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Scaling properties of InAs/GaAs self-assembled quantum dots
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We studied the scaling law for volume distribution of the self-assembled quantum dots grown by molecular-
beam epitaxy of the Stranski-Krastanow mode. The scaling law was found to hold regardless of the annealing
time and growth temperature. Also, we found the scaling law for the pair distribution of self-assembled
quantum dots. Both the volume distribution and pair distribution agreed with the scaling functions for two-
dimensional submonolayer homoepitaxy model with critical cluster sizei 51, which excludes adatom detach-
ment from clusters.@S0163-1829~99!04835-3#
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I. INTRODUCTION

Recently much attention has been paid to the gro
mechanism of dislocation-free self-assembled quantum
by the Stranski-Krastanow~SK! mode, because the sel
assembled quantum dot is a structure with high potentia
for laser and memory applications. However, the curr
quantum dots have volume fluctuation which is commo
610% too large for the laser application. In this paper
discuss the scaling properties of the distributions of
molecular-beam epitaxy~MBE! grown InAs/GaAs SK quan-
tum dots.

In the case of submonolayer epitaxial growth, the isla
volume scaling is well studied by means of the scann
tunneling microscope~STM! observations1–4 and computer
simulations.6–8 According to the scaling assumption9,10 the
island volume~more precisely, the island area, in this cas!
distribution is described by

Ns5
^s&2

Q
f S s

^s& D . ~1!

HereNs is the density of the islands which contain s atom
Q is the fractional surface coverage,^s& is the average num
ber of atoms in an island, andf (s/^s&) is the island volume
distribution scaling function. The volume distribution scalin
law ~1! is well known to hold for two-dimensional islands o
homo and hetero submonolayer epitaxy, such as Fe on
~Ref. 1! and InAs on GaAs~Ref. 2! and also for their growth
simulations.

II. EXPERIMENT

The growth was done by the Riber 2300 molecular-be
epitaxy system on nominally flat GaAs~001! substrate. After
the growth of the GaAs buffer layer at a substrate tempe
ture of 600 °C, we decreased the temperature to 490 °C
surface reconstruction isc(234), and the InAs was grown
~at a rate of 0.1mm/h with arsenic pressure of 531026

Torr!. We prepared two types of samples at 490°C. One
obtained by 60-s annealing, that is 490 °C, 60-s annea
PRB 600163-1829/99/60~11!/8234~4!/$15.00
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under As pressure after the InAs growth. The other was
tained without annealing, that is, immediately cooled do
after the In shutter was closed. Furthermore, we varied
growth temperature, for samples from 510 °C to 560
without annealing. The substrate rotation was stopped du
the InAs growth to obtain different coverages within a sing
growth run and to observe the reflection high-energy elect
diffraction pattern. The substrates were taken out of
MBE chamber after they cooled down to room temperatu
The islands were characterized by atmospheric atomic fo
microscopy~Nano Scope III! after the epiwafer was take
out of the MBE chamber. As for 60-s annealing, we ha
already reported the presence of the volume distribution s
ing function.11

III. RESULT

Figures 1~a! and 1~b! show the average InAs dot volum
for various dot density. Here, we defined dot volume by
product@(110) diameter# 3 @(1̄10) diameter# 3@height#. In
fact, for a cone-shape dot, the volume is1

3 of height3 base
area, and for a cap-shaped dot the prefactor is1

2 . However,
we note that the scaling function is independent of the p
actor of the volume.

As we increased the growth temperature, the dot size s
ply increased. However, at 550 °C we observed a differ
feature on the surface: there are two types of dots. One
is of large dots, whose diameter is about 50 nm and heigh
5.5 nm, the other type is of small dots~diameter: 20 nm,
height: 1.5 nm!. We also observed a holelike structure who
depth is 1;2 ML. Finally at 560 °C, there are only larg
scale three-dimensional~3D! structures, and quantum-siz
dots vanished.

In Fig. 1~a!, for samples of 490 °C with a dot densit
more than 331010/cm2, the average dot volume decreased
the dot density increased. We attribute this tendency to
increased probability of dot nucleation. It was reported17 that
the total dot densityr showed the power law as a function o
the coverage expressed as

r5r0~Q2Qc!
a, ~2!
8234 ©1999 The American Physical Society
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PRB 60 8235SCALING PROPERTIES OF InAs/GaAs SELF- . . .
where r0 is a proportionally coefficient,Qc is the critical
coverage~1.5 ML!, and the critical exponenta was 1.76 at
490 °C.17 Since dot nucleation is proportional to (Q
2Qc)

1.76, and increases more rapidly than the In supply
crease as (Q2Qc), each dot catches less In adatoms as
increase coverage. In short, the In supply for each dot
creases as we increase the coverage, and so the avera
the dot volume decreases.

For dot density less than 331010/cm2, we could observe a
quasi-3D island5 and a 2D island on the substrate. As long
there was a quasi-3D island, the island volume was sma
Here we believe that diffusing In adatoms could not arrive
existing dots because of low dot density. The same inter
tation is applied to the sample with higher growth tempe
ture. For example, at 510 °C, with a density more than
31010/cm2, the average dot volume decreased as the
density increased. Also in this sample we could obse
quasi-3D islands at a density less than 2.031010/cm2, where
dot volumes are small. It suggests that the adsorption of
fusing In adatoms, probably to 2D step edges, without rea
ing dots leads to the nucleation of a quasi-3D island. In
dition, from Eq.~2!, the average dot volumês& is described
by ^s&;r1/a 21. Therefore, Fig. 1 implies that the growt
temperature increased the critical exponenta.

Figure 2 shows the volume distribution of InAs quantu
dots with 60-s annealing. At low dot density, the volum
distribution is broad, and the volume fluctuation is large.
high density, the volume distribution sharpens: volume fl
tuation is small and large dots observed at low density do
exist. This trend is opposite from the 2D homoepitaxy in t
scaling region,7 in which there is no nucleation of a ne
island, and 2D islands became larger as the coverage

FIG. 1. ~a! Average dot volume as a function of dot density
growth temperature 490 °C. The open circle was obtained from
sample with 60-s annealing. The solid circle was obtained from
sample without annealing.~b! The average dot volume as a functio
of dot density at 510 °C~s!, 520 °C (h). The solid curves are eye
guides.
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creased. However, in the case of a self-assembled quan
dot, dot nucleation is proportional to (Q2Qc)

a. Therefore,
the dot volume decreased, as we increased coverage.

Figure 3~a! shows island volume scaling functions o
samples with and without annealing at 490 °C. Here,
coverageQ in Eq. ~1! was replaced by the effective coverag
Qe f f5(sNs obtained by the total dot volume. Figure 3~b!
shows the scaling function at higher temperature. The sca
law was confirmed regardless of annealing times and gro
temperature. From Figs. 2, 3~a!, and 3~b!, we see that the
normalized dot volume fluctuation is always constant. T
scaling function of Figs. 3~a! and 3~b! also tells us that the
growth mechanism did not change, even if the coverage
growth temperature was changed. For the heteroepita
system a potential barrier, originated from the lattice m
match, is said to be formed at the dot edge where st
energy is maximum.12 This barrier reduces the growth ra
for large volume dots. If the potential barrier worked effe
tively, the scaling function should have depended on the
erage dot volume because large dots could not grow m
We suppose that the potential barrier did not play an imp
tant role for the coverages and temperatures we observe
Fig. 3~c! of 550 °C, whose surface structure is different fro
lower temperature, the scaling is also quite different fro
Figs. 3~a! and 3~b!.

In Fig. 3 the solid curves are the scaling function of t
homoepitaxial growth simulation model with critical clust
size i 51.13 In this model a monomer can diffuse on th
surface but when it encounters another monomer or a clu
it stops and forms a stable cluster and there is no more
fusion or detachment. A monomer stops even if only one
its nearest-neighbor sites is occupied in this model. T
dashed curve is the scaling function of a model with critic
cluster sizei 52, which has a probability of monomer de
tachment from a cluster once formed if only one of
nearest-neighbor sites is occupied. The scaling function
the InAs/GaAs self-assembled quantum dot agreed with
model with critical cluster sizei 51. This scaling function of
the growth model with critical cluster sizei 51 agreed with
the low-temperature homoepitaxial Fe on Fe experiment.
our surprise, the scaling function of the quantum dot agr
with the scaling function of submonolayer homoepitaxy@Fe
on Fe~Ref. 1!# but disagreed with submonolayer heteroe

e
e

FIG. 2. Volume distribution of the sample with 60-s anneali
at 490 °C. Dot density is 3.3631010/cm2 (n), 5.96
31010/cm2 (h), 7.3231010/cm2 (s). The solid curves are eye
guides.
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8236 PRB 60Y. EBIKO et al.
taxy @InAs on GaAs~Ref. 2!#. Therefore, the strain comin
from the lattice mismatch did not modify the scaling functi
of our SK dots.

In the case of the 2D homoepitaxial Fe on Fe experime
since the Arrehenius law control detachment, higher te
peratures modified the scaling function. However, in the c
of the self-assembled quantum dot, the scaling function
not change up to 540 °C. When we increased the gro
temperature to 550 °C the scaling function was quite diff
ent from the one for the simulation model with critical clu
ter size i 51 – 3. Therefore, a growth mechanism, possib
the desorption, must have worked at 550 °C, in addition
diffusion, aggregation, and detachment.

In Figs. 3~a! and 3~b! the scaling function was unchange
We can conclude that the same growth mechanism is w
ing regardless of the anneal procedure and growth temp
ture. However, it should be noted that immediate cool
down does not precisely mean 0-s annealing time. There
5–10-s delay before the wafer is sufficiently cool, and th
is a report based on the photoluminescence study that 10
enough to saturate the effect of annealing.14

FIG. 3. Volume distribution scaling function at 490 °C~a!. Dot
densities with annealing are 0.331010/cm2 (s), 1.8
31010/cm2 (h), 7.3231010/cm2 (,), 10.0031010/cm2 (L),
and without annealing 2.631010/cm2 (.), 4.3231010/cm2 (j),
6.7631010/cm2 (n), 7.0831010/cm2 (m). In ~b! dot densities
are 2.5631010/cm2 (,), 2.831010/cm2 (L) at 510 °C, 1.96
31010/cm2 (.), 2.6631010/cm2 (m) at 520 °C, 1.97
31010/cm2 (h), 2.6831010/cm2 (n), 3.3131010/cm2 (s) at
530 °C, 2.5431010/cm2 (l), 3.1631010/cm2 (j) at 540 °C. In
~c!, dot densities are 2.5531010/cm2 (s), 2.7331010/cm2 (n),
2.7831010/cm2 (h) at 550 °C. The solid curve is the scalin
function of the simulation model with critical cluster sizei 51.
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For the two-dimensional island, the scaling law for t
island separation is also studied.15,16By studying island sepa
ration scaling, we can more clearly see how dots nucle
Therefore, we studied the scaling for the pair distributi
function of InAs quantum dots. According to the scaling a
sumption, the probability of finding another dot separated
distancer from a particular dot is described by

N~r !5N gS r

^r & D . ~3!

Here N is the whole density of the dots,^r &; 1/AN is the
average distance between dots, andg(r /^r &) is the pair dis-
tribution scaling function. Figure 4 shows the pair distrib
tion scaling function of InAs quantum dots. We confirme
that the scaling law~3! held at 490 °C and higher growt
temperatures. The solid curve is from the analytic solution
rate equations which exclude adatom detachment, and w
is practically the same as the homoepitaxy simulation mo

FIG. 4. Pair distribution scaling function.~a! compares the re-
sults of 490 °C with and without 60-s annealing. The dot densi
with annealing are 3.3631010/cm2 (n), 7.1631010/cm2 (s),
10.0031010/cm2 (,), and without annealing 4.74
31010/cm2 (m), 5.5431010/cm2 (j), 7.1531010/cm2 (l). In
~b! all are obtained without annealing. Dot densities are 2
31010/cm2 (l), 2.8131010/cm2 (j) at 510 °C, 2.85
31010/cm2 (m) at 520 °C, 2.7931010/cm2 (s), 3.36
31010/cm2 (h) at 530 °C, and 2.7831010/cm2 (,), 2.89
31010/cm2 (n) at 540 °C. In ~c! dot densities are 2.55
31010/cm2 (s), 2.7331010/cm2 (h), 2.7831010/cm2 (n) at
550 °C. The solid curve is the analytic expression, which is giv
by @12K0(r /j)/K0(r 0 /j)#2. HereK0 is the zeroth-order modified
Bessel function,r 0 is the average dot lateral size, andj is the
average separation;1/AN.
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with critical cluster sizei 51. Therefore we conclude tha
there is no detachment of adatoms in the growth proces
the site of the rather high growth temperature. We note
the scaling function has a depletion of dots at small sep
tion. This is because a dot acts as a sink for diffusing
adatoms.

Figure 4~c! shows the pair distribution scaling function
for the sample at 550 °C; the scaling function was qu
different from that at lower temperatures. This scaling fun
tion has a probability more than 1 at small separation
decays to 1 atr /^r & .3. Therefore we conclude that a d
did not act as a sink at 550 °C. Rather, dots tend to
formed near other dots.

Both the volume distribution and pair distribution scalin
functions agreed well with those of the growth model w
critical cluster sizei 51 from 490 °C to 540 °C. Therefore
we conclude that the dot formation is somehow explained
a surface diffusion model in which a monomer can diffu
but dimers cannot. We must add, however, that this is s
prising considering the high growth temperature of 490
to 540 °C ~In homoepitaxy of Fe on Fe, the model withi
51 described the growth atT,250°C!.
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IV. CONCLUSION

We have found the volume and pair distribution scali
functions which are not changed by growth temperature fr
490 °C to 540 °C. Both scaling functions agreed with tho
for the homoepitaxy simulation model with critical clust
size i 51. Therefore, we conclude that the growth of se
assembled quantum dots can be described by the surface
fusion of In adatoms where only monomers can diffuse a
that there is no detachment of a monomer from the isla
which once formed. The dot volume fluctuation is dete
mined by the stochastic process of the surface diffusi
Therefore, we can explain the dot volume and growth p
cess without considering the effects coming from stra
When we increased the growth temperature to 550 °C,
scaling function was quite different, and we should consi
other growth mechanisms.
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