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Abstract

Angular distributions of Al™ and Ga~™ ions desorbed by keV particle bombardment have been measured from a modified
AlLGag; - As 1001} (2x4) surface reconstruction. This surface was prepared from the GaAs{001} ¢(4 x 4) surface by deposition of
one monolayer of aluminum in situ via molecular beam epitaxy. The surface was then annealed to 550 K producing a (2x4)
reconstruction. By comparing experimental angular distribution results with molecular dynamics simulations of the bombardment
process. we show that Al and Ga segregate into different layers of the prepared (2 x 4) surface. © 1997 Elsevier Science B.V.
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Surface reconstruction transformation; (2 x 4) Reconstruction

1. Introduction

The Al-GaAs interface is often studied due to
applications in high technology devices. Moreover
it serves as a model system to understand how
metals adsorb and grow on a semiconductor sur-
face [1]. The study of metal overlayers on semicon-
ductors is often complicated due to chemical
reactions which result in the formation of multi-
component interfaces or alloys. Such studies are
often further complicated by an incomplete under-
standing of the atomic structure in the initial
surface.

Determination of the relationship between
atomic surface structure and electronic property
has been sought for many years [2]. For GaAs.
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As is known to play a crucial role in the formation
of the Fermi level [3] and after Al deposition the
As coverage can be related to the resulting Al
Schottky barrier height [4]. From a morphological
point of view, growth studies of Al on GaAs {001}
have shown that the initial reconstruction and Al
deposition rate can affect the final orientation of
the films [5.6]. A second study of Al growth on
GaAs suggests that the surface step density is
related to the orientation of Al growth [7]. In each
case the initial surface structure strongly influences
the structure of the overlayer and ensuing electrical
properties. A difficulty with these types of studies
is that the initial surface and final structure formed
are not well characterized and thus they cannot be
easily related to the electronic properties.

In previous work we have identified the atomic
positions of clean surfaces and metal overlayers
on GaAs with angle-resolved secondary-ion mass
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spectrometry (SIMS) [8-10]. It has been shown
in these studies that ion distributions from the
experiments correspond closely with atom distribu-
tions calculated from molecular dynamics (MD)
computer simulations. Here we use angle-resolved
SIMS to determine the structure of the
Al Ga,_,As{00l} (2x4) reconstruction pro-
duced in situ via molecular beam epitaxy (MBE).
The angular distributions of desorbed atoms deter-
mined by MD simulations are compared with
experimental angular distributions to show that Al
and Ga segregate into different layers of the lattice
at elevated temperatures.

2. Experimental setup

The experimental setup of our system has been
thoroughly described in other work [11.12]. A
Riber 2300 MBE chamber is employed to carry
out the GaAs synthesis and Al deposition. This
chamber is equipped with a reflection high-energy
electron diffraction (RHEED) system to monitor
the surface reconstructions and growth rate. The
growth rate is determined by monitoring RHEED
oscillations. One monolayer (ML) is defined in
this case to be 6.26 x 10* atoms/cm? which corres-
ponds to one layer of AlAs. The deposition rate
for the Al is 0.067 ML/s. Our modified (2 x4)
reconstruction was prepared by starting with a
GaAs{001} c(4 x4) reconstruction and depositing
1 ML of Al at room temperature. After deposition.
the ¢(4 x 4) reconstruction was annealed to 550 K
to vield the (2 x 4) surface. This conversion of the
c(4 x 4) reconstruction to the (2 x4) reconstruc-
tion is consistent with previous observations
[13.14] and is outlined schematically in Fig. 1.
After annealing for 20 min, the sample was cooled
to room temperature and transferred under
vacuum (1 x 107'° torr) into the analysis chamber
for angle-resolved SIMS experiments. The analysis
chamber is equipped with an inert gas ion source
for producing the primary Ar™ ion beam used in
these experiments. The detector consists of an
energy sector mounted on a quadrupole mass
spectrometer to measure the desorbing Ga* and
Al " ions from the surface. The detector is mounted
on a rotatable lid such that the sample can be
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Fig. |. The schematic outline of how the modified (2 x 4) recon-
struction is formed in situ via MBE. The first step is to form
the GaAs{001} c(4 x4) reconstruction. The second step is to
deposit | ML of Al on the ¢(4 x 4) reconstruction. The third
step is to anneal the surface to 550 K to form the (2 x4)
reconstruction.
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moved independently of the detector. In this work,
the primary ion beam is incident normal to the
surface. Desorbed secondary ions are detected at
vartous polar (@) and azimuthal (@) angles. The
polar angle is defined by the angle between the
normal and the plane of the surface, and the
azimuthal angle is defined by rotating the sample
around the surface normal. Two important azi-
muthal angles are shown in Fig. 2.

3. Results and discussion

Molecular dynamics (MD) simulations have
been used previously to interpret the peak structure
in angle-resolved SIMS investigations of GaAs
surfaces [8-10]. The primary use of the MD simu-
lations in this work is to elucidate common trajec-
tories that give rise to features in the angular
distribution and to relate those features to atomic
positions in the lattice. Moreover, it has been
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Fig. 2. The two proposed GaAs 001} surface reconstructions
used in this work: (a) is the three dimer model of the (2 x 4)
reconstruction and (b) is the three dimer modcl of the ¢(4 x4)
reconstruction. The number of As dimers in the (2 x 4) surface

and ¢(4 x4) 1s not answered in this work since the number of

surface dimers does not effect the secondary-ion angular
distributions.

shown that the desorption pattern of atoms that
eject from each layer can be identified with unique
features in the angular distribution. Experimentally
it is possible to resolve the mass, energy and
gjection angle of the desorbed species. In certain
cases it is possible to identify the layer of origin
of the desorbed species. In the case of GaAs {001},
the (2x4) reconstruction is known to have
alternating layers of Ga and As. where the even-
numbered layers in the lattice are Ga atoms and
the odd-numbered layers are As atoms. We would
expect the Al atoms to occupy sites that are similar
to Ga atoms in the lattice becausec Al and Ga
atoms are in the same group in the periodic table.
Hence. Al and Ga atoms would be located in the
even-numbered layers. Finally. we note that layer-

resolved angular distributions from previous MD
simulations have yielded useful information about
the differences between angular distributions of
atoms arising from different layers [15].

The interaction potential used in the MD simula-
tions is a Si potential energy surface (PES) devel-
oped by Tersoff [16] and modified by Smith [17].
A Si PES is used due to the unavailability of an
effective GaAs PES, and it has been shown in
previous work that this Si PES is effective in
identifying desorption mechanisms and desorption
features for Al-GaAs surfaces [8§-12]. The compu-
tational details are presented elsewhere and the
interested reader should refer to those papers for
detailed explanation of the simulations. The MD
simulations are performed on a Si {001} (2x4)
recconstruction  to  match the experimental
Al Ga,_,As {001} (2x4) reconstruction. The
crystal used in the simulations is 10 layers thick
with 224 atoms per layer. except for the top layer,
which only requires 168 atoms to represent the
reconstruction. A portion of the crystal with the
unit cell outlined is illustrated in Fig. 2(a).
According to the MD simulations, the number of
dimers on the (2 x 4) surface does not significantly
affect the general behavior of the angular distribu-
tions of species desorbed from the second or fourth
layer. Hence the main features of the simulations
are the same when assuming either two or three
dimers per unit ccll. The three dimer model used
in the simulation presented here was taken from
previously observed experimental results for the
(2 x4} reconstruction [18-20].

The calculated angular distributions for different
layers of the {001} (2x4) reconstruction are
shown in Fig. 3. Only atoms ejected from the
second and fourth layers of the crystal are counted
since those two layers correspond to the cation
layers in the Al .Ga,_,As {001} (2x4) recon-
struction. The second layer distribution shown in
Fig. 3a exhibits a total of four peaks. The dominate
pair of peaks occurs at @=90 and 270", and the
minor pair ol peaks occurs at @=0 and 180°. The
formation of the dominant peak is caused by the
third layer atom striking the second layer atom
and ejecting the second layer atom. This desorption
mechanism is referred to as a 4, mechanism [15].
The formation of the minor peak at @=0 and
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Fig. 3. (a) The MD simulation results for second layer desorp-
tion from the {001} (2 x 4) reconstruction. (b) The MD simula-
tion results for fourth layer desorption from the {001} (2x4)
reconstruction.

180 is caused by a fifth layer atom striking the
second layer atom and e¢jecting the second layer
atom. This desorption mechanism is referred to as
a Ay mechanism [15]. The angular distribution for
the fourth laver is illustrated in Fig. 3b. In this
distribution, there is only one set of peaks located
at @=90 and 270". The formation of these peaks
is caused by the fifth layer atom striking the fourth
layer atom and ejecting the fourth layer atom.
This desorption mechanism is also referred to as
a A; mechanism [15].

By analyzing the second and fourth layer angu-
lar distributions of the Si {001} (2 x 4) reconstruc-
tion. we now know the angular distribution of the
cation layers of the Al.Ga;_,As {001} (2x4)
reconstruction. Angle-resolved SIMS is performed
on this (2 x 4) reconstruction at two different polar
angles for both Al™ and Ga™ 1ons to see if there
is any difference in the Al and Ga distributions.
Azimuthal distributions of Al* and Ga™ ions for
the Al .Ga_,As {001} (2 x4) reconstruction are
illustrated in Fig. 4. The azimuthal distributions
of Al™ and Ga™ ions at @=45° ar¢ shown in
Fig. 4a. Both the Al™ and Ga™ ions at ©®=45"
have a single pair of peaks in the distribution at
@ =90 and 270". The formation of both sets of
peaks 1s caused by a A, mechanism. These two
distribution are qualitatively similar to the second
and fourth layer azimuthal distributions at a polar
angle of 45° shown in Fig. 3, as indicated by the
line at @=45". The azimuthal distributions of
Al7 and Ga™ ions at ©@ =65 are shown in Fig. 4b.
The Al* ion distribution has one set of peaks in
the scan at =90 and 270", and the formation of
these peaks are caused by a A; mechanism. The
Ga’ ion distribution has two sets of peaks in the
scan, one set of peaks at @ =90 and 270° and the
second set at @=0 and 180°. The formation of
these peaks at @=90 and 270" is caused by the
A, mechanism while the formation of these peaks
at ¢ =0 and 180" is caused by the 4; mechanism.

The azimuthal distribution of the Al™ ions at
© =65 in Fig. 4b is qualitatively similar to the
fourth layer azimuthal distribution at @=65" in
Fig. 3b. The azimuthal distribution of the Ga™
ions at @=065" 1in Fig. 4b is qualitatively similar
to the second layer azimuthal distribution at @ =
65" in Fig. 3a. This qualitative similarity illustrates
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Fig. 4. (a) The azimuthal scan of 8 eV Al ™ and Ga ' ions from
the modified (2 x 4) reconstruction at a polar angle (&) of 45 .
(b) The azimuthal scan of §eV Al* and Ga™ ions from the
modified (2 x 4) reconstruction at a polar angle (&) of 65 . The
maximum in each scan has been normalized to unity. These
two scans show how the Ga™ ion signal changes with angle
while Al™ ion signal does not change with energy. The arrows
indicate the different types of desorption mechanisms present.

that Al and Ga scgregate into different layers in
the ncar surface region, where Ga is in the second
layer and Al is in the fourth layer. These results
do not reveal whether Ga is in the fourth layer
and whether Al is in deeper layers below the fourth
layer. These results do indicate that Ga outwardly
diffuses to the surface and Al inwardly diffuses
into the bulk of the GaAs {001} material at the
relatively low processing temperature of 550 K.

The driving force for Al and Ga segregation is
uncertain at present. It may arise from the
increased thermodynamic stability of Al-As bonds
over Ga-As bonds. Aluminum has a higher
thermodynamic driving force to be bonded to four
As atoms in a tetrahedral fashion when compared
to Ga. The heat of formation of AlAs is
—116.3 kJ/mol versus —70.5kJ/mol for GaAs
[21]. This energy difference may induce the Al to
bond in the fourth layer over the second layer
because the second layer contains three coordinate
sites. A second reason for the segregation of Al
and Ga could be due to electrostatic interactions.
The electronegativity of Al is lower than Ga (1.5
compared to 1.7) and Al would require more
electronic shielding from the electronegative As
atoms. The fourth layer would have more electro-
static shielding than the second layer.

4. Conclusion

The results of this work show that the Al is very
reactive with the GaAs surface when heated to
relatively low processing temperatures of 550 K.
These results show that there maybe a fundamental
limitation as to how abrupt the Al-GaAs interface
can be at normal processing temperatures. We also
note that similar migration of group 11l atoms in
the InAs-GaAs system due to annealing has been
observed by X-ray photoelectron spectroscopy
(XPS) [22]. In that study, thin layers of GaAs
were deposited on InAs and then the surface was
annealed. Bulk In was observed to migrate into
the surface layers upon annealing. This study was
unable to obtain layer-resolved resolution because
of the limitations of their techniques, but the study
does show that the less reactive metal can segregate
to the surface.
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Finally, we have shown that Al and Ga segregate
into different layers in the Al,Ga,_,As {001}
(2 x4) reconstruction produced in situ via MBE.
The temperature required to produce this surface
is relatively low, suggesting that bulk diffusion
occurs well below temperatures required for sur-
face diffusion for GaAs. More theoretical work is
needed to understand the factors which drive this
atom segregation.
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