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Abstract

We demonstrate the use of density-functional theory (DFT) calculations for understanding molecular beam epitaxy (MBE) of
GaAs and InGaAs films at the atomic level. For analyzing island growth in homoepitaxy of GaAs(0 0 1), the use of DFT in
conjunction with kinetic Monte Carlo (kMC) simulations is discussed. This approach enables us to elucidate the growth
mechanisms of islands on the B2(2 x 4)-reconstructed surface and to compute the saturation values of the island density.
Furthermore, DFT calculations are employed to investigate the stability of ultrathin InGaAs films on GaAs(0 0 1) as a function
both of the chemical potential of arsenic in the growth environment, and of mechanical strain. Under very As-rich conditions, for
deposition of two-thirds of a monolayer (ML) of InAs, our calculations indicate the formation of a (2 x 3)-reconstructed
InGaAs(0 0 1) surface alloy. The calculated atomic structure is in excellent agreement with X-ray diffraction data. For less
As-rich conditions and larger amounts of deposited InAs, we find InGaAs films with a 2(2 x 4) reconstruction to be most

favorable.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Heterostructures grown from III-V compound mate-
rials have been playing an important role in semicon-
ductor physics in the last 20 years, and have recently
found numerous applications in semiconductor devices,
in particular in high-frequency and optoelectronic
applications. The success of these heterostructures
owes much to the capability to grow samples in a
controlled way, by molecular beam epitaxy (MBE)
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and metal-organic vapor-phase epitaxy (MOVPE).
Growth conditions can be chosen in a way to yield
samples with specific features, e.g. very smooth films
for quantum-well structures with high electron mobi-
lity. Moreover, the spontaneous formation of nano-
structures in heteroepitaxy under suitably chosen
growth conditions has recently attracted enormous
interest. These nanostructures, after being overgrown
with a capping layer, can be employed as quantum
dots that confine carriers on the nanometer scale. In
this way, samples with unusual electronic or optical
properties can be realized, and one may even hope to
use these nanostructures in computing devices which
employ quantum effects as deliberate part of their
design. These developments have raised the desire to
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understand and possibly control growth even better, i.e.
on the atomic scale.

Despite the technological importance of these
growth techniques, our understanding of the processes
involved on the atomic scale is still in its infancy. Here,
atomistic calculations on the basis of density-func-
tional theory (DFT) can provide important new
insight. One way of making this computational tool
useful for application-oriented research is by employ-
ing ab initio thermodynamics to study heteroepitaxial
films on a substrate of different lattice constant.
Furthermore, it is possible to perform simulations
using the realistic atomic structure of the surface,
and to study the motion of particles and its associated
energetics, i.e. binding energies and energy barriers.
Moreover, when combined with the kinetic Monte
Carlo (kMC) technique, the DFT calculations can
provide information on how the barriers for molecular
processes, such as adatom diffusion, desorption,
attachment to, and detachment from islands, affect
the growth morphology of thin films.

The investigations reported here focus on MBE of
the technologically important material system InAs/
GaAs. Before describing the results of our calcula-
tions, we shall briefly review the experimental setup in
MBE: in an ultra-high vacuum chamber, sources of Ga
or In atoms and arsenic molecules are used to deposit
thin films on a substrate, a GaAs wafer, usually with
surface orientation (0 0 1). In our modeling, we con-
sider the situation were As, molecules are used as
source of arsenic. In the experiments, both As, and
As, molecular sources are in use. Differences in the
growth morphology for the two molecular species
have been reported (i.e. difference in island densities,
see [1]), but many aspects of growth are similar in both
cases. As a possible explanation for the similarities,
we mention that As, is likely to be broken up into As,
molecules when coming in contact with certain reac-
tive sites on the surface [2]. In the temperature range
most commonly used in MBE, the species desorbing
from the surfaces is predominantly As,.

Of the three species Ga, In and As, arsenic is the
most volatile one, desorbing from the surface already
at modest temperatures. Temperature programmed
desorption (TPD) spectra show peaks at various tem-
peratures which are attributed to surface reconstruc-
tions with different stoichiometry [3]. The o and B
peaks associated with desorption of As, occur at

T = 840 and 750 K, respectively. For InAs, the tem-
peratures associated with different peaks in the TPD
spectrum of As, molecules are somewhat lower [4],
with the main peak at around 700 K, in accordance
with the smaller cohesive energy of this compound as
compared to GaAs.

In ternary In,Ga;_,As compounds, indium has a
tendency to segregate towards the surface. This is in
agreement with the lower calculated surface energy
of InAs as compared to GaAs [5,6]. As a first
approximation, we note that the surface energies
of InAs and GaAs follow the same trend as the
cohesive energy of these two materials. Switching
from the most As-rich to cation-rich conditions,
which corresponds to increasing temperature in the
TPD spectra, the GaAs(0 0 1) surface displays a
sequence of reconstructions, from c(4 x 4) over
B2(2 x 4) and a2(2 x 4) to the {(4 x 2) structure.
There is ample support for this sequence, both
experimentally and from DFT -calculations (see,
for example [7,8] and references therein). For
InAs(0 O 1), the c(4 X 4) reconstruction is only mar-
ginally stable as indicated by our calculations [9].
Also, X-ray diffraction data are available in support
of the assignment of the In-rich (4 x 2) structure with
a variant of the { reconstruction [10].

In this contribution, we attempt to give a brief
summary of what is known about the development
of thin films through various stages of their deposition.
First, we will review results about the atomic pro-
cesses relevant for island nucleation on the substrate
during the early stage of deposition. Secondly, we will
present some new computational results for ultrathin
films of InAs on GaAs for sub-monolayer deposition.
Finally, we will discuss the evolution of these films for
thicknesses exceeding one monolayer (ML).

2. Methodology
2.1. DFT calculations

The computational method [11] employed in this
study uses norm-conserving pseudopotentials in con-
junction with a plane-wave basis set (cutoff energy of
10 Ry). Calculations were performed both within the
local-density approximation (LDA) to exchange and
correlation, and with a gradient-corrected density
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functional (PBE [12]). Surfaces were represented,
within the supercell approach, by slabs whose bottom
(cation-terminated) surface was passivated by frac-
tionally charged H atoms (Z = 1.25). Summation over
the Brillouin zone was carried out using a set of k
points equivalent to a density of 64 points or higher in
the 1 x 1 surface Brillouin zone. The GaAs lattice
constant calculated in LDA is about 2% smaller than
the experimental lattice constant, and about 2% too
large in PBE. For InAs, the lattice constant in LDA
closely matches the experimental one, while PBE
yields a lattice constant more than 4% too large.
The relative stability of different surface reconstruc-
tions is similar in LDA and PBE, and the same
qualitative picture emerges. In this paper, we chose
to present LDA surface energies. The binding energies
of atoms and molecules to the surface are overesti-
mated in LDA, while the PBE values are in better
agreement with the experimentally reported desorption
temperatures of the various species. For the kinetic
simulations, we therefore use binding energies and
energy barriers obtained within PBE.

2.2. Thermodynamic approach

For the coexistence of a ternary solid compound
with its vapor, Gibbs phase rule states that there are
two thermodynamic variables, in addition to tempera-
ture, 7, and total pressure, p, that describe the chemical
environment in which the equilibrium is established.
These could be, for instance, the partial pressures of
two of the constituent elements. However, it is often
more convenient to work with chemical potentials as
thermodynamic variables. Since the surface free
energy is defined as the difference of the free energies
of a slab calculation and bulk calculations, contribu-
tions due to finite-temperature effects tend to cancel.
Hence, to a good approximation, surface free energies
can be obtained from total energy differences at
T = 0 K. If we can neglect the small pressure depen-
dence due to the compressibility of the solid, and rely
on error cancellation for the vibrational contributions
to the free energy, it is possible to absorb all depen-
dencies on p and T into an implicit dependence of the
chemical potential(s) on these variables.

Since As, is a quite volatile species, a solid of
In,Ga;_, As exchanges readily arsenic with its envir-
onment through adsorption and desorption of As

molecules. Therefore we have a physical motivation
for choosing one of the free thermodynamic variables
to be the arsenic chemical potential pas, thereby
making use of the observation that, among the three
species in question, it is arsenic for which the partial
equilibrium between solid and vapor is most easily
established. For the In and Ga species, on the other
hand, desorption can be kept negligibly small at
typical MBE temperatures, e.g. below 0.03 ML/s for
InuptoT = 820 K, and below 0.06 ML/s for Ga up to
T =920K [13].

Here we deal with substrates consisting of pure
GaAs. When InAs is deposited on such a substrate,
the In atoms will remain in the atomic layers at, or at
least close to the surface. Therefore the deposited
amount of In, or the indium coverage 0Oy, is a well-
defined quantity. Hence we prefer to choose 60y, rather
than py,, as the second thermodynamic variable in the
phase equilibrium under study. Note that this treat-
ment implies the chemical potential for Ga atoms to be
fixed at the value that corresponds to chemical equili-
brium with the bulk GaAs for the given value of pia.
Within the approximation that finite-temperature con-
tributions to the surface free energy cancel each other,
we evaluate all its contributions at 7 = 0 K. For the In
atoms deposited at the surface, we use the cohesive
energy of InAs at T = 0 K as energy reference. This
leads to the expression for the surface free energy

Vf(‘uAs) = [EtOl - NG&EE}(;}}%S - NI“EE?/ES
— (Nas — Nca — Nin) (fas — Has(bui))] /A
()

Here E, is the total cohesive energy of the slab
calculated within DFT, and approximated by its value
at T =0K; Et and EZN, | the cohesive energies of
the respective bulk phases, also at 7 = 0K; Ng,,
Ni = A, and N, the numbers of Ga, In and As
atoms in the unit cell, respectively; and A is its area.

2.3. Kinetic approach

For analyzing the surface morphology that evolves
during growth, it is usually not sufficient to calculate
thermodynamic equilibrium properties. Rather, we
need to study the steady state of a system where (at
least some of) the intermediate configurations are not
fully equilibrated. To investigate the kinetics of such a
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system, knowledge of the rate constant I" for all the
processes involved is required. While it is often very
difficult to derive these data from experiments, DFT
calculations give access to the rate constants by
calculating the energy barrier AE associated with
individual atomic processes, using the Arrhenius
expression for the rate constant of an activated pro-
cess, I' = 'y exp(—AE/kgT). With this knowledge as
a starting point, it is possible to build up a model of
growth which rests on valid atomistic input.

In the above paragraph, we had stated that the
concentration of arsenic species on the surface is close
to the value dictated by thermal equilibrium between
the vapor and the GaAs bulk phase on typical time
scales of growth (of the order of seconds). This means
that both adsorption and desorption processes of
arsenic molecules, which are treated explicitly in
the kinetic approach, are frequent events. Hopping
processes of adatoms between adsorption sites have an
even lower energy barrier AE than As, desorption, and
thus occur even more frequently. However, island
nucleation as well as growth of existing islands
involve surface chemical reactions of Ga atoms and
As, molecules, which are specific to the surface site
where they take place. Equilibrium is not reached on
the time scale of these reactions. Hence the density
and other properties of islands, such as their size
distribution and shape, are kinetically controlled quan-
tities, and we need to follow the molecular processes
in detail to understand how they evolve. kMC simula-
tions are an excellent tool to study the host of mole-
cular processes, including their interdependence,
which all together determine the kinetically controlled
properties.

3. Atomistic studies of island nucleation in MBE

As an example for a system where the mole-
cular processes of growth have been thoroughly in-
vestigated, we discuss homoepitaxy of GaAs on
GaAs(0 0 1). Under most frequently used MBE con-
ditions, this surface displays the f2(2 x 4) reconstruc-
tion [14—-16]. Hence the substrate is not atomically flat,
but exposes three layers of atoms at the surface. Each
(2 X 4) unit cell is built up from two As dimers and
two missing dimers in the topmost layer, and a missing
Ga pair in the second layer. The missing atoms leave

room for ‘trenches’ running in the [110] direction
separated by ‘hills’ of adjacent As dimers in the top
layer. In the trenches, As atoms of the third layer are
exposed, which also form As dimers (see Fig. 1a).

Both Ga atoms and As, molecules are supplied
simultaneously by molecular beams. We consider
growth conditions with a supply of arsenic sufficiently
high to stabilize the B2-reconstruction during growth.
Due to its hill-and-trench structure, the B2-reconstruc-
tion enables adsorption of both Ga atoms and As,
molecules, and thus can reproduce itself locally in the
newly grown layer. In contrast to this growth mode,
Ishii and Kawamura [17] have suggested a growth
model in which the surface structure oscillates during
growth between a Ga-rich and an As-rich surface
termination in different parts of the surface. This
scenario may be appropriate for growth at very high
temperatures or low As supply.

For growth on the B2-surface, due to the complexity
of this reconstruction, it is required to consider more
than 30 different types of processes to obtain an
appropriate picture of growth. For example, diffusion
of a single Ga adatom is governed by the interplay of
10 different processes. As a result, Ga diffusion is
anisotropic with an activation energy of 0.8 eV in the
[110] direction, and 0.7 eV along the trenches in
[110] direction (see Table 1). Furthermore, the simu-
lations include reactions of Ga with the As dimers of
the surface reconstruction, thereby splitting the dimer
bond, attachment and detachment of Ga at island
edges, and adsorption and desorption of As,. For
the adsorption of As,, both experiment [18] and
calculations [19] have pointed out the importance of
a weakly bound precursor state. As, molecules tem-
porarily trapped in this state explore numerous surface
sites before they either encounter a reactive site with a
Ga adatom suitable for adsorption, or else eventually
desorb. The As, flux relevant for the kKMC simulation

Table 1

Activation energy (in eV) for surface diffusion of Ga for
homoepitaxy on in GaAs(0 0 1), and of In on the heteroepitaxial
Iny3Ga;;3As(0 0 1) film shown in Fig. 3b

Adatom/substrate Direction

[110] [110]
Ga/GaAs(00 1)-2(2 x 4) 0.7 0.8
In/Iny/3Ga;3As(00 1)—(2 x 3) 0.13 0.29
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Fig. 1. Schematic representation of the growth mechanism in GaAs homoepitaxy on the GaAs(0 0 1)-B2 surface (side view). (a) The substrate
is corrugated on the atomic scale, with ‘hills’ of As dimers (open circles, dimer axis perpendicular to the plane of the graph) and ‘trenches’. Ga
atoms (filled circles) with dangling bonds appear at the ‘sidewalls’ of the trenches. (b) Left: attachment of material in the trench, yielding a
local Bl-reconstruction; right: Ga dimer as a metastable growth intermediate. (c) Formation of a Ga dimer adjacent to locally filled trench. (d)

The island extends into a new layer after As, adsorption.

is not given by the direct flux from the beam source,
but rather by the density of molecules in the precursor
state, times the frequency with which they probe a
surface site. We estimate this effective flux by Fii =
pexp|(Eg/kgT) — 1]/+/2mkgT assuming equilibrium
between the precursor and the gas phase. Here, p is the
beam-equivalent pressure of As,, and Eg ~ 0.3 eVisa
typical binding energy in the potential well of the
precursor. The resulting effective flux is a factor
50-100 higher than the direct flux at typical growth
temperatures, i.e. an As, molecule probes on average
about 50-100 surface sites during its lifetime in the
precursor.

Performing kMC simulations using the rates
obtained from the DFT calculations, we are able to
extract the essential sequence of processes that give
rise to island growth on the GaAs(0 0 1)—P2 substrate
[20]. Furthermore, the DFT calculations enable us to
identify metastable configurations that appear as inter-
mediates [21]. Such metastable intermediates are
shown in Fig. 1. By attachment of material in the
trenches, two Ga atoms and a third As dimer are added

to the f2-reconstruction, yielding a unit cell with local
Bl-reconstruction (Fig. 1b, left part). If the rate of
desorption of arsenic exceeds adsorption (i.e. when
growing at high temperatures and under low As
fluxes), the Ga adatoms agglomerate into Ga dimers
(Fig. 1b, right part). The formation of these Ga dimers
occurs preferentially near sites where material has
already been filled into the trenches, i.e. where the
local Bl-reconstruction has appeared (Fig. Ic).
Finally, if two or more such Ga dimers have formed
at sites adjacent in the [110] direction, these offer
favorable adsorption sites for As, molecules, and
adsorption of As, completes growth of a nucleus that
now extends into the new layer (Fig. 1d). As a result of
this growth mechanism, islands are elongated along
the [1 1 0] direction. Experimental studies in combina-
tion with modeling have demonstrated that these
islands, once they grow larger, exhibit again the
well-known p2-reconstruction pattern [22]. As an
explanation, it has been pointed out that the binding
energy of As dimers is site-selective: if three or more
As dimers are adjacent in the [1 1 0] direction, their
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binding is weakened by a net repulsion [23,24]. More-
over, As, molecules do not adsorb in a layer filling the
gap consisting of only a single vacancy (like in the
Bl-reconstruction, Fig. 1b, left part); the binding
energy at these sites is too low [21]. In summary,
the substrate acts as a template for the formation of
islands in a new layer. The islands are oriented along
the trenches of the substrate, and the f2-reconstruction
is propagated into the newly grown layer.

While experimental studies of MBE growth on
GaAs(0 0 1)-p2 are usually performed only in a rather
narrow temperature interval where the substrate sur-
face can be stabilized by working at a suitable Ga:As
flux ratio, the kMC simulations are able to cover a
much wider range of temperatures. The simulations
find that the island density is non-monotonic as a
function of temperature when studied in a wider range
of 500K < T < 900K (see Fig. 2). This finding,
which is rather unexpected from the point of view
of ‘standard’ nucleation theory, is due to the crucial
role of arsenic adsorption and desorption during
growth. At T > 800 K, desorption of As, becomes
appreciable. Consequently, the attachment of material
to the edges of existing islands, which involves the
incorporation of arsenic, must be considered reversible

880K 800K 700K 600 K 500 K

1.5%10"
~ 1.25x10"

1x10°

island density (Lm

7.5x10°

5x10°

1000/T (K

Fig. 2. Island number density for GaAs homoepitaxy after
deposition for 1s, Ga flux 0.1 ML/s and an effective As, flux of
100 ML/s. The filled circles are results of kMC simulations by the
authors [20], the open square symbol is the measured island
density from [1], at a Ga flux of 0.1 ML/s and a (direct) As, flux of
0.8 ML/s.

Table 2

Dependence of the island density n; calculated with a statistical
uncertainty of +10%, on the effective arsenic flux szfz for Ga flux
of 0.1 ML/s and growth temperature 7 = 700 K

F3 (MLJs) i (um )
3 2400
10 3000
30 3500
100 5300
300 4800
1000 4900

at these high temperatures. This leads to a change in the
growth kinetics and to an increase in the nucleation of
new islands [20,25]. As can be seen from Table 2, the
results depend only weakly on the arsenic flux. In the
range considered, the island density first increases with
increasing arsenic flux, in agreement with experiment
[1], and then saturates.

4. Ultrathin pseudomorphic films of InAs
on GaAs

Experimentally, it has been demonstrated that
island growth of InAs on the GaAs(00 1)-f2(2 x
4) proceeds in a qualitatively similar way to homo-
epitaxy of GaAs [26]. Of course, there are quantitative
differences; in particular, the island density is lower
for InAs, because of the different values for diffusion,
attachment and desorption barriers for In atoms, and
different activation energies for desorption of As,
from InAs. In addition, one would expect heteroepi-
taxial strain to have some effect on growth. Indeed this
effect leads to drastic changes in the growth morphol-
ogy for deposition of >1 ML [27], but it is apparently
less important for island nucleation and growth in the
sub-monolayer regime.

However, more typical than deposition on
GaAs(0 0 1)—(2 x 4) is the deposition of InAs on
the c(4 x 4)-reconstructed GaAs(0 0 1) substrate,
which is characteristic of growth at somewhat lower
temperatures (corresponding to more As-rich condi-
tions). Detailed reflection high-energy electron dif-
fraction (RHEED) measurements by Belk et al. [28]
show that even very small InAs coverages deposited
on this substrate affect the surface morphology
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strongly. A prominent feature of the surface morphol-
ogy after InAs deposition is the formation of a wetting
layer (WL) with both commensurate and incommen-
surate (1 x 3) and (2 x 3) reconstruction patterns.
Similar results were also found by reflectance aniso-
tropy spectroscopy [29,30]. We shall show here that
formation of a surface alloy is the driving force for this
structural transformation, and that the triple periodi-
city can be explained by it.

Unlike for pure GaAs(0 0 1) and pure InAs(0 0 1)
surfaces, the structural information about the WL is
very scarce. We start our DFT study by identifying a set
of favorable structural models for the WL surface for a
fixed coverage Op, = 2/3, without making any a priori
assumption for the surface charge compensation. The
triple-period (commensurate) reconstructions consid-
ered here are shown in Fig. 3. While never observed for
the clean binary III-V(0 0 1) surfaces, a (2 x 3) recon-
struction, Fig. 3b, for example, was reported for pseu-
domorphic InAs films grown on GaAs or InGaAs
substrates [31,32]. For a In,Ga;_,As(00 1) surface
alloy, Sauvage-Simkin et al. [33] have demonstrated
by X-ray diffraction that In—Ga ordering stabilizes the

Fig. 3. Structural models for the commensurate (n X 3) reconstruc-
tions of the In,Ga;_,As(0 0 1) surface. Shaded polygons represent
the surface unit cell. Atomic arrangement is indicated for atoms in
the topmost four atomic layers (In: gray circles; Ga: black circles;
As: open circles). Side views are shown in the lower parts of panels
(a)—(c); the side view of (d) is identical to that in (b).

(2 x 3) reconstruction under As-rich conditions lead-
ing to x = 2/3. Subsequent diffraction experiments
[34,35] confirmed their proposed structural model,
Fig. 3b. The (1 x 3) model, Fig. 3a, is simply derived
from (2 x 3) by removing the As dimers bonded to the
third-layer In atoms, and dimerizing the latterin [1 1 0]
direction. The o2(2 x 3) reconstruction is similar to the
02(2 x 4) for the clean binary surfaces: the second-
layer dimers along [1 1 0] are formed by In, and no
trench dimers are present giving the triple periodicity
in this direction. The (4 x 3) model is obtained from
(2 x 3) by removing every fourth As dimer from the
continuous dimer row in the topmost layer leading to
doubled period in [1 10] direction. Some limited dis-
cussion of these models was given in [36-38]. The set
is further augmented by including the o2(2 x 4) and
B2(2 x 4) reconstructions. We have found [9] that on
InAs(0 0 1) isotropic compressive strain favors exclu-
sively the a2(2 x 4) reconstruction. A detailed analysis
of the PB2(2 x 4)-reconstructed WL was performed
recently by Wang et al. [39,40] employing very similar
computational settings.

Note that none of the (n x 3) models obeys the
electron counting rule (ECR) [41], which is often
considered as an empirical heuristic principle for
selecting probable atomistic models of reconstructed
III-V semiconductor surfaces. Theoretically, it is the
minimal property of the surface formation energy y¢
that determines which one out of a set of plausible
reconstructions will be observed in thermodynamic
equilibrium. To pursue this problem, we calculate ¢ of
the WL (at zero temperature and pressure) for a
reference thickness of 0y, = 2/3 ML. This choice is
dictated by the experimental observation that only for
In composition x =2/3 (for 0, < 1 ML we have
Om=x) the triple-period reconstruction is commensu-
rate [33,35]. The computational procedure has been
discussed in detail in [9,40,42]. At fixed 0y,, for non-
stoichiometric surfaces (here all except a2(2 x 4)) the
surface free energy depends on pas, 7r = 7¢(Uas). In
order to define the most As-rich conditions possible,
any excess As atoms are considered to be in equili-
brium with a reservoir of bulk As in the rhombohedral
A7 structure. Variation of pa is thus limited to the
thermodynamically allowed range, —|AHf| < pip —
Hasoui) < 0, where AHp = —0.68 eV/atom is the
calculated enthalpy of formation of bulk GaAs. The
V¢—Uas diagram is shown in Fig. 3a.
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There are a few interesting features to be pointed out
for y¢ of the pseudomorphic Iny/3Ga;;3As(00 1) film.
Under As-rich conditions none of the reconstructions
considered can compete in terms of stability with the
(2 x 3) model. Importantly, within the computational
accuracy of +1 meV/A2, In,3Ga;3As(0 0 1)—(2 x 3)
is energetically degenerate to the bare GaAs(0 0 1)-
c(4 x 4) substrate for ux, — fiagpui) (Stoichiometries
of these reconstructions defer by only ~ 7%). However,
with the pas decreasing, the a2(2 x 4) reconstruction
becomes the most favorable, and at the (2 x 3) —
02(2 x 4) transition the P2(2 x 4) phase appears to
be nearly degenerate in energy. The low y;of the (2 x 3)

(@) 100 mC7 \
. l
| 2y l
L, 9 Ic J
pg 80 1 ‘74—_?) :
d\ [} 3 |
% : 0_2(2)( )‘
E: 60 b E , 7”2(2x4) e } |
= L o2(2x4) :
: (‘2@ :
40 C : L L ' 1 ]
-06 -04 -02 00
uA.\ | u‘m(bulk} (BV)
®) 90 :
¥ (1x3)
» (2x3)

® 02(2x3)
& (4x3) :
A 02(2x4)

92

Y, (meV/A%)

strain € (%)

Fig. 4. Formation energy of In,;Ga;;3As(0 0 1) film with different
reconstructions (a) as a function of pas; and (b) as a function of
isotropic strain ¢ with respect to the GaAs substrate, and for
Has = Hag(bulk)- 7H(Hasoulk) Of the (2 x 4) reconstructions on panel
(a) are obtained by interpolation to 6y, = 2/3 ML. The effect of
geometry relaxation for the (2 x 3) reconstruction is indicated by
the dashed curve.

reconstruction is somewhat unexpected as it violates the
ECR. This surface, however, exhibits a strong tendency
towards dimerization, leading to one dangling bond per
1 x 1 area. Recently it has been demonstrated [43] that
the minimization of the number of dangling bonds is
more important than the ECR in stabilizing high-index
GaAs surfaces. Thus, our result is in accordance with
the conclusions of this earlier study. Moreover, the low
y¢ lends credibility for the (2 x 3) structural model
proposed by Sauvage-Simkin et al. [33], Fig. 3b. The
geometries obtained by optimizing our calculated struc-
ture are in good agreement with those determined by an
analysis of the X-ray diffraction data (cf. Figs. 4 and 5;
Table 3).

Another important feature of the pseudomorphic
In,/;3Ga;3As(0 0 1) film shows up upon considering y¢
as a function of the applied isotropic strain &, here
& = 0 implies unstrained GaAs substrate. For small ¢
one can write )¢ in the form

7e(€) = 76(0) 4 Tr(t,p)e + O(&?) )

where 7,4 is the intrinsic surface stress tensor [44].
The presence of the linear term 7,4 is characteristic
of a solid, and introduces the distinction between
surface energy and surface stress, which is obsolete
for liquid surfaces. The strain dependence of 7s is
calculated [45] in the range +4%, Fig. 4b. After the
surface structures have been optimized once for the

Fig. 5. Atomic structure and geometry parameters of the commen-
surate In,/;3Ga;;3As(0 0 1)-(2 x 3) surface (see Table 3).
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Table 3

Atomic coordinates and bond lengths as indicated in Fig. 5

P. Kratzer et al./Applied Surface Science 216 (2003) 436-446

Atom  LDA GGA XD LDA [A] GGA [A] XD [A]
X Y z X Y z X Y z

As(l) 0.0 0.40 0.54 0.0 0.40 0.53 0.0 0398 0519 dy; 248 2.52 2.44

As(2) 034 0.0 0.39 0.35 0.0 0.38 0343 0.0 0384  dy, 245 2.50 251

As(3) 025 0.35 0.29 0.25 0.35 0.29 0.25 035 0275  dis 246 2.55 2.49

In4) 026 0.15 0.07 0.26 0.15 0.06 0267 0151 0063 d3  2.68 2.82 2.69

Ga(5) 025 0.5 0.0 0.25 0.5 0.0 0.25 0.5 0.0 dss 236 247 2.40
doy 259 2.71 2.63

X and Y are measured in units 2 X ao/+/2 and 3 X ag/+/2, respectively, while Z is given in units of the bulk lattice constant a, with respect to
the Z coordinate of Ga(5). Experimental X-ray diffraction (XD) data are those reported by Garreau et al. [35] with an error bar of £0.004 for

the in-plane coordinates, and +0.005 for the Z coordinate.

theoretical bulk lattice constant, further atomic relaxa-
tion of the strained slabs for small ¢ is expected to
contribute to yf only to higher orders in &. We confirm
this behavior in our calculations for the (2 x 3) sur-
face, which were performed both with and without
strain relaxation (dashed and full line in Fig. 4).
Because of the smallness of the effect on the slope
at ¢ = 0, we have not considered it further for the other
reconstructions. From the slopes at ¢ = 0 we infer that
the dominant 7,5 component for all reconstructions
except (1 x 3) is compressive, Tr(t,5) < 0; the As-
rich reconstructions of GaAs(0 0 1) and InAs(00 1)
are characterized [9] by Tr(t,s) > 0. This is under-
stood as to be due to the insertion of the indium atoms
into the first cation layer, given that In—As bonds are
obviously longer than Ga—As bonds. Clearly, the
(2 x 3) reconstruction has the lowest formation energy
over almost the entire range of strain. One can also
note the apparent similarity in y¢(¢) for the o2-recon-
structions; removal of the trench dimer from the
a2(2 x 4) phase to form the cation-rich o2(2 x 3)
does not lead to any significant change in the quali-
tative behavior. On the basis of the above results we
single out the (2 x 3) reconstruction as the main
subunit preferable of the In,;Ga;3As(00 1) film
under As-rich conditions.

Interestingly, our calculations show that a perfectly
ordered In,3Ga;3As(00 1) film is an excellent sub-
strate for diffusion of In adatoms. The diffusion is
strongly anisotropic, and the activation energies are
substantially lower than their counterparts for Ga
diffusion on the GaAs(0 0 1)-p2(2 x 4) surface (see
Table 1). Investigations about diffusion of In on dis-
ordered films are subject to ongoing work.

5. 2D-3D growth transition

For thicker films (0, > 1 ML), the surface recon-
structions displayed by the film become more similar
to the known surface reconstructions of InAs. In
particular, for most growth conditions, reconstructions
with (2 x 4) symmetry reappear on the film. Only
under very As-rich conditions (or, correspondingly, at
low temperatures) the (2 x 3) reconstruction persists
also for films thicker than 1 ML.

With increasing thickness, however, the heteroepi-
taxial strain built up in the film eventually drives it
unstable. For InAs on GaAs(0 O 1), the leading instabil-
ity is a growth mode transition from two-dimensional
(2D) to three-dimensional (3D) growth which occurs
spontaneously as soon as a critical thickness has been
exceeded. Theoretically, we define the critical thickness
by the requirement that the free energy of a homoge-
neous film becomes higher than the free energy of an
ensemble of islands plus a correspondingly thinner film
(overall conservation of the deposited material is
implied) [39]. This definition is valid if local thermo-
dynamic equilibrium between a 3D island and its sur-
rounding wetting layer is established. Experimentally,
different criteria have been used, e.g. the appearance of
diffraction patterns characteristic of 3D structures in
RHEED. The precise value of the critical thickness may
depend an several factors, such as temperature, flux,
and the number density of nucleated islands. Given the
dependence on these factors, it is not surprising that a
range of values, between 1.4 and 1.8 ML, is reported
for the critical thickness of InAs films on GaAs [46].

An analysis of the thin film stability for larger 0y, on
the basis of DFT calculations [9] has recently shown
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that for most conditions, apart from very As-rich ones,
the structural transition from (1 x 3) or (2 x 3) surface
periodicity to (2 x 4) occurs prior to the 2D-3D
growth mode transition. This finding is in accord with
STM studies of MBE grown samples, where 3D
islands on a (2 x 4) reconstructed wetting layer are
observed [47,48].

6. Conclusion

In conclusion, we have discussed atomistic studies
of island nucleation in MBE of GaAs. kMC simula-
tions using rate constants derived from DFT calcula-
tions show that the P2-reconstruction of the
GaAs(0 0 1) substrate acts as a template for the
growth of a new layer of material. For ultra-thin films
of InAs on GaAs, we have shown that surface alloying
is a favorable process, and is associated with a triple-
period reconstruction. In particular, a (2 x 3) recon-
struction is identified as the most stable one for ideal
perfectly ordered surfaces. The positions of the atoms
in this structure are in excellent agreement with the
analysis of experimental X-ray diffraction data. Upon
further deposition, after the critical thickness is
exceeded, the film will undergo a growth mode tran-
sition and spontaneously develop three-dimensional
nanostructures. For a better understanding of this
process, which is of considerable interest for the
fabrication of self-assembled quantum dots, the effect
of surface alloying must be taken into account. Our
work shows a way how to analyze the Kkinetics
and thermodynamics of the growth processes in
InAs/GaAs(0 0 1) heteroepitaxy using results from
first-principles DFT calculations.
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