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We studied the cluster size distribution of dislocation-free |f@aAs self-assembled quantum dots
obtained by the Stranski-Krastanow mode of molecular beam epitaxy. The same scaling function
was obtained over a wide range of dot density. The scaling function indicated that the cluster size
fluctuation, normalized by the average size, is constant for all the quantum dot densities studied.
The resemblance of the scaling function to that of the submonolayer homoepitaxial growth implies
that the strain is not the essential factor determining the cluster size distribution of quantum dots.
[S0031-9007(98)05602-6]

PACS numbers: 68.55.—a, 61.43.Hv, 82.20.Mj

The growth of lattice-mismatch semiconductor systemg1.5 ML), and the critical exponent is 1.76. Equa-
such as G£Si and InAgGaAs has been known to produce tion (2) implies the presence of the scaling region and
a dotlike structure by the Stranski-Krastanow (SK) modeconsequently the scaling function.

Recently this growth mode, especially of InAzaAs dots In this Letter, we present the 3D island size scaling
(known as “self-assembled quantum dots” [1]) has drawmwhich holds for a quite wide range of the total density of
much attention as a method to obtain quantum dots whicthe dislocation-free InA&GaAs islands by the SK mode.
are damage-free and fabrication-free. Now practical ap- The growth was done by the Riber 2300 molecular beam
plications of quantum dots are seriously sought for, anapitaxy (MBE) system on a nominally flat GaAs (001)
efforts are being made in fabricating quantum dot lasersubstrate. After the growth of the GaAs buffer layer at
with predicted high performance such as a high charactei substrate temperature of 6@ growth was interrupted
istic temperature and a low threshold current. Howeverfor 3—5 min, to decrease the temperature to 49Go
the current InAs quantum dots have a problem in size uniebtain ac(4 X 4) surface, and the InAs was grown (at a
formity which is commonly about-10%, and is insuffi-  rate of0.1 wm/h with arsenic pressure 6fx 10~° Torr)
cient for laser applications. It is intriguing to know if this without rotating the substrate. After the observation of a
common size fluctuation is essential or accidental. spotty pattern by reflection high energy electron diffraction

Not to mention practical applications, the scaling prop-(RHEED), the In shutter was closed and the sample was
erty of two-dimensional (2D) island size distribution is annealed for 60 s with the As shutter open, and the heating
known for submonolayer coverage. According to the scalwas stopped. The As shutter was kept open until the sub-
ing assumption [2,3], the island distribution is given by  strate was cooled down to about 3@ The islands were

0 characterized by atmospheric atomic force microscopy
Ns = Wf(s/<s>)~ (1) (AFM) after the epiwafer was taken out of the MBE
chamber. Three growth runs were used to obtain different
coverage. To vary coverage, we also made use of the non-
uniform growth rate of InAs while the substrate rotation
was stopped. The coverage was deduced from the island
density by using Eq. (2).

Figure 1 shows the AFM image of a low coverage
sample where we could identify, in addition to 3D islands,
large 2D islands (0.3 nm height), and quasi-3D islands
(0.6—1.2 nm height) previously reported by using UHV

TM/AFM [7]. Those 2D islands and quasi-3D islands
ere close to the resolution limit and not counted for the
distribution. Figure 2 shows the average size (volume) of
3D islands,(s), as a function of the island density. The
p = po(0 — 6.)° (2)  size initially increased to see a peak at about a density of
for 6 from 1.5 to 1.9 monolayer (ML), wherg, is 3 X 10'° cm 2 and then decreased as the island density
the proportionality coefficientd,. is the critical coverage increased. This kind of nonmonotonic density dependence

Here N, is the number of islands (normalized by the num-
ber of lattice sites) which contain atoms,é is the frac-
tional surface coverages) is the average number of atoms
in an island, andf(x) is the scaling function, which de-
pends only ons/(s). This scaling assumption was con-
firmed experimentally in Fe homoepitaxy [4] and IfAs
GaAs heteroepitaxy [5].

It is interesting to know if something similar to Eq. (1)
holds for three-dimensional (3D) island growth by the SK
mode, especially because it was reported [6] that the tot
island densityp shows a power law as a function of the
coverage expressed as
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value 6. deduced from the total island volume, that
is, > sN,. This subtracts the coverage used for the
wetting layer. We did not specify the detailed shape of
the 3D island. Instead we estimated the volume by the
product of three values: lateral diameters of both [110]
and[110] and the height. In fact, for a cone-shaped dot,
the volume is% of height X base area, and for a cap-
shaped dot, the prefactor%sconsidering the small aspect
ratio (0.06-0.2; see Fig. 5 below). However, we note
that the scaling function is independent of the prefactor
of the volume unless different shapes such as cones and
caps are mixed. The same scaling function was obtained
over a wide range of island density. It is known that the
dislocation formation [9] and the island coalescence [10]
drastically widen the island-size distribution. Therefore,
we believe that we are in a window of dislocation-free
and coalescence-free growth condition in spite of the
FIG.1. A typical AFM image (I xm X 1 um) of low wide range of islan_d dengity) we studied.. It should
coverage(~2 X 10° cm™2) sample. In addition to usual 3D be noted that the_re_ is no fitting parameter in these plots.
islands (white spots), we can identify large 2D islands shown afather large deviations for samples withx 10" cm™2
gray platforms and quasi-3D islands (Ref. [7]) shown as smal(open square, and open circle) are regarded to be large
gray spots. fluctuations coming from a small (total) number of islands
(about 100 for each).
of size was also reported [8] but with a peak at much The solid curve is the analytic expression [11] of 2D is-
lower density. For samples with densities less tBax  land distribution by submonolayer homoepitaxy with criti-
10'° cm™2, we could identify large 2D islands and quasi- cal island size of 1. Again, there is no fitting parameter to
3D islands as shownin Fig. 1. Therefore, these flat islandsbtain the curve. We note here that the analytic expres-
are regarded to be responsible for the reduction of thgion agreed quite well [11] with the computer simulation
average size of 3D islands atless thar8 x 10'© cm™2. results as well as submonolayer homoepitaxy (Fe on Fe)
Figure 3 shows the scaling function obtained for theexperiments [4].
3D islands. Here the coveragk was replaced by the

I I
T o 0.30x10'%cem® (1.59ML)

o 1.80x10'%cem® (1.75ML)
O 1.94x10'%/em? (1.77ML)

%= 1500} A 3.36x10'%/cm? (1.86ML)

£ ° v 3.60x10'%/cm’ (1.88ML)

~ o 1or B a @ 596x10"%cm’ (2.00ML) ]

A ° o o . * 7.32x10"%/em? (2.07ML)

Y Joook o om0 m 10.00x10'%cm? (2.17ML)

N ~

v )

> v,

S 500 . z

> 0.5

<C

O 1 1 i 1 1
2.0x10°  6.0x10"° 1.0x10"
Density(/cmz) 0.0
FIG. 2. Average cluster sizé&) (height X d(110) X d(110) 0 ! 2 3
in units of nn?), used to derive the scaling function. The s/ <S>

solid curve is an eye guide. Below densityix 10'° cm™2,

we could observe flat islands (large 2D islands and quasi-3FIG. 3. The island size scaling function for a wide range of
islands) shown in Fig. 1. These flat islands were not includedsland density. The solid curve is the analytic expression given
in (s). by Ref. [11].
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Figure 4 shows the scaling function obtained from ondsland of submonolayer homoepitaxy [4,11]. This is in
lateral size,d(110). Here, to compare with Fig. 3, the favor of the mechanism proposed by Priester and Lannoo
distribution of the lateral size was converted to volume[13] on InAs/GaAs SK island which claims that the 2D
(number of atomsy) distribution by assuming that the islands on 1 ML wetting layer act as “precursors” for
island volume is proportional td(110)3. The scaling is formation of 3D coherent island. However, our result
much less clear. The difference between Figs. 3 and #h Fig. 3 excludes the presence of equilibrium or opti-
suggests that the aspect ratio, heijdditeral size, is not mal distribution predicted by them. In addition, their
constant among 3D islands. In fact, Fig. 5 shows that thenechanism predicts an increase in size as the coverage
aspect ratio scatters from island to island even within th& (or densityp) is increased. This contradicts the de-
same sample. We believe that this is one of the reasorsease in size observed in Fig. 2. Instead, the agree-
why the scaling function has not been reported for laterainent of the scaling function with that of submonolayer
size or height distribution of InA&GaAs self-assembled growth with critical island size of = 1 suggests that
quantum dots. We note here that the nonuniform aspedh adatoms diffuse but dimers or larger clusters cannot
ratio is known for G¢Si growth [12]. move. If we adopt this simple picture, we can easily

The scaling function of Fig. 3 indicates that sigeof  understand the decrease of the average $izeob-
the 3D island is controlled by the surface dynamics of Inserved in Fig. 2, as we increase the dengitybeyond
atoms on InAs wetting layer, with a single scale(®f. 3 X 10'° cm 2. As we increase coverage, the dengity
This may appear surprising if we consider that the differ-increases faster than proportional&o- 6. as illustrated
ence between the In in the wetting layer and In adatonby Eq. (2). This is because the density is determined by
is not clear especially because the wetting layer is nothe number of the nucleation sites which is formed by the
atomically flat. However, this kind of ambiguity is also nearest-neighbor collision of In adatoms. On the other
present in a homoepitaxial growth experiment such as Fhand, the producp(s) is the total volume of 3D islands
on Fe substrate. More surprising is that, in the low denand is§ — 6.. Therefore(s) should decrease #sandp
sity region of2 X 10! cm™2, where large 2D islands and increase. Fop < 3 X 10'° cm2, the above argument
small quasi-3D islands [7] existed in addition to the 3Dis not applicable because we have large 2D islands and
islands, the same scaling function was obtained. Moreguasi-3D islands which are not includedgnand(s).
over, the obtained scaling function was quite different We note here two factors for ambiguity coming from
from that of the 2D island of submonolayer heteroepi-atmospheric AFM measurements. First, the native oxide
taxy of InAs on GaAs [5], but agreed to that of the 2D is present on the 3D island and wetting layer surfaces.

This is believed to degrade the scaling function even if
the thickness of the oxide is uniform. Second, due to the

T T 10, 2 limited resolution, smaller 3D islands were not identified.
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FIG. 4. The island size (volume) scaling function obtainedFIG. 5. The aspect rati@/d(110) as a function ofd(110),
from the lateral diameted(110) of 3D islands. Here, the size showing that the 3D islands are not proportional in size. Here,
s was obtained by assuming~ d(110)°. h denotes the height of 3D islands.
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of the abscissa. This also works to degrade the scaling In summary, we found a scaling function of clus-
function by modifying thef.;;. Besides, the measured ter size of dislocation-free 3D island for InAGaAs
lateral sizes are the upper bound of the actual dot size as s&lf-assembled quantum dots obtained by the Stransky-
known [8] in scanning probe microscopy in general. TheKrastanow mode of MBE growth. The same scaling func-
scaling function of Fig. 3 was obtained in spite of thosetion was obtained over a wide range of 3D island density,

nonideal circumstances. and it indicated that the cluster size fluctuation normalized
Figure 3 tells us that the size fluctuation of 3D islands by the average size is constant for all the island density
G = o) we studied. The resemblance of the scaling function to

that of submonolayer homoepitaxial growth implies that
decreased a&) decreased when we increased the islandhe strain is irrelevant to the cluster size distribution of
density above3 x 10!° cm™2. This is consistent with dislocation-free 3D islands.
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