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Simulation of GaAs growth and surface recovery with respect to gallium
and arsenic surface kinetics

Ch. Heyn and M. Harsdorff
Institut für Angewandte Physik und Zentrum fu¨r Mikrostrukturforschung, Jungiusstrabe 11, D-20355 Hamburg, Germany

~Received 21 August 1996; revised manuscript received 1 November 1996!

A Monte Carlo simulation of GaAs homoepitaxy and subsequent surface recovery is performed using a
solid-on-solid configuration. It is assumed that both Ga atoms and GaAs molecules are mobile during growth
and contribute to the surface-diffusion flux. When growth is terminated by stopping the Ga supply, all Ga
adatoms are found to react very quickly to form GaAs molecules. Thus, during recovery only diffusion of less
mobile GaAs molecules is of relevance. The simulation is parametrized by a detailed comparison with reflec-
tion high electron energy diffraction measurements. In particular, the recovery phase after growth stops, the
oscillation damping, and the As4 sticking coefficient are analyzed. Quantitative agreement with all measure-
ments is achieved and a simulation of the flux-ratio-dependent behavior is possible, as is demonstrated for the
As4 sticking coefficient.@S0163-1829~97!00512-2#
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I. INTRODUCTION

Molecular beam epitaxy~MBE! is well established as a
technology for the fabrication of nanometer scale structu
Controlled growth of sophisticated structures requires fun
mental knowledge of the detailed atomic processes suc
adsorption, desorption, migration, and reaction. Investi
tions of the GaAs surface kinetics during growth were p
formed by using experimental methods such as reflec
high energy electron diffraction1–4 ~RHEED! and scanning
tunneling microscopy5,6 ~STM! measurements. The resul
are discussed with theoretical methods such as analy
calculations7,8 and Monte Carlo simulations.9–11 In particu-
lar, the combination of computer simulations and RHEE
measurements is found to be a very powerful tool for
investigation of the basic processes during crystal growth
an important result, Shitaraet al.observed an approximatel
linear relationship between simulated surface step dens
and measured values of the intensity of the RHEED spec
beam over a wide range of growth conditions.11 Conse-
quently, the chronological evolution of simulation runs c
be compared directly with real growth processes. Howe
quantitative reproduction of the surface recovery af
growth stops appears problematic.11 To solve this problem, a
step edge barrier was introduced, which hampers interla
migration and yields correct recovery.12 Nevertheless, sur
faces simulated by this extended model show a mountain
structure13 which is not found experimentally.6

Here we present an alternative approach to a real
simulation of GaAs growth and surface recovery without
need of a step barrier. In our simulation we include surfa
kinetics of gallium and arsenic. The model reproduces
recovery correctly, realistic surface structures are obtain
and, in addition, simulation of the flux-ratio-dependent b
havior is possible, as is demonstrated for the As4 sticking
coefficient.

II. EXPERIMENTAL SETUP

The growth experiments are performed in a MBE syst
described in a former paper.14 As a peculiarity, a quadrupole
550163-1829/97/55~11!/7034~5!/$10.00
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mass spectrometer allows precise control of the As4 flux and
of the Ga/As flux ratio. Growth is carried out on nominal
planar ~001! GaAs substrates. After the oxide removal b
heating up the surface under arsenic pressure, a 300 nm
buffer layer is grown in order to smooth the surface. Duri
growth of the subsequent layers, the RHEED specular be
intensity along the@110# azimuth is recorded by a sensitiv
CCD camera in combination with a frame grabber and
personal computer for image processing. With in-phase
fraction conditions the modulation of the specular beam
tensity during growth can be traced back to variations of
surface step density only.11

III. SIMULATION MODEL

The simulation used here closely resembles a model
sented by Clarke and Vvedensky.10 With this model, Shitara
et al. successfully simulated epitaxial growth on GaAs~001!
surfaces.11 Basic assumptions are a cubic lattice, a solid-o
solid configuration15 ~that means no overhangs and no vaca
cies!, random deposition as well as surface migration of g
lium. As an extension to the basic model, our simulati
includes surface kinetics of Ga and As atoms, and Ga
molecules. Arsenic incorporation is modeled by a proces
which every impinging As4 molecule dissociates into atom
Two As atoms desorb resulting in a maximum As4 sticking
coefficient of 0.5.16 The two remaining As atoms perform
random search for a free gallium atom and either reac
GaAs or desorb as well.

After impinging, the adsorbants move randomly by is
tropic nearest-neighbor hopping. The hopping rate of an
sorbant is given by

k~T!5k0expS 2
Edif

kBT
D , ~1!

where k05131013 s21 is assumed as a vibrational fre
quency,kB is Boltzmann’s constant,T is the substrate tem
perature, and the surface diffusion barrier is11
7034 © 1997 The American Physical Society
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Edif5ES1nEN , ~2!

with the surface contributionES , the number of nearest
neighborsn50, . . . ,4, and thenearest-neighbor contribu
tion EN .

Surface diffusion of Ga atoms, As atoms, and GaAs m
ecules is taken into account. As a simplification, the mig
tion of GaAs molecules is modeled by the same mechan
as for diffusion of single atoms. Just the diffusion barrier
supposed to be significantly higher. The surface contri
tions ES for Ga, As, and GaAs are denoted asES,Ga,
ES,As, andES,GaAs, respectively. To reduce the number
simulation parameters, the same value of the near
neighbor contributionEN is used for Ga atoms and GaA
molecules. Arsenic migration is simulated in a special m
ner. Due to the short lifetime of arsenic on the surface,17 no
arsenic-arsenic interactions are considered. Thus, every
grating As atom can be treated separately. Interaction of
atoms with GaAs molecules is neglected, whereas interac
with Ga atoms results in reaction to GaAs molecules.
senic atoms may desorb when they find no Ga atom wi
their surface lifetime. Desorption of Ga atoms and Ga
molecules is neglected due to the gallium sticking coeffici
of unity up to temperatures of 620 °C.18

The characteristic quantity to describe migration of
atoms is the surface-diffusion length up to desorpti
lAs5ADstdes, with the surface-diffusion coefficien
Ds5(1/4)(a0)

2k0exp(2Edif /kBT) and the distance of a
nearest-neighbor hoppinga0. With the above values we ge

lAs5S a02 DexpS dEAs2kBT
D ~3!

with dEAs5Edes2Edif ,
The simulation is thus characterized by four paramet

ES,Ga, ES,GaAs, EN , anddEAs . These quantities are to b
regarded as effective diffusion barriers that incorporate in
average way local fluctuations, fast processes not inclu
explicitly, and other factors such as surface reconstructio11

We would like to note that the values of these effective sim
lation parameters may change, if a more elaborate mo
with, for example, a zinc blende lattice and a reconstruc
surface is considered.19,20 However, at this point we would
like to stick to the simple cubic model of Clarke an
Vvedensky in order to keep the number of free parame
low.

As described below, detailed comparisons to RHE
measurements are made to determine the model param
Due to the@110# azimuth of the RHEED experiments, th
numerical values of the energy barriers mainly reflect surf
migration perpendicular to the orientation of arsenic dim
as well as bonds to gallium terminated steps.21 Furthermore,
three growth parameters are important: the growth temp
tureT, the growth rateG, given by the gallium flux, and the
flux ratio JGa/JAs4. All growth simulations are started on

2303 230 matrix without steps.

IV. RESULTS

In order to compare simulation results with real grow
and recovery processes, surface step densitiesnst are simu-
lated and measured RHEED specular beam intensitiesI sp are
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recorded. Shitaraet al. pointed out that there is an approx
mately linear relationship between both quantities ove
wide range of growth conditions.11 An example of the ex-
perimentally observed time evolution of the specular be
intensity during growth and subsequent surface recover
plotted in Fig. 1~a!. The simulation of the corresponding ste
density is shown in Fig. 1~b!. As can be seen, simulation an
real growth yield nearly identical oscillations. One main d
ference is noticeable: the initial fast decrease after gro
starts is smaller for RHEED oscillations than in the sim
lated step densities. This may reflect a change of reconst
tion which is not included in the model.

The parameters of the simulation are adjusted for ma
mum agreement with the RHEED measurements. For
purpose, the surface recovery behavior, the oscillation da
ing during growth, and the As4 sticking coefficient are ana
lyzed quantitatively. An initial surface for the recovery pha
studies is created by deposition of 30 ML. According
Neaveet al.,1 the transients ofnst and I sp after growth stops
are fitted by the expression I5A01A1exp(2t/t1)
1A2exp(2t/t2), whereAi are constants andt1 andt2 are the
time constants of the fast and slow stage. Due to the un
tematic behavior oft2,

1 only the fast staget1 is used for
quantitative analysis. A series of simulation runs with vari
values of the simulation parameters show thatt1 is strongly
dependent onES,GaAs andEN , whereasES,Ga anddEAs do
not affect the fast stage of the recovery phase significan
This behavior is explained by the reaction of all mobile G
atoms on the surface to GaAs molecules directly after the
supply is stopped. The time constant of this reaction is fou

FIG. 1. Typical measured RHEED intensity oscillations~a! and
simulated step density oscillations~b!, with growth parameters:
temperatureT 5 600 °C, growth rateG 5 0.3 ML/s, and flux ratio
JGa/JAs45 0.62, and simulation parameters:ES,Ga 5 1.39 eV,
ES,GaAs 5 1.74 eV,EN 5 0.435 eV, anddEAs 5 0.868 eV as are
described in the text.
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7036 55CH. HEYN AND M. HARSDORFF
to be about 0.05 seconds and, therefore, very small w
compared tot1, which is in the range of several second
Thus, during recovery only surface migration of GaAs m
ecules and the corresponding energy terms are of releva
In Fig. 2, t1 is plotted as function ofEN andES,GaAs. Ap-
proximately exponential dependencies are found. An exp
mental value oft1 can be simulated by using several com
binations of (ES,GaAs,EN). To determine the correc
combination, the temperature dependent behavior oft1 is
analyzed. The inset in Fig. 3 shows values oft1 taken from
RHEED measurements at different surface temperatu
Based on these measured values oft1, possible combinations
(ES,GaAs,EN) are determined from simulation runs with va
ied conditions~Fig. 3!. From these data, the combinatio
(ES,GaAs,EN) which correctly represents the measurement
determined unequivocally. The best agreement at all t
peratures is found forES,GaAs51.74 eV andEN50.435 eV.
The value ofEN appears to be very high when compared
the value of 0.24 eV as proposed by Shitaraet al.11 To ex-
plain this difference, the respective experimental conditio
are important. Shitaraet al. analyzed the growth mode tran

FIG. 2. Dependence of the fast stage of simulated recov
phases on~a! ES,GaAs and ~b! EN . To determinet1, the surface
recovery is fitted by the function: I5A01A1exp(2t/t1)
1A2exp(2t/t2). Due to the unsystematic behavior oft2, only t1 is
analyzed quantitatively. An initial surface for recovery studies
created by deposition of 30 ML.
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sition from two-dimensional nucleation to step flow grow
in @010# azimuth to parametrize their simulation. Thus, th
value ofEN is determined during the growth phase and re
resents an average given by bonds of both Ga atoms
GaAs molecules to gallium terminated steps as well as
arsenic terminated steps. In contrast to this, our value is
termined from the post growth recovery behavior in@110#
azimuth and reflects bonds of only GaAs molecules to g
lium terminated steps.

The next stage contains the determination ofES,Ga and
dEAs . The Ga diffusion barrier is fixed by a quantitativ
analysis of the oscillation damping behavior. To character
the oscillation damping, a damping constantj is introduced
as the number of monolayers~ML ! which can be deposited
until the oscillation amplitude is reduced to the fraction of
e of the initial amplitude. Figure 4 shows the damping co
stant of simulated step density oscillations as a function
ES,Ga. More strongly damped oscillations with increasin
values ofES,Ga are found. This is assumed to be a result
the reduced surface migration of the Ga atoms and will
part of further investigations. The best agreement with
RHEED oscillation damping constant at the same grow
conditions is found forES,Ga 5 1.39 eV.

Measurements of the As4 sticking coefficient are per-
formed by using quadrupole mass spectroscopy and the
quency of RHEED oscillations as described in a form
paper.22 The value ofdEAs is adjusted to reproduce th
As4 sticking coefficient. A value ofdEAs 5 0.868 eV yields
agreement with the measurements in the regime of stoic
metric growth up to flux ratiosJGa/JAs4 of about 0.95~Fig.
5!. The perfect reproduction of the experimental data in
cates the validity of the arsenic incorporation model.

ry

s

FIG. 3. Possible combinations of (ES,GaAs,EN) giving the cor-
rect value oft1. The temperature dependence oft1 during real
recovery processes is determined from RHEED measurements
is shown in the inset. Every data point (ES,GaAs,EN) represents a se
of at least eleven simulation runs as demonstrated in Fig. 2.
best agreement between simulation and measurement is obt
with ES,GaAs5 1.74 eV andEN 5 0.435 eV.
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55 7037SIMULATION OF GaAs GROWTH AND SURFACE . . .
The behavior at higher flux ratios is not perfectly reflect
in the model. In experiment, unstoichiometric growth w
found.22 Our model only accounts for the formation of a
senic vacancies. The discrepancy between real growth in
unstoichiometric regime and simulations indicates that
vacancy formation is not the dominant mechanism. Ot
mechanisms such as antisite defects or the formation of
lium droplets are not implemented.

V. DISCUSSION AND CONCLUSIONS

As an important result, Shitaraet al.11 achieved quantita-
tive agreement between simulation and experiment for
growth mode transition between two-dimensional nucleat
and step flow growth. They considered surface diffusion
only gallium atoms and describe this process by an effec
diffusion barrier which is valid only for a fixed Ga/As flu
ratio. The model reproduces the growth phase correctly,
recovery after growth stops was found to be too fast wh
compared to RHEED measurements. An attempt to be
simulate both phases was presented by Smilauer
Vvedensky.12 To hinder interlayer migration and, thus, slo
down the simulated recovery, a step edge barrier was in
duced in combination with short-range incorporation
freshly deposited Ga atoms which results in a smoothing
the growing surface. With these extensions, recovery
simulated correctly, but surfaces created by this modifi
model show a mountainous structure unlike t
experiment.13

The model presented here is an alternative approach
realistic simulation of GaAs growth and recovery withou
step edge barrier. We improve the model of Shitaraet al.11

with regard to varied flux ratios. Thus, we take into acco
the experimental fact that after gallium supply is terminat
the Ga/As flux ratio changes drastically. In our model, n
only Ga atoms but also GaAs molecules migrate on the
face during growth. Surface diffusion of chemisorbed m
ecules is a known process and was observed, for exampl

FIG. 4. Damping constant of simulated step density oscillati
dependent onES,Ga. The damping constant is given by the numb
of monolayers~ML ! which can be grown until the oscillation am
plitude is reduced to the value 1/e of the initial amplitude. Agree-
ment with the measured value of 9.4 ML is found withES,Ga5 1.39
eV.
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Xiao et al.23 for diffusion of CO on Ni surfaces. Yet, to ou
knowledge, no investigations of surface diffusion of Ga
molecules on GaAs surfaces were made. Most importan
after growth stop, all Ga adatoms are found to react v
quickly to less mobile GaAs molecules resulting in a slow
recovery. With this assumption, we are able to succesf
model the recovery phase.

The effect of the slowly migrating GaAs molecules in o
model is similar to the effect of step edge barriers for
migration in the model of Smilauer and Vvedensky12

whereas the effect of the rapidly migrating Ga atoms in o
model is similar to the effect of short-range incorporation
freshly deposited gallium. Both models can be used to rep

s
FIG. 5. Sticking coefficient of As4 versus flux ratio. The data

are obtained by RHEED measurements, mass spectroscopy, a
growth simulations. Stoichiometric growth is found up to flux rati
of aboutJGa/JAs45 0.95, higher flux ratios yield unstoichiometri
films ~Ref. 22!.

FIG. 6. Typical simulated surface after deposition of 30 M
Deeper areas are colored darker and higher areas lighter, each
represents one monolayer. The size of the simulation field is
3 230 sites representing a surface area of 923 92 nm.
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7038 55CH. HEYN AND M. HARSDORFF
duce the time-dependent behavior of the RHEED spec
beam intensity during growth and recovery. Neverthele
the introduction of a step edge barrier yields a signific
change of the surface morphology.13 Surfaces simulated
without step edge barriers are similar to small area S
pictures of real surfaces as shown, for example, in Ref. 6
typical surface morphology produced with our model
shown in Fig. 6. As can be seen, two-dimensional grow
islands with monolayer height and holes are the domin
features on the surface, but no mounds are visible. This m
phology can be understood in the picture of the layer-
layer growth model.1

In contrast, applying a step edge barrier, the resulting
faces showed mountainous features with a lateral size
about 10 to 20 nm.24 The formation of these simulate
multilayer mounds cannot be explained with the lay
growth model. In Ref. 13, mound generation was attribu
to the hindered downward migration of adatoms at s
edges. The introduction of a step edge barrier results in
occupation of new layers. However, a corresponding gro
of such nanometer mounds is not found in STM picture6

On the other hand, we imply for our simulation model tha
step edge barrier isnot necessary to explain the recove
phase. Assuming slowly migrating GaAs molecules we c
explain the recovery phase as well as the absence
multilayer mounds in STM measurements.
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We would like to note that with atomic force microscop
scanning larger surface areas as compared to the S
measurements6 unstable growth and the formation of larg
mounded structures with a micrometer lateral size an
height of several nanometers was found.25,26 These results
may indicate that a step edge barrier could be important
the correct simulation of the topology of large areas. But
energy barrier is probably much smaller than the value p
posed by Smilauer and Vvedensky.12 Furthermore, RHEED
measurements should not be affected significantly by th
micrometer structures since their lateral size is at least
order of magnitude larger than the coherence zone of
electron beam.

In addition, with our model simulation of the flux-ratio
dependent behavior is possible, as is demonstrated for
As4 sticking coefficient. Detailed investigations of the influ
ence of the flux ratio on GaAs homoepitaxy will be pr
sented in a future paper.
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