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Nucleation and Growth of Islands on GaAs Surfaces
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Submonolayer island-size distributions are obtained with scanning tunneling microscopy and used
to infer the nucleation and growth kinetics of islands on the three low-index surfaces of GaAs.
Comparison with Monte Carlo simulations reveals that on the (110) ands111dA surfaces, random
nucleation is followed by the attachment and detachment of single atoms at island edges. But on the
(001) surface (using As4), nucleation is initiated in the trenches of the2 3 4 reconstruction by pairs
of Ga atoms. Growth then proceeds over locally filled trenches, also by the capture of pairs of Ga
atoms. [S0031-9007(97)04533-X]

PACS numbers: 68.35.Bs, 61.16.Ch, 81.15.Hi
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The nucleation and growth of two-dimensional is
lands on semiconductor surfaces is fundamental to
fabrication of all quantum heterostructures. The bas
atomistic processes that drive island kinetics are adat
mobility, adatom interactions during island formation, an
interactions between adatoms and step edges that are
sponsible for island growth. A detailed understandin
of how these processes are affected by growth con
tions, surface orientations, and surface reconstructions
therefore essential for utilizing epitaxial growth to its ful
capability.

The basic tenets of island nucleation and growth ha
been known for some time [1], but the advent of the sca
ning tunneling microscope (STM) has led to a resurgen
in the study of island kinetics by allowing as-grown su
face morphologies to be imaged in real space. This h
spawned a huge effort aimed at characterizing submo
layer epitaxial growth prior to significant coalescenc
where island statistics can be used to infer certain aspe
of their nucleation and growth kinetics. Perhaps the mo
far-reaching result of this work [2] is that the densityns

of s-atom islands can be written as

ns 
u

ksl2
fssyksld , (1)

where ksl is the average island size,u is the coverage,
and f is a scaling function. STM measurements [3] ar
consistent with (1) and, together with theoretical studie
have shown howf is affected by mechanisms such a
adatom attachment and detachment [4,5], magic isla
sizes [6], adatom exchange [7,8], and the mobility
small adatom clusters [9–11].

In this Letter we report an STM study of submono
layer islands in the precoalescence regime grown
molecular-beam epitaxy (MBE) on the three low-inde
surfaces of GaAs. Monte Carlo simulations are used
confirm the atomistic mechanisms of island kinetics in
ferred from the STM images. For the growth condition
used, islands on the (110) ands111dA surfaces are found
to form by the binding of two or more Ga adatoms
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with subsequent growth occurring by the net attachme
of single Ga adatoms to island edges. But growth
GaAs(001)-(2 3 4) follows an altogether different sce
nario that cannot be reconciled with any of the mech
nisms cited above. Island formation is initiated bypairs
of Ga atoms in the missing dimer trenches of the2 3 4
reconstruction. Growth then proceeds both along trenc
and across locally filled trenches, in each case by the
dition of pairs of Ga atoms. These conclusions are co
sistent with modulated-beam studies on GaAs(001) [1
which showed asecond-orderreaction between adjacen
Ga atoms and As4, and on GaAss111dA [13], which indi-
cated afirst-order Ga-As2 reaction. They are also con
sistent with simulations of GaAs(001) based on electr
counting [14].

The GaAs surfaces were prepared and imaged in
combined ultra-high-vacuum STM (Omicron GmbH, Ge
many) and MBE (DCA, Finland) system. The singula
n1-doped GaAs substrates were mounted on molyb
num blocks using indium solder without any addition
ex situ processing. The (001), (110), ands111dA sub-
strates were prepared under As-stable conditions on wh
GaAs buffer layers were grown using standard con
tions [15]. Submonolayer films were then grown with th
coverage determined from Ga flux measurements us
the period of reflection high-energy electron diffractio
(RHEED) specular-beam intensity oscillations on (00
substrates. The surfaces were monitored throughout
RHEED, with the (001), (110), ands111dA orientations
exhibiting characteristic (2 3 4), (1 3 1), and (2 3 2)
diffraction patterns, respectively.

The substrates were quenched rapidly to room te
perature by transferral (within a few seconds) from th
growth chamber directly into the STM chamber, whe
rapid cooling ensued in the absence of any backgrou
arsenic flux. Stable room-temperature STM images we
obtained with no noticeable thermal drift within a few
minutes of deposition. The experiments were repea
with several samples and tips for each orientation a
with a number of coverages and growth conditions. T
© 1997 The American Physical Society



VOLUME 79, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 17 NOVEMBER 1997

n

images were obtained in constant current mode us
sample biases between21.8 and 22.8 V (filled states)
and tunneling currents between 0.1 and 0.25 nA.

STM images of GaAs(001)-(2 3 4), GaAs(110), and
GaAss111dA-(2 3 2) taken after the deposition of 0.2
monolayers (ML) of Ga are shown in Fig. 1. The growt
temperatures were 580±C for the (001) and 480±C for the
(110) ands111dA surfaces, with an atomic As:Ga ratio o
6:1 and a growth rate of 0.08 MLys for all surfaces. The
(001) and (110) surfaces were grown with As4 and the
s111dA was grown with As2.

The islands on the (110) and (111) surfaces exhi
similarities both in density and morphology, but th
morphology of the (001) surface is strikingly differen
from these, showing a much higher density of small
islands. An analysis of several images, in fact, yield
island densities of 17 000, 1700, and1900 mm22 for the
(001), (110), ands111dA surfaces, respectively, i.e.,an
order of magnitudedifference between the island densit
on the (001) surface and those on the other two surfa
at the same nominal coverage.

Figure 2 shows the island-size distributions obtaine
from STM images, expressed in the form (1) [16
compared with distributions produced by Monte Car
simulations. The distributions for the (110) ands111dA
surfaces are qualitatively similar and have the gene
form expected for critical island sizesip . 1 and single
adatom capture [2,4,17]. The corresponding simulat
distributions are labeled by the ratiol of the detachment
rate of single atoms from island edges to the captu
rate of adatoms by all islands [4], with the value for th
s111dA surface sl ø 10d being discernibly larger than
that for the (110) surfacesl ø 5d. Despite the slight
offset nearsyksl ø 1 for the s111dA surface, the overall
level of agreement between the simulated and measu
distributions allows us to conclude that for these tw
surfaces, islands nucleate by the binding of twoor more
Ga adatoms and grow by the net capture ofsingle Ga
adatoms.

The distribution for GaAs(001)-(2 3 4) in Fig. 2 sug-
gests that the island kinetics which are appropriate for t
(110) ands111dA surfaces are not followed by this sur
face. To understand the reasons for this, we consid
the atomic structure of the2 3 4 reconstruction. The
widely accepted view [18] is that for MBE-grown surface
the unit cell consists of two As dimers and two missin
dimers in the uppermost layer, with the exposed As atom
in the third layer forming dimers [Fig. 3(a)].

A higher resolution image of a GaAs(001)-(2 3 4)
surface is shown in Fig. 4. This surface was grown
440±C using As4 with an atomic As:Ga ratio of 1:1 and
a growth rate of 0.05 MLys. The dark stripes running
along thef110g direction correspond to the missing dime
rows [Fig. 3(a)]. Because the Ga trench sites within the
rows [the crosses in Fig. 3(a)] are better coordinated, th
are more likely to be occupied during initial depositio
than top-layer sites [19]. Hence, the interruptions of th
ing
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FIG. 1. Filled-state STM images of the low-index GaAs
surfaces taken after the deposition of 0.2 ML of Ga. The sca
area for each image is2000 Å 3 2000 Å.
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FIG. 2. Island-size distributions obtained from STM image
(filled circles) and from simulations (open symbols) at 0.2 ML
The simulations for (001)-(2 3 4) are described in the text;
those for (110) ands111dA-(2 3 2) are taken from Ref. [4].

dimer rows (the circled region in Fig. 4) correspond t
the filled trenches shown in Fig. 3(b). The modulated
beam study in Ref. [12] suggests that this structure form
when two Ga adatoms bind simultaneously to an A2
produced by the pairwise dissociation of As4; a second
As2 then saturates the remaining Ga bonds. For grow

FIG. 3. (a) Side and plan views of GaAs(001)-(2 3 4) prior
to deposition, (b) a filled trench, and (c) growth across a fille
trench. The crosses in (a) and (b) indicate the Ga sites t
produce the structures in (b) and (c), respectively. Ga and
atoms are indicated by unfilled and filled circles, respectively
3940
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with an As2 source, no predissociation would be required
The STM scan alongf110g of a feature of the type
circled in Fig. 4 supports the structural model in Fig. 3(b
Although trench sites are more favorable for Ga than to
layer sites, trench filling does not occur readily, sinc
chains of more than a few occupied trench sites are rare
seen in the STM images.

The final step of island formation is growth across th
trenches. For the reasons noted above, this is also expec
to occur by the pairwise attachment of Ga adatoms, produ
ing structures of the type shown in Fig. 3(c). The boxe
region in Fig. 4 is such a structure. Close examinatio
of Fig. 4 shows that growth along the [110] direction ca
only occur when corresponding sites in adjacent trench
are occupied. Thus, growth along both thef110g andf110g
directions is limited by trench filling.

We have constructed a kinetic Monte Carlo simulatio
to show that the scenario we propose is consistent with t
STM observations. The crystal is modeled as a simple c
bic solid-on-solid lattice and atoms interact only with thei
nearest neighbors. Trenches are constructed by rem
ing every alternate pair of atoms across the lattice. Row

FIG. 4. Filled-state STM image of GaAs(001)-(2 3 4) after
the deposition of 0.05 ML of Ga. The scan area is450 Å 3
450 Å. Also shown are line scans along [110] through
structures of the type that are circled and boxed.
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running parallel to the trenches are grouped into pair
with the bondingEp between paired atoms in consecutiv
rows being stronger than the bondingEu between unpaired
atoms in these rows. This pairing results in islands grow
ing by the pairwise attachment of adatoms and stabiliz
the trench structure. The bondEp is also stronger than the
bondEn between atoms in adjacent rows perpendicular
the trenches, which controls the anisotropy of the island
Finally, the pairing between adjacent rows switches in a
ternate layers, so that a pair in layern sits on top of two
pairs in layern 2 1. This makes nucleation in the first
layer likely only on a section overlapping a locally filled
trench. The energy barrier for single atom diffusion isEs.

The distribution function obtained from this model with
the experimental temperature and Ga flux and with th
parametersEs  1.3 eV, Ep  0.50 eV, Eu  0.075 eV,
and En  0.16 eV is shown in Fig. 2(a). The attempt
frequency for all processes was taken to be3 3 1013 Hz.
The agreement with the measured distribution function
seen to be quite satisfactory. The measured and simula
island densities are also in close agreement and the isla
morphologies (not shown) have the same general featu
as those shown in Fig. 4. No model with single atom
attachment was able to reproduce the measured isla
distribution, density, and morphology [20].

There are several consequences and extensions that
suggested by our results. First is the effect of the As. B
varying the As flux (at fixed Ga flux), the effect of As
kinetics on island morphologies and size distributions ca
be isolated and identified. A related issue is the effe
of using As2 instead of As4, particularly on the (001)
surface. Because As2 does not require the presence o
adjacent Ga atoms to bind to the surface, the kinetics
island nucleation and growth need no longer be dominat
by pairwise Ga attachment kinetics. This would affec
both island sizes and morphologies and may explain t
subtle differences observed between growth with As2

and As4 [22].
Then there is the applicability of our results to othe

III-V systems. Since GaAs growth is determined by th
chemistry of As4, we expect our results to carry over to
the homoepitaxial growth of AlAs and InAs. But the ef-
fect of changing the group-V species is less clear. Th
similarities of P and As, both in the formation of gas phas
dimers and tetramers and in surface dimerization, sugge
that growth from P4 and As4 is correspondingly similar,
including the pairwise addition of group-III adatoms on
(001) surfaces. Similarities may also exist for the ant
monides, but there is not enough experimental eviden
upon which to base a conclusion.

Finally, we discuss the implications of our work for
the heteroepitaxial growth of InAs on GaAs. Although
there is a constant lattice mismatch (ø7%) on the three
low-index orientations, very different growth modes ar
observed. Stranski-Krastanov growth of coherent thre
dimensional islands [23] occurs only on (001); on th
other two orientations strain relaxation involves misfi
s,
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dislocation formation and continuous two-dimensiona
growth [24]. Figures 1 and 2 are very suggestive, b
similar work is needed for InAsyGaAs [25] to address the
atomistic mechanisms behind this behavior.
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