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Scaling behavior in InAsÕGaAs„001… quantum-dot formation
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Scanning tunneling microscopy has been used to investigate the nucleation and evolution of InAs/
GaAs~001! quantum dots~QD’s! grown by molecular beam epitaxy. No scaling behavior as a function of
coverage is observed for the QD size distributions during their initial stages of formation. At coverages close
to the critical coverage the shape of the QD volume distribution resembles ani 50 scaling curve, and a
modifiedi 51 curve after saturation of the QD number density, with a crossover regime in between. The results
show that strain has a significant influence during QD nucleation and the initial stages of growth, but is
unimportant in the later stages of QD development. Comparison with classic nucleation theory indicates a
large, temperature-dependent size for the critical nucleus (i 518 at 500 °C!. This disagrees with conventional
models of QD formation and highlights the limited applicability of simple growth theories in modeling com-
plex heteroepitaxial growth systems.
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The growth of coherent self-assembled quantum d
~QD’s! in lattice-mismatched semiconductor systems such
InAs/GaAs~001! has attracted considerable interest primar
because of their possible uses as the active layer in n
generation optoelectronic devices.1 The ability to tune the
QD properties to specific device requirements depends
large extent on understanding how factors such as temp
ture and growth rate affect the QD size distribution. Unf
tunately, very important fundamental aspects of InA
GaAs~001! QD formation remain poorly understood, fo
example the exact mechanism of the two-dimensio
→three-dimensional (2D→3D) growth mode transition and
subsequent QD development, and the relative importanc
thermodynamic versus kinetic effects. Thermodynamic m
els of QD formation2,3,4,5 have been shown to have limite
applicability, and attempts to fit experimental data using
netic ~Monte Carlo and rate equation! simulations6,7 have
been only partially successful.

For simple 2D submonolayer growth, it has been sho
from nucleation theory8 that the island size distribution
obeys a scaling law of the form:9

Ns5
ueff

^s&2 f ~s/^s&!, ~1!

whereNs is the number of islands containings atoms,ueff is
the effective surface coverage,^s& is the average number o
atoms in a 2D island, andf (s/^s&) is a scaling function
which depends only ons/^s&. For submonolayer InAs het
eroepitaxy on GaAs, 2D island size distributions have b
shown to exhibit scaling behavior as a function of InA
coverage,10 growth rate and temperature,11 III:V flux ratio12

and substrate orientation,13 with the scaling functions closely
resembling those observed in GaAs~001! homoepitaxy.11,12

The main implication of these results is that the 2D nuc
ation kinetics in this growth system are determined by effe
other than strain, the surface reconstruction playing a do
nant role. This conclusion is not surprising since it is u
likely that at the submonolayer coverages studied~,0.3
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ML !, there is a sufficient amount of material on the surfa
for the strain energy~which is directly proportional to thick-
ness of deposit! to seriously affect the nucleation and grow
of 2D islands. Islands can therefore grow in a pseudom
phic, strain-free fashion, despite the very high lattice m
match between the GaAs substrate and the InAs deposi

Recently, Ebikoet al.14,15extended the scaling analysis
the 3D growth regime in InAs/GaAs~001! QD formation,
using ex situatomic force microscopy~AFM! to study the
evolution of the 3D islands grown by molecular beam e
taxy ~MBE!. Scaling as a function of InAs coverage wa
observed for both island size and separation at growth t
peratures,550 °C, the behavior consistent with that o
served for a critical nucleus sizei 51. This was interpreted
as evidence for strain being aninsignificant factor in deter-
mining the QD size distribution. However, their study f
cused on the postnucleation QD growth regime after sat
tion of the QD number density (Ns). Such a study does no
provide information about the initial QD growth mechanism
because the important stages of QD formation occur be
Ns saturation; at best it can only aid the understanding
matureQD development. In addition, the effects of QD a
loying, which are known to occur at the growth rate a
temperatures used in their experiments14 ~;0.1 ML s21 and
490–550 °C! were neglected, despite strong evidence for s
nificant alloying in both the wetting layer~WL! and the QD’s
themselves.16,17

In the original scaling model proposed by Bartelt a
Evans18 ~structureless point islands with critical nucleus si
i 51), no distinction is made between 2D and 3D islands
is reasonable, therefore, to extend 2D scaling argument
3D growth analysis, but care must be taken when using
island distribution characteristics, such asueff , Ns ands/^s&,
in what remain essentially 2D growth models. For examp
ueff is a fractional coverage, and by definition cannot exce
unity. For 3D Stranski-Krastanov~S-K! growth, this must be
taken as being equal to the coverage beyond the 2D-3D t
sition (u-ucrit , where ucrit is the critical coverage for 3D
island formation!, which is only true if classic S-K growth is
©2002 The American Physical Society02-1
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FIG. 1. Filled states STM im-
ages (0.2mm30.2mm) of InAs/
GaAs QD formation close toucrit :
~a! 1.68 ML5ucrit10.02 ML, ~b!
1.72 ML5ucrit10.06 ML, ~c!
1.81 ML5ucrit10.15 ML, ~d!
2.38 ML5ucrit10.70 ML. Also
shown is a plot of the QD numbe
densityNS ~filled circles! and the
average QD volumeV ~empty
squares! as a function of InAs
coverage. Solid lines are guides t
the eye.
c
ar
re
h tail
assumed and there is no alloying in the WL or QD’s. Su
assumptions are not always valid, as InAs/GaAs QD’s
known to undergo alloying at normal growth temperatu
and growth rates.16,19 However, we are not concerned wit
the actual mathematical form off (s/^s&), which is known to
20130
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be complicated,9 but only its shape, and it is sufficient to
calculate 3D values forueff , Ns , and s/^s& in an identical
manner to that for 2D islands.

The experimental method has been described in de
elsewhere.11,17 Briefly, ;0.1 mm GaAs buffer layers were
i-
FIG. 2. Scaled QD volume
distributions for InAs coverages
of: ~a! 1.68 ML, ~b! 1.72 ML, ~c!
1.76 ML, ~d! 1.81–2.38 ML. The
horizontal (s/^s&) and vertical
(Ns^s&2/ueff) axes are identical for
all InAs coverages. Filled symbols
refer to conventionally analyzed
STM data, empty circles refer to
the same data but with the add
tion of AFM convolution effects.
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grown by MBE on nominally flat~60.1°!, n1 doped, epi-
ready GaAs~001! substrates, before deposition of InAs
0.017 ML s21 ~62%! at a substrate temperature of 490 °
Note that this low growth rate minimizes the alloying in th
growth process, and leads to high In content QD’s17; fur-
thermore, it minimizes errors in coverage. For these con
tions, ucrit for QD formation is 1.66 ML. All fluxes were
calibrated using reflection high-energy electron diffracti
~RHEED! intensity oscillations recorded during homoep
taxial growth on GaAs~001! and InAs~001! substrates at 580
and 400 °C, respectively. After completion of growth, t
samples were immediately quenched into the adjacent s
ning tunneling microscopy~STM! chamber, base pressu
,1310210 mbar. The rapid transfer time~;2 s! and high
cooling rate~50 °C s21! ensures the surface morphology
effectively ‘‘frozen’’ and prevents significant postgrowt
thermally-induced surface rearrangements. Roo
temperature STM images were taken in constant he
mode at a bias of23 to 4 V, with at least two completely
different areas of the sample scanned for each coverage

Figure 1 shows STM images~0.2 mm2! at four InAs cov-
erages corresponding to different stages of InAs/GaAs
development. Also shown is a plot which shows the variat
of QD number density (NS) and average volume (V) as a
function of InAs coverage. In the very earliest stages of Q
formation @Fig. 1~a!, u5ucrit10.02 ML] a large number of
small 3D islands~height h56 – 12 Å) nucleate on the sur
face andNS increases rapidly. These features develop
tremely quickly into larger more mature QD’s@Fig. 1~b! u
5ucrit10.06 ML], but as their size increases, the rate
which they grow decreases. The probability of capture of
adatom by an existing 3D island relative to the probability
new nucleation increases;NS still increases, but more slowly
Eventually, almost all the material available on the surfac
incorporated into the QD’s and the probability of a new Q
nucleating tends to zero. This leads to saturation ofNS @Fig.
1~c! u5ucrit10.15 ML], which for these low growth rate
conditions corresponds to;731010 cm22. As the coverage
is increased further, any extra material is added to exis
QD’s only, and no new nucleation processes occur.NS re-
mains constant, with onlyV increasing proportionally to the
InAs coverage@Fig. 1~d!, u5ucrit10.70 ML].

Scaled 3D island size distributions for four different InA
coverages are shown in Fig. 2. Particular care was take
ensure thatall 3D surface features withh.6 Å were in-
cluded in the data analysis, in contrast to the method use
Refs. 14, 15, and 20. The dimensions of the smallest feat
analyzed were ;6 Å360 Å390 Å (height3width
3 length), and correspond to an island volume of;400 at-
oms. More than 1850 QD’s were used in the data anal
and the volumes were measured by directly integrating
STM intensity from several images using a customized
age processing package. This approach makes no assum
about the shape of the QD’s, which is still the subject
significant debate.21 The QD sizes are expressed as a num
of ‘‘atoms,’’ s5V/V0 , whereV is the QD volume measure
directly above the plane of the WL, andV0527.8 Å3 is an
estimate for the volume of one atom, assuming pure In
composition for all QD’s~a reasonable assumption given t
20130
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low growth rates used17!. The actual number of atoms wil
depend on the composition of each individual QD, buts will
still be proportional to the number of atoms in the QD.

Initially @Fig. 2~a!# the scaling function closely resemble
that observed fori 50,9 implying that in adatoms freeze
spontaneously on the surface immediately after deposit
At slightly higher coverages@filled circles in Figs. 2~b! and
2~c!# the shape of the island distribution shows crosso
behavior from ani 50 like curve toi 51 type behavior. For
a coverage of 1.81 ML and beyond@filled circles in Fig.
2~d!#, the scaled distributions fall onto a slightly modifiedi
51 curve, with a skew towards small island sizes (s/^s&
,1).

There are very clear differences in behavior before a
after QD number density saturation, in clear contrast to
results of Ebikoet al.14,15 These cannot be attributed t
growth rate effects: the evolution of the shape of the sca
QD island distributions~not shown! grown at an InAs
growth rate comparable to that used by Ebikoet al. ~0.13
ML s21! is very similar to the results shown in Fig. 2~InAs

FIG. 3. A plot of the saturation QD number density as a funct
of ~a! InAs growth rate~at a fixed substrate temperature of 500 °C!,
and ~b! inverse temperature~at a fixed InAs growth rate of 0.13
ML s21!.
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growth rate of 0.017 ML s21!. STM data scaled using th
analysis methods of Ref. 14 and 15 are shown as em
circles22 in Figs. 2~b!–2~d!. All 3D features withh,12 Å
were excluded from the data sets and QD volumes were
culated using the formulaV50.53height3base area. To ac
count for AFM tip convolution, lateral QD dimensions we
adjusted using a geometrical convolution factor for a sph
cal AFM tip of radius 600 Å, with a constant 6 Å~2 ML!
correction to the QD height data to account for a surfa
oxide layer. The AFM distributions are narrower than tho
from the normal STM data, with the maxima much closer
s/^s&51 and a shape which more closely resembles tha
an ideal i 51 scaling distribution. The data at 1.72 M
@empty circles in Fig. 2~b!# and 1.76 ML@empty circles in
Fig. 2~c!# now fall onto the scaling curve, which implies th
the scaling of the 3D island size distributions observed
this coverage region by Ebikoet al. is an artifact of their
analysis process.

The dependence of the saturation 3D island number d
sity ~prior to coalescence! in the complete condensation re
gime has been shown by Venableset al. to vary as8

NS}Fi /~ i 12.5! expS Ea

kbTD , ~2!

whereF is the flux,Ea is the activation energy for diffusion
given by (Ei2 iEd)/( i 12.5), Ei is the binding energy of a
critical nucleus sizei, Ed the diffusion energy andkb is
Boltzmann’s constant. Assumingi is independent of tem
perature, plots ofNS as a function ofF andT canin principle
provide values fori andEa , and hence forEd . Figure 3~a!
shows a plot of the saturation QDNS as a function of InAs
growth rate at a fixed substrate temperature of 500 °C. A le
squares fit yields a value ofi 518 for the critical nucleus
size. Clearly,iÞ1 at this typical QD growth temperature
and calculation ofEd is not straightforward sinceEi is not a
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simple function ofi. The variation of the saturationNS as a
function of inverse growth temperature~at a fixed rate of
0.13 ML s21! is shown in Fig. 3~b!. This data was taken from
our previous study reported in Ref. 16, and it shows clea
that forT<500 °C, the critical nucleus size changes contin
ously with growth temperature. Temperature-dependent c
cal nucleus sizes have been frequently observed in hetero
taxial metal-on-metal S-K growth systems.23 In our studies,
the saturationNS value varies inversely with temperature—
this disagreement between experimental results and exis
theory implies that the complexity of the InAs/GaAs Q
growth process significantly diminishes the usefulness of
~2!, and thus noticeably reduces the applicability of relative
simple growth concepts to the modeling of complicated s
face growth processes.

In conclusion, we have used high-resolution rapid quen
MBE-STM to investigate the initial stages of InAs
GaAs~001! QD formation. We show that in the very earlie
stages of QD nucleation and growth, just afterucrit , the QD
size distributions do not exhibit scaling behavior, in contr
to previously published results. Such scaling behavior is o
observed in the postnucleation regime, after saturation of
QD number density. Our results show that strain is a sign
cant factor in determining theinitial QD size distributions
but plays no role after saturation of the QD number dens
A large critical nucleus size (i 518 at 500 °C! and the varia-
tion of i with growth temperature contradict predictions fro
classic nucleation theory and emphasise the limitations
using simple models for calculation of surface diffusion a
binding energies in this complicated semiconductor h
eroepitaxial material system.
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