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Scaling behavior in INAYGaAs(001) quantum-dot formation
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Scanning tunneling microscopy has been used to investigate the nucleation and evolution of InAs/
GaAgq001) quantum dotgQD’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 resemblés-@nscaling curve, and a
modifiedi =1 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 nuclead 8 at 500 °Q. 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 dotd/iL), there is a sufficient amount of material on the surface
(QD’s) in lattice-mismatched semiconductor systems such afor the strain energywhich is directly proportional to thick-
InAs/GaAg001) has attracted considerable interest primarilyness of depositto seriously affect the nucleation and growth
because of their possible uses as the active layer in nexdf 2D islands. Islands can therefore grow in a pseudomor-
generation optoelectronic device§he ability to tune the phic, strain-free fashion, despite the very high lattice mis-
QD properties to specific device requirements depends to match between the GaAs substrate and the InAs deposit.
large extent on understanding how factors such as tempera- Recently, Ebikcet al*'°extended the scaling analysis to
ture and growth rate affect the QD size distribution. Unfor-the 3D growth regime in InAs/Ga4801) QD formation,
tunately, very important fundamental aspects of InAs/usingex situatomic force microscopyAFM) to study the
GaAg001) QD formation remain poorly understood, for evolution of the 3D islands grown by molecular beam epi-
example the exact mechanism of the two-dimensionataxy (MBE). Scaling as a function of InAs coverage was
—three-dimensional (2B-3D) growth mode transition and observed for both island size and separation at growth tem-
subsequent QD development, and the relative importance gferatures<550 °C, the behavior consistent with that ob-
thermodynamic versus kinetic effects. Thermodynamic modserved for a critical nucleus size=1. This was interpreted
els of QD formatioR>*°have been shown to have limited as evidence for strain being amsignificantfactor in deter-
applicability, and attempts to fit experimental data using ki-mining the QD size distribution. However, their study fo-
netic (Monte Carlo and rate equatiprsimulation§’ have  cused on the postnucleation QD growth regime after satura-
been only partially successful. tion of the QD number densityN). Such a study does not

For simple 2D submonolayer growth, it has been showrprovide information about the initial QD growth mechanism,
from nucleation theofy that the island size distribution because the important stages of QD formation occur before
obeys a scaling law of the forfh: N, saturation; at best it can only aid the understanding of

mature QD development. In addition, the effects of QD al-
Octt loying, which are known to occur at the growth rate and
NSZW”S/(S))’ (D temperatures used in their experiméfits-0.1 MLs * and
490-550 °Q were neglected, despite strong evidence for sig-
whereN, is the number of islands containisgatoms, . is  nificant alloying in both the wetting lay€WL) and the QD’s
the effective surface coverag@) is the average number of themselves®'’
atoms in a 2D island, andi(s/{s)) is a scaling function In the original scaling model proposed by Bartelt and
which depends only os/(s). For submonolayer InAs het- Evang?® (structureless point islands with critical nucleus size
eroepitaxy on GaAs, 2D island size distributions have been=1), no distinction is made between 2D and 3D islands. It
shown to exhibit scaling behavior as a function of InAsis reasonable, therefore, to extend 2D scaling arguments to
coverage” growth rate and temperatutk]Il:V flux ratio’> 3D growth analysis, but care must be taken when using 3D
and substrate orientatidAwith the scaling functions closely island distribution characteristics, suchég, Ng ands/(s),
resembling those observed in G&#@1) homoepitaxy>'?  in what remain essentially 2D growth models. For example,
The main implication of these results is that the 2D nucle-6 is a fractional coverage, and by definition cannot exceed
ation kinetics in this growth system are determined by effectsinity. For 3D Stranski-Krastanois-K) growth, this must be
other than strain, the surface reconstruction playing a domitaken as being equal to the coverage beyond the 2D-3D tran-
nant role. This conclusion is not surprising since it is un-sition (6-6.;, where .;; is the critical coverage for 3D
likely that at the submonolayer coverages studiedD.3 island formation, which is only true if classic S-K growth is
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(a) 1.68 ML (b) 1.72 ML (c) 1.81 ML (d) 2.38 ML FIG. 1. Filled states STM im-
ages (0.24mx0.2.um) of InAs/
GaAs QD formation close té.;:
(@) 1.68 ML= f;+0.02 ML, (b)
1.72 ML= 6, +0.06 ML,  (c)

10t ] 600 1.81 ML=6,;+0.15ML,  (d)
] 2.38 ML= +0.70 ML.  Also
] 500 shown is a plot of the QD number
] densityNg (filled circles and the
- 1400 average QD volumeV (empty
& ] = squares as a function of InAs
S 1010 1 300 5 coverage. Solid lines are guides to
= & the eye.
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assumed and there is no alloying in the WL or QD’s. Suchbe complicated, but only its shape and it is sufficient to
assumptions are not always valid, as InAs/GaAs QD’s arealculate 3D values fof.;, Ng, ands/{s) in an identical
known to undergo alloying at normal growth temperaturesmanner to that for 2D islands.

and growth rate$®'° However, we are not concerned with ~ The experimental method has been described in detail
the actual mathematical form 6¢s/(s)), which is known to  elsewheré!!’ Briefly, ~0.1 um GaAs buffer layers were
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grown by MBE on nominally fla{=0.1°, n+ doped, epi- o — T
ready GaAf01) substrates, before deposition of InAs at I
0.017 MLs? (+2%) at a substrate temperature of 490 °C.
Note that this low growth rate minimizes the alloying in the
growth process, and leads to high In content QE'sfur-
thermore, it minimizes errors in coverage. For these condi-
tions, 6. for QD formation is 1.66 ML. All fluxes were
calibrated using reflection high-energy electron diffraction
(RHEED) intensity oscillations recorded during homoepi-
taxial growth on GaA@®01) and InA4001) substrates at 580
and 400 °C, respectively. After completion of growth, the
samples were immediately quenched into the adjacent scar
ning tunneling microscopyYSTM) chamber, base pressure
<1x10 ¥ mbar. The rapid transfer time~2 9 and high
cooling rate(50°Cs%) ensures the surface morphology is
effectively “frozen” and prevents significant postgrowth
thermally-induced  surface  rearrangements. Room- .
temperature STM images were taken in constant heighi .00 450 40 30 ¢
mode at a bias of-3 to 4 V, with at least two completely I +
different areas of the sample scanned for each coverage.
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Figure 1 shows STM imagd®.2 um?) at four InAs cov-
erages corresponding to different stages of InAs/GaAs QD
development. Also shown is a plot which shows the variation
of QD number density Ng) and average volumeV) as a
function of InAs coverage. In the very earliest stages of QD
formation[Fig. 1(a), 6= 0.;+0.02 ML] a large number of
small 3D islandsheighth=6-12 A) nucleate on the sur- ;
face andNg increases rapidly. These features develop ex- 1oty E
tremely quickly into larger more mature QD[fig. 1(b) ' ¢ 1
=60+ 0.06 ML], but as their size increases, the rate at L
which they grow decreases. The probability of capture of an e
adatom by an existing 3D island relative to the probability of 00012 00013 00014 00015 00016  0.0017
new nucleation increaseNg still increases, but more slowly. (b) 1/TE?Y
Eventually, almost all the material available on the surface is _ _ )
incorporated into the QD’s and the probability of a new QD FIG. 3. Aplot of the saturatlon QD number density as a function
nucleating tends to zero. This leads to saturatiohlgfFig.  ©f (8) INAs growth rate(at a fixed substrate temperature of 500,°C
1(c) 6= 6y;+0.15 ML], which for these low growth rate and (E)l inverse temperaturéat a fixed InAs growth rate of 0.13
conditions corresponds te 7 x 101° cm~2. As the coverage M-S )
is increased further, any extra material is added to existing
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QD’s only, and no new nucleation processes ocbly.re- low growth rates used’). The actual number of atoms will
mains constant, with only increasing proportionally to the depend on the composition of each individual QD, butill
InAs coveragdFig. 1(d), 6= 6.+ 0.70 ML]. still be proportional to the number of atoms in the QD.

Scaled 3D island size distributions for four different InAs  Initially [Fig. 2(@)] the scaling function closely resembles
coverages are shown in Fig. 2. Particular care was taken tinat observed foii=0° implying that in adatoms freeze
ensure thatll 3D surface features with>6 A were in-  spontaneously on the surface immediately after deposition.
cluded in the data analysis, in contrast to the method used iAt slightly higher coveragefilled circles in Figs. 2b) and
Refs. 14, 15, and 20. The dimensions of the smallest featureXc)] the shape of the island distribution shows crossover
analyzed were ~6AXx60AXx90A  (heightxwidth  behavior from ari=0 like curve toi=1 type behavior. For
X length), and correspond to an island volume-ef00 at- a coverage of 1.81 ML and beyorfilled circles in Fig.
oms. More than 1850 QD’s were used in the data analysi@(d)], the scaled distributions fall onto a slightly modified
and the volumes were measured by directly integrating the=1 curve, with a skew towards small island sizes(§)
STM intensity from several images using a customized im-<1).
age processing package. This approach makes no assumptionThere are very clear differences in behavior before and
about the shape of the QD’s, which is still the subject ofafter QD number density saturation, in clear contrast to the
significant debaté! The QD sizes are expressed as a numberesults of Ebikoet al*'® These cannot be attributed to
of “atoms,” s=V/V,, whereV is the QD volume measured growth rate effects: the evolution of the shape of the scaled
directly above the plane of the WL, ant)=27.8 A% is an QD island distributions(not shown grown at an InAs
estimate for the volume of one atom, assuming pure InAgrowth rate comparable to that used by Ebiioal. (0.13
composition for all QD'sa reasonable assumption given the ML s™%) is very similar to the results shown in Fig.(lAs
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growth rate of 0.017 MLsY). STM data scaled using the simple function ofi. The variation of the saturatioNs as a
analysis methods of Ref. 14 and 15 are shown as emptfunction of inverse growth temperatufat a fixed rate of
circle$? in Figs. 2b)—2(d). All 3D features withh<12 A 0.13 MLs %) is shown in Fig. 8). This data was taken from
were excluded from the data sets and QD volumes were cabur previous study reported in Ref. 16, and it shows clearly
culated using the formulsi= 0.5 height< base area. To ac- that forT<500 °C, the critical nucleus size changes continu-
count for AFM tip convolution, lateral QD dimensions were ously with growth temperature. Temperature-dependent criti-
adjusted using a geometrical convolution factor for a spheri€al nucleus sizes have been frequently observed in heteroepi-
cal AFM tip of radius 600 A, with a constant 6 &2 ML) taxial metal-on-metal S-K growth systerdisin our studies,
correction to the QD height data to account for a surfacdhe saturatiorNg value varies inversely with temperature—
oxide layer. The AFM distributions are narrower than thosethis disagreement between experimental results and existing
from the normal STM data, with the maxima much closer totheory implies that the complexity of the InAs/GaAs QD
s/{(sy=1 and a shape which more closely resembles that ofrowth process significantly diminishes the usefulness of Eq.
an ideali=1 scaling distribution. The data at 1.72 ML (2), and thus noticeably reduces the applicability of relatively
[empty circles in Fig. th)] and 1.76 ML[empty circles in  simple growth concepts to the modeling of complicated sur-
Fig. 2(c)] now fall onto the scaling curve, which implies that face growth processes.
the scaling of the 3D island size distributions observed in In conclusion, we have used high-resolution rapid quench
this coverage region by Ebiket al. is an artifact of their MBE-STM to investigate the initial stages of InAs/
analysis process. GaAg001) QD formation. We show that in the very earliest
The dependence of the saturation 3D island number derstages of QD nucleation and growth, just aftégr,, the QD
sity (prior to coalescengen the complete condensation re- size distributions do not exhibit scaling behavior, in contrast

gime has been shown by Venabletsal. to vary aé to previously published results. Such scaling behavior is only
observed in the postnucleation regime, after saturation of the
Neoc E1/(+2.5 exr{ E) @) QD number density. Our results show that strain is a signifi-

S k,T)’ cant factor in determining thanitial QD size distributions

but plays no role after saturation of the QD number density.
A large critical nucleus sizei €18 at 500 °Q and the varia-
tion of i with growth temperature contradict predictions from
classic nucleation theory and emphasise the limitations of
using simple models for calculation of surface diffusion and
binding energies in this complicated semiconductor het-
eroepitaxial material system.

whereF is the flux,E, is the activation energy for diffusion
given by E;—1Ey)/(i+2.5), E; is the binding energy of a
critical nucleus sizd, E4 the diffusion energy and, is
Boltzmann’s constant. Assumingis independent of tem-
perature, plots ofg as a function of andT canin principle
provide values foi andE,, and hence foEy. Figure 3a)
shows a plot of the saturation Qg as a function of InAs
growth rate at a fixed substrate temperature of 500 °C. Aleast This work was supported by the EPSRC, UK, who also
squares fit yields a value aof=18 for the critical nucleus provided financial support for P.B.J. and T.J.K. G.R.B. is
size. Clearly,i#1 at this typical QD growth temperature, grateful to the Ramsay Memorial Trust for the provision of
and calculation ok is not straightforward sincg; is nota  financial support, funded in part by VG Semicon L{dK).
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