorporation. We will come back to this point below.
larger in the present study and therefore the I2A5 1))  The{112}B and{135}B facets connect thf110 and (111)
facets vanished from the QD’s leaving behind the {148}  B(/19 X /19) facets with the GaAs(l13)B substrate. The
facets. latter three faces actually do not exhibit As dimers at the
Region 4 in Fig. %) exhibits a complex structure, which reconstructed surface. Also, the edges between them and
appears to be rounded on the intermediate islands. In th@ng)B substrate do not supply sites, where, Asolecules
simplest case, thé01) surface, inclined td113)A by 25°,  an be incorporated without dissociation. We speculate that
could develop in this area. The rounded shape must be attrikhis could delay the incorporation of In atoms from the wet-
cativalenty, (o 200D surface wih many eguiar atoric M9 2Yr o118 and (IL1)8 facets, whike In presun:
steps that cannot be atomically resolved in STM. The highably reacts with As adatoms and forms low-energg. )18

step density is indicative of a high growth speed in this re.and {135}B surfaces at the island foot. In contrast, the

gion. rounded region of vicinal001) surfaces can grow with As
Therefore, no connecting facet develops between this region
and the GaAs(13)B substrate. More generally, difficulties-
E. Atomically resolved shape of InAs QD’s grown on GaAs with the incorporation of Asmolecules may also be respon-
(113)B sible for the above-discussed growth limitation on the GaAs

(113)B substrate.

Only two types of islands are observed on GaA3)B:
many relatively small QD’s of remarkably uniform size and
some large islands with very broad size distributidf’ A F. Large InAs islands grown on GaAg113A
typical InAs QD is depicted in Fig. 11. Similar to tii£13A About 60% of all measured InAs QD’'s grown on

case the QD is mirror symmetric with respect to thd@QL  GaAg113A adopt a final shape elongated aldi®$2] that
plane normal to the substrate. The QD comprises a stegB shown in Fig. 12. The elongation, observed also by several
main part terminating by regions 1, 2, and 3 and a flat basether groups;* gives rise to a spatial anisotropy of the lu-
Consisting of facets 4 and 5. The flat base, which was Nofhinescence ||ght, which can be apphed in po|arizati0n_
observed on the QD’s on Gafd3A, is an intrinsic part of  sensitive device®’ In comparison to the QD in Fig.(B),

the InAs QD’s on GaAs(13)B, which appears not only there is a drastic reduction in size of tiiEL])A facet: The
during growth, but still exists after annealing treatment of thelength of the edge betweef11)A and (113)A decreases
samples”’ from (116 = 30) A for the intermediate QD to (6& 20) A
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for the elongated QD’s. This infers th&l11A is a fast-

growing facet where In and As are incorporated relatively
easily. As a consequence, nef#l])A layers are added

quickly, causing this facet to vanish and leaving behind in-
creasing{110 facets on both sides of the island. An analysis
of the shape of several large islands with different sizes
clearly shows that the larger islands have grown almost ex

clusively in the[332] direction, while the opposite rounded
side of the islands grows only little. Instead, there is a furthe
faceting of the rounded00l) region with appearance of ©

(113)B facets.

Why is an elongation scenario realized instead of propor
tional growth of the rather round, intermediate shape showi
in Fig. 9Ab)? We believe that there is a connection betweer
retarded growth of the rounded side and the appearance

the (113)B facets on it. Generally, th€001) facet grows
with the largest rate as reported in experiments of simulta
neous growth of low-index surfaces on patterned GaA:s
substrated?~3 whereas other facets on the QD’s on
GaAq113A grow rather slowly. We would expect the
growth rate of the rounded region to be increased further b
the high step density on the vicin@01) surface. When the

islands adopt the final shape, elongated al88%] (see be-
low), the vicinal (001 region partially transforms into two

flat surfaces, which were identified to bel@)B and (113)
B facets. They form well-ordered edges with {140 facets
as shown in Fig. 1@). The (113)B or (113)B surface is FIG. 13. (Color) (a) Ball-and-stick model of one corner of the
inclined to (113A by 40° = 5° and exhibits the unit-cell NAS QD grown on GaASL13A. The As atoms are marked in
vectorsu; =4.1 + 0.2 A andu,=13.0+ 0.3 A .[The geo- different colors: black for th€113)A substrate, blue for thel11)A

. _ facet of the QD, and green for tli£01) facet of the QD. Also a first
Eiglgaélgzl)lj‘i\s(R:;esc;?’]s'lul 39(36) A, andu growth nucleus at the edge between (h&3A substrate an¢111)

In contrast to the epitaxy on Gaf91), where the Ag A facet is depicted(b) Enlarged part at the edge between th&l)

. . A facet and th bstrate derived fréay.
molecules can be incorporated as As dintéfer the growth acet and the substrate derived frdza)

of GaAs(113)B, the As molecules must always be ) -
dissociated? Very likely, the occurrence of—(JJE)B facets GaASfﬁet size. The Iength of the edge between tHe [B
decreases the growth rate at the rounded region strongfnd (112)B facets even increases from 16515 A for the
since breaking the As-As bonds of the incoming, Asol- ¢ D’S to 120+ 15 A for the elongated islands. ThIS_ b_ehaVIor
ecules requires some additional energy. Owing to the — witindicates that the growth of the elongated shape, if it occurs,
respect to[110] — larger diffusion length in thg332] proceeds mainly by the growth of tt{e01) rounded region
direction® the In atoms are then incorporated mainly at the
(112)A facet. We note here that the edge of {h&1)A facet
with the (113)A substrate allows for incorporation of As
molecules without dissociation. This is indicated schemati-
cally in Fig. 13: In our model two In atoms are adsorbed at
the edge whereby a bond of an As surface dimer is broken.
These two In atoms together with two In atoms from the
(11DA facet can bond an Asmolecule without dissociation

as a new dimer. This dimer may be broken up by further In
atoms and a new layer on tli£l1)A facet starts to grow. As

a result of the fast growth of thel11)A facet the QD adopts
the elongated shape.

G. Large InAs islands grown on GaA4113)B

Only 4% of all islands on GaAs(13)B adopt a some-
what elongated shape shown in Fig. 14. Contrary to the elon- FIG. 14. 3D STM image of an elongated InAs QD grown on
gated QD’'s on GaA413A there is no reduction of the GaAs(113)B: (420 x 420) A2, U=-3V, 1=0.1 nA.
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H. Discussion of growth kinetics

Because of its highly disordered, undulating morphology,
the (113 A surface very likely exhibits an inhomogeneous
strain distribution just before the SK transition. The small

\zigg;a)l ';:" and large hills, protruding from the wetting layer, observed

in Fig. 3(@), can be considered as places where the strain is
better relieved and may serve as nucleation sites. Since the
height and lateral dimensions of the hills are not equal, the
QD growth processes after the SK transition may proceed
not simultaneously on the whole surface. Evidence for this
may be found in the embryo aside from the mature QD’s as
can be seen in Fig.(6). These effects are responsible for the
observed broad size distribution on 143 A substrate typi-

cal for nucleation limitation. Such a behavior has not been
reported yet for the InAs/GaAs heteroepitaxy on other sub-
N strate orientations.

Yoo (112 Besides the QD’s and the presumably incoherent islands
we also observe growth embryos on ti&3)A surface. Fig-

ure 9a) shows an STM image of a typical embryo. We have
positioned this image very early in this presentation in order
to facilitate the comparison with the mature QD in Figh)9

The embryos have a triangular shape elongated towards

[332] with the height up to 13 A . The bounding facets are
inclined to the substrate by 8% 4° and exhibit the stripe
like structure with the width of three As dimers, which is
FIG. 15. Shape of InAs QD's derived from STM measurements:characteristic for thg2 5 1A surface®?® [the geometric
(a) a QD on GaA&113A. The solid line represents the intermediate angle betweer2 5 11 and (113 planes is 10.0°]. However,
QD shape, and the dotted line shows final elongated QD's aftethe {2 5 11JA facets are fairly disordered; also narrower and
further growth.(b) A QD on GaAs(1L3)B. The solid line indicates ~ wider stripesimarked in Fig. 8] are seen on the nucleus.
the shape of the QD and the dotted line the incoherent island elornterestingly, the QD’s start to grow with very flat, stable
gated alond332]. low-energy surfaces, e.d2 5 11A in the present case; i.e.,
the misfit strain drives the system not immediately into a
_ more steeper shape.
in the[332] direction. However, similar to the QD’s on the The islands on thé113A surface are terminated H 5

face, the{113A facets should develop on tNGOT) vicinal 1A su_rfaces Whe_n they start growing from_ the wetting
region. In fact, a strong decrease of the growth rate at th&Yer- Since2 5 11 is terminated by As dimers, it may grow
rounded region and a flattening of the rounded region by th&St following the argument given above. Similarly to the fast
formation of {113A facets is not observed in the STM im- 9oWing(11DA facet later in the growth process, {5 1%
ages of the elongated islands. This may be due to a diffele‘ facets disappear fr(_)m the.QD S, wh.erec_as the slower grow-

, — ing {110 facets remain and increase in size.{A40 facets
ence in growth rate between t13A and ('113)7B'facets. are energetically more favorable, a shape nearer to equilib-

The size distribution of the elongated islafidss very rium is reached later in the growth process.

broad with the lengths aloni@32] from 450 up to 850 A. For the (113)B surface we suggest another growth sce-

There is also no report about a polarization anisotropy fro”hario: Since the wetting layer on the 13)B substrate is
elongated QD’s on GaAs(IB)B. These facts suggest that rather flat, the strain is distributed homogeneously on the
these islands are incoherent, i.e., have one or several dislgshole surface. Therefore, the probability of the QD forma-
cations incorporated at the interface to the substrate whicfion is equal everywhere so that a simultaneous SK transition
relieve the strain. Incorporating the dislocation requires taakes place. After the SK transition the QD's starts to grow
surmount an energetic barrier, and this is achieved only in imost simultaneously with a similar growth rate. This is one
few casegexperimentally, 4% of all islands are found to be prerequisite for obtaining the narrow size distribution that is
elongatedi After the dislocation has been formed, #®91)  observed on GaAs(3)B. Nucleation can only occur ini-

region can grow with the largest rate without limitation tjally in a time interval short compared to the typical growth

caused by elastic strain present in the QD's, as reported faime of a dot. This has been noted above as growth limita-
simultaneously growing low-index surfaces on patternedion.

GaAs substraté*’ The islands become elongated ald8g It is obvious from Fig. 6 that the shape of the QD’s grown
2]. In Fig. 15 the models for the intermediate and the elon-on GaA$113A and GaAs(13)B is quite different: A larger
gated QD on(113)A and (113)B are sketched. number of islands on th€l13)A substrate are elongated to-
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wards[332], whereas the islands on ti&face are mostly although the bounding facets appearing on the main part of

rather round. According to our interpretation outlined abovihe QD's are identical, the overall shape of the QD's is

this results from the distinctive differences in nucleation an argely different on both substrates. The differences in shape

! . ) ; . are considered to be an effect of facet growth kinetics asso-
growth which very likely are induced by the differences in ciated with As molecule dissociation.

the respective wetting layers. The InAs/GaAs system waits ¢ morphology and atomic structure of the wetting layer
for a theoretical simulation which would deliver the hierar- 5isq seem to have an important influence on QD formation.
chy of atomistic processes and the rate determining stepgor the GaAg113A surface, the intrinsic undulation be-
Our Study on thG(ll3)A surface is especially interesting for comes much more pronounced with depositing InAs. The
this purpose since it exhibits many different growth statesyoughness of the wetting layer seems to hinder diffusion. The
embryos, intermediatécoherent QD’s and large(presum-  result is a very inhomogeneous strain distribution that may
ably coherent as well as incohergrglands. Interestingly on  nhibit a SK transition simultaneous on the whole surface. It
both substrates, the area from which the material is collecteghduces a broad size distribution of the InAs QD’s. Further-
seems not to play a role in determining the size of the QD'smore, dot embryos are found, indicating rather late nucle-
There are areas free of QD’s whereas in other areas QD’s aion events. We observe here a clear case of nucleation limi-
rather near to each other as can be seen from Figs.a8d  tation: Nucleation takes place at the same time scale as the
7(c). growth itself.

The behavior on the GaAs(B)B surface is quite differ-
ent. The flatness of the GaAs[2)B surface remains also

We have compared the growth of InAs QD’s on after InAs deposition. Therefore, the QD growth starts simul-
GaAg113A and GaAs(TB’_)B substrates. The symmetry of taneously at_the.SK transition and the'QD’s.; grow with equal
the QD's and orientation of the main bounding facets ard@(€S; resulting in a homogeneous size distributioHere

— we observe a case of growth limitation. Since the SK transi-
found to be equal on both GaR43A f"‘r.‘d GaAs(I3)B  ion s rather short in time, we are unable to observe embryo
substrates. The QD’s on Ga@43A exhibit (110) as sym-  dots.

metry plane,{11G and (11DA bounding facets, and a  Finally we like to underline that the Gafl3A sub-
rounded region of the vicinal001) surfaces. The latter re- strate offers an unique opportunity to follow the kinetics of
gion becomes more steep with the appearance aB)R the QD growth, from the nuclei to the mature elongated is-
surfaces in a later growth state, giving rise to a shape elorands. This system is very appropriate for future growth
gated alond332]. The QD’'s on GaAs(13)B exhibit also ~ Simulations.
the (110) symmetry plane{110} and (111)B and a
rounded region of vicina{001} surfaces serve as bounding We thank G. Ertl f 4P G . hical
; 2T e thank G. Ertl for support and P. Geng for technica
g’:\c;zise.tSCc()jr;tr:;)t/ (tjc;\t/relleoSZtStr?g &;‘S;]i)% Ssljffea?;; (;:3 a a}ssistance. T.S. thanks the Alexander von Humboldt Founda-
i o tion for a support. The work was supported by the Deutsche
flat base of high-index (12)B and (135)B surfaces devel- ForschungsgemeinschafGrant No. SFB296, Project No.
ops at the foot of th¢110; and (111) B bounding facets. So A2).

IV. CONCLUSION
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