PHYSICAL REVIEW B 72, 075315 (2005)

Molecular-dynamics-based model for the formation of arsenic interstitials
during low-temperature growth of GaAs
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The formation of interstitial arsenic defects in low-temperature grown (LT) GaAs layers is examined by
temperature dependent, direct trajectory molecular dynamics calculations at semiempirical level. In agreement
with earlier ab initio calculations, a metastable interstitial position of an As, molecule just below the As-rich
c(4 X 4)B reconstructed GaAs(001) surface (characterized by As—As dimers) is obtained. We model this con-
formation as a precursor state for excess interstitial As in the LT-GaAs layers. Furthermore, a migration layer
was found above the surface, where As, molecules can move practically freely. We identify the hopping of As,
molecules from the interstitial position into this migration layer as the process that controls the experimentally
observed dependencies of the excess arsenic content on substrate temperature and arsenic overpressure during

growth of LT-GaAs layers.
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I. INTRODUCTION

GaAs layers grown by molecular beam epitaxy (MBE)
under As overpressure at a substrate temperature below
400 °C (low-temperature grown GaAs, LT-GaAs) are crystal-
line, but nonstoichiometric due to an appreciable content of
excess As, As,,.! It is this excess arsenic that gives rise to the
very interesting electrical and optical properties of LT-GaAs
layers, such as extremely high resistivity and short carrier
lifetime.>? The As,, content of LT-GaAs shows an inverse
dependence on the growth temperature,*> and increases with
the As/Ga flux ratio applied during growth. Under very high
As/Ga flux ratio the excess arsenic content saturates at 1.5%
for a substrate temperature of about 200 °C on exactly ori-
ented GaAs(001) substrate. This As., concentration in the
LT-GaAs layers is much higher than that derived from the
equilibrium phase diagram (0.1% at most), therefore it can-
not simply be considered as thermodynamic effect.

The atomistic processes leading to the As., formation in
the growing layer are not completely understood yet. The
observed inverse relation between growth temperature and
As,, content in LT-GaAs layers indicates that there must be a
surface atomic process which reduces the chance of As.
formation with increasing growth temperature. Two plausible
candidates discussed already for such a process are the direct
desorption of As atoms from the adsorption layer into the
vacuum® and the escape of As, molecules from specific in-
terstitial positions in the actual growth surface into the ad-
sorption layer.” The former process has an activation energy
of 1 eV,? which is too high for the process to occur at appre-
ciable rates at the growth temperature of around 200 °C. The
latter process has a low activation energy (64 meV, Ref. 8),
which is much more consistent with the experimental value
that results from an Arrhenius evaluation to be in the range
of 1 meV.%® Therefore two open problems are obvious. First,
a contrast between the experimental and theoretical activa-
tion energies exists, which could arise from the difference
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between the static theoretical models (i.e., calculation of en-
ergy terms at zero temperature) and the experimental situa-
tion, which is highly affected by the dynamics of the surface
processes. Second, the experimentally evaluated activation
energy of ~1 meV is extremely low and cannot be due to a
simple thermodynamic process, since the kinetic energy of
particles is at least fifty times higher in the given growth
temperature range. Because of this complexity, we conduct
temperature-dependent, direct trajectory molecular dynamics
calculations to simulate the kinetic and the thermodynamic
processes at the same time. Our approach identifies an
atomic process, which is responsible for the excess arsenic
formation in LT-GaAs layers.

II. MODELING APPROACH

Ohtake et al.'® have shown that the surface structure of
(001) GaAs changes to a c¢(4 X 4) below 480 °C and under
high As/Ga flux conditions. It remains unchanged down to
room-temperature, showing a 1.75 monolayers (ML) As sur-
face coverage. Ohtake et al., in their recent paper,'! pre-
sented further results on the c(4X4) structure, which led
them to discriminate c(4 X 4)a and c(4 X 4)B surface struc-
tures. The c(4X4)a structure, which is characterized by
As—Ga heterodimers, was found during MBE growth under
As, flux below 500 °C and—partly in coexistence with the
c(4 X 4) B structure—under As, flux between 350 and 500 °C
growth temperature. Under As, flux and below 350 °C
growth temperature, the temperature range of LT-GaAs,
mainly the c¢(4X4)B structure, consisting of triplets of
As—As dimers, was observed.'! In fact, our current calcula-
tions show that it is only this structure which supports the
interstitial As formation.'?

We represent this ¢(4 X 4) surface reconstruction by a 9
atomic layers thick slab (including reconstruction layer, Fig.
1). For construction of this slab, periodic boundary condi-
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FIG. 1. Top and side view of the cluster for representation of the
As-rich ¢(4 X 4) B reconstructed GaAs(001) surface. “P” denotes the
site where the metastable interstitial position of an As, molecule is
formed.

tions around a small central box are applied. The central box
congsists of a volume with size 4 X4 in units of a/2 X (110)
and 2 units of aX[001] bulk GaAs lattice, with a lattice
constant a. The box’ surface is covered by the c(4X4)B
surface reconstruction layer and contains two reconstruction
units. The periodic boundary is applied to the [-1,1,0] and
[1,1,0] directions. The atoms of the lowest atomic layer
(number 8 in Fig. 1) remain in the positions derived from
bulk calculations as a function of temperature (to be pub-
lished elsewhere) and all atoms within layers above this layer
are allowed to move. The atoms at the bottom of this slab are
saturated with hydrogen atoms in order to maintain the bulk-
like configuration.®!3

For explicit simulation of the effect due to the presence of
a vapor of As, molecules just above the surface, a 20 A wide
region is chosen above the central box, and this region is
replicated in the same way as described above by the peri-
odic boundary conditions. The density of the As, molecule
vapor is adjusted by introducing 5, 10, 15, 20, or 25 As,
molecules into that volume. These densities are indicated in
this work with the symbols P5, P10, P15, P20, and P25,
respectively.

The basic reaction studied here is the escape of an As,
molecule from an energetically metastable interstitial posi-
tion that has been predicted by earlier works.”® Figures 1 and
2 show the geometry and the escape reaction. During mo-
lecular dynamics calculations the height of the lower As
atom of the As, molecule above the GaAs surface is re-
corded as a function of the simulation time. The occurrence
of an escape reaction is defined at the point when the lower
atom of this As, molecule crosses the plane of the top ar-
senic layer of this surface (Fig. 2, denoted by P).

III. CALCULATION PROCEDURE

The interaction energy between the c¢(4X4)B recon-
structed surface and the As, molecules is minimized first by
variation of the height of the molecule above the surface.
During this calculation, the center of mass of an As, mol-
ecule is fixed to axes oriented perpendicular to the surface,
while the free rotation of the molecule around its center is
allowed. The intersects of these axes with the surface forms
a 2020 mesh (400 points) above one surface unit cell.
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FIG. 2. (a) Schematic view of the geometrical shape of the
surface of minimum interaction energy (migration layer) and the
escape reaction of an As, molecule from the interstitial position in
the As-rich c(4 X 4) B reconstructed GaAs(001) surface. The migra-
tion layer refers to the height the center of mass of an As, molecule
assumes above the plane of the reconstruction layer of the GaAs
surface. The upwards pointing, bent arrow symbolizes the escape of
an interstitial As, molecule into the migration layer; (b) As-
interstitial formation on the As-rich c¢(4X4)8 reconstructed
GaAs(001) surface due to the formation of a cage by two Ga atoms
burying the lower As atom of the As, molecule. For definition of
the symbols see Fig. 1.

Then, the dynamic process between As, molecules and the
cluster-represented GaAs (001) surface in dependence of the
temperature is investigated with Langevin molecular dy-
namic calculations.'*!> The PM3 semiempirical quantum
chemical method'®~!8 is used to calculate atomic forces since
parametrization of this PM3 method has been successfully
tested in studies of arsenic containing materials'® and in par-
ticular of GaAs crystals.?>?! The molecular dynamics calcu-
lations are done at five different temperatures between 400
and 800 K in steps of 100 K, according to the common
temperatures applied in the MBE growth of nonstoichiomet-
ric and stoichiometric GaAs layers. Ensembles of Ny=40
trajectories with a time resolution of 10 fs are calculated at
each given temperature, for a period of 100 ps or until a
reaction occurs during propagation of the trajectory.
Reaction rates, k, are determined by fitting k to the calcu-
lated fraction of nonreactive trajectories, N/N,, given by

ﬂ — ekt’ (1)

Ny
where ¢ is the reaction time.?>?* Accordingly, N, is the total
number of trajectories and N is the number of trajectories
without reaction until the time . Trajectories which do not
end with a reaction within the maximum allowed time (100
ps) are counted within N,. All calculations are carried out
with the HyperChem Professional 7 program package** and
its respective extension? for randomization of the As, mol-
ecules in the volume above the surface.

IV. RESULTS AND DISCUSSION
A. Energetics and geometry

The interaction energies between the As, molecules and
the c¢(4 X4)B reconstructed As-rich GaAs(001) surface are
calculated as described above. All energy versus height
curves exhibit a minimum energy value just above the sur-
face. These minimum values represent a surface of minimum
energy above the substrate surface which is introduced in
Fig. 2. The distance of this minimum energy surface from the
reconstruction layer varies between 1.63 and 2.82 A (Fig. 2).
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This surface itself exhibits energy minima that are located
just above the middle of the surface trenches running along
the [1,—1,0] direction between the triplets of As dimers, thus
mimicking the shape of the reconstructed layer (see Fig. 2).
The energy barriers between these minima are less than 14
meV. Since the average total kinetic energy of a particle is
larger, 52 meV at 400 K and 104 meV at 800 K, As, mol-
ecules can migrate practically freely on this minimum energy
surface, which thus constitutes a migration layer. In corre-
spondence, calculations of trajectories trace such a migration
layer. This free movement of As, molecules inside the mi-
gration layer opposes the formation of any new permanent
surface structure, therefore this As-rich c¢(4 X4)f structure
remains unchanged. This conclusion is in agreement with
experiments according to which not more than 1.75 ML of
arsenic coverage exists.?®

In order to evaluate our present results on the recon-
structed ¢(4 X 4)B surface with respect to the growth tem-
perature dependence of the excess As content, we apply the
model of a Langmuir adsorption-like process. We consider
the thermally activated escape of an interstitial As, molecule,
which acts as precursor to an interstitial As defect, into the
migration layer, similar to the method used on the nonrecon-
structed surface, described in more detail in our earlier
work.® Our present results show that there is only one posi-
tion per surface unit cell, closest to one of the As atoms of
the middle dimer of the arsenic triplets, which is available as
metastable position for a bound As, molecule (position P in
Figs. 1 and 2). The corresponding fourfold reduction of the
surface area for As, bonding, as compared to the nonrecon-
structed surface, results in a four times higher activation en-
ergy for the escape process when evaluating experimental
data on the growth temperature dependence of the excess As
content. Our molecular dynamics calculations indicate that
an energy barrier of 54 meV exists for hopping of the bound
As, molecule from its site into the migration layer (see Fig.
1 and 2) which has to be compared to an experimental acti-
vation energy of 4 meV (i.e., four times higher than the pre-
vious value of 1 meV, Ref. 6). Additionally, the reverse re-
action, where the As, molecule jumps back from the
migration layer to the interstitial position, has a 17 meV
energy barrier, which, however, is negligible considering the
growth temperature.

B. Kinetic characteristics

The calculated rate constants, k, of the escape reaction
(i.e., hopping from the interstitial site to the migration layer)
as derived from the direct trajectory calculations are shown
in the Arrhenius plot in Fig. 3. At each of the five given
“densities” P, the In(k) values follow the linear classical
Arrhenius equation:

E
In(k)=InA - —=, (2)
kT

where A is the preexponential (frequency) factor, E, is the
activation energy, kg the Boltzmann constant, and 7 the tem-
perature. Table I summarizes the Arrhenius parameters ob-
tained by the simulations.
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FIG. 3. Arrhenius plot of the rate constants of the reaction as-
sociated with the escape of As, molecules from the metastable in-
terstitial position observed on the As-rich ¢(4 X 4)B reconstructed
GaAs(001) surface.

The plots in Fig. 3 reveal that the dependence of the rate
constant on the As vapor density above the growing surface
is governed by two processes with opposite dependency.
First, for any selected growth temperature the rate of the
escape reaction decreases with increasing As, density. Sec-
ond, the activation energy [as given by the slopes of the In(k)
lines] for the escape decreases with increasing As, density
which would mean an increase of the escape rate with in-
creasing As, density. For clarification of the responsible pro-
cesses, more experimental and theoretical investigations are
certainly necessary, we may, however, try to understand with
the aid of the following notion. We can assume a weak (elec-
trostatic) attractive force between the As, molecule in inter-
stitial position and the As, molecules in the migration layer,
probably supported by the highly negatively charged charac-
ter of this As covered surface. Furthermore, the number of
places in the migration layer is limited and their occupation
increases with the As, vapor density. This scenario leads to
two consequences: Higher density is equivalent to more As,

TABLE I. Arrhenius parameters for the reaction associated to
the escape of As, molecules from the metastable interstitial position
observed on the As-rich ¢(4X4)B reconstructed GaAs(001) sur-
face. Symbols P5, P10, P15, P20, and P25 indicate the density of
the As, molecule vapor above the surface; * value from static cal-
culation, for comparison (Ref. 8).

Symbol of Activation energy of Frequency factor
density escape E, (meV) A (1/ps)
PO 64" —
P5 22.7 55.7
P10 20.5 50.5
P15 17.6 44.7
P20 13.9 38.8
P25 10.9 337
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in the migration layer and a larger attractive force that would
facilitate the escape of the As, molecules from the interstitial
position. More As, in the migration layer means also less
free sites and consequently reduces the escape rate. Obvi-
ously the calculations indicate that this reduction in escape
rates dominates in the examined temperature interval and
leads to an increase of filled interstitial sites with increase of
As, vapor density.

C. Modeling interstitial As formation

One consequence important for modeling is that the es-
cape reaction is very fast, frequency factor is a few tens of
1/ps, see Table 1. In comparison, the growth rate commonly
applied in experiments is 1 ML/s. Thus we can assume that
at any instant of growth the interstitial site population in the
growing surface represents the equilibrium population as
given by the transition rates into and out of these sites.
Growth means that now, under conditions of an As rich at-
mosphere, also Ga atoms impinge onto the migration layer
and onto the growth surface. Our earlier ab initio
calculations'? indicated that the middle As dimer of the As,
dimer triplets is the most reactive center where a newly ar-
riving Ga atom can be incorporated by an exchange reaction
with the As there.'> The present calculations show that the
metastable interstitial As, site is directly adjacent to this
dimer, as in Figs. 1 and 2(a), at P. In a subsequent step, a
second Ga atom may fill the adjacent missing dimer site G,
see Fig. 1. A cage’ forms in which the upper As atom of the
interstitial As, assumes a regular lattice site, see Fig. 2(b). As
a result, the lower As atom is buried under a new atomic
crystal layer and forms an arsenic interstitial defect in the
lattice.

V. SUMMARY AND OUTLOOK

Our simulations of the As-rich growth on the recon-
structed c(4 X 4)B GaAs(001) surface at rather low tempera-
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ture indicate enhanced surface diffusion of the As, molecules
in a migration layer situated approximately one atomic dis-
tance above the reconstruction layer. From this migration
layer, As, molecules will enter into the crystal onto a meta-
stable position of specific type. In this position the lower As
atom of an As, molecule fills a tetrahedral interstitial site.
The rate constant of the escape of an As, molecule from this
position into the migration layer is smaller at lower tempera-
ture and higher arsenic vapor density. Accordingly, the life-
time of such an interstitial conformation increases when the
growth temperature is lowered or the arsenic As, vapor den-
sity, i.e., arsenic overpressure during growth is increased.
From this conformation interstitial excess arsenic can easily
be formed by a cage-like conformation, induced by arriving
Ga atoms.”® A next step could transform the As-interstitials
to As-antisites, which prevail in LT-GaAs. So we propose
this sequence as a very probable way for excess As formation
during the low-temperature MBE growth of GaAs layers.

It is interesting in view of our presented calculations to
consider the recent result of Ohtake et al.!! that the surface
reconstruction changes above 350 °C to a structure essen-
tially characterized by As—Ga heterodimers. Our ongoing re-
spective calculations show that the presented interstitial As
formation process is hindered by As—Ga heterodimers be-
cause the approaching As, molecule cannot reach the inter-
stitial position at the Ga-side of the heterodimer.!> As a mat-
ter of fact, the excess As content is observed to reduce to the
value of standard GaAs above this temperature.?’
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