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We have studied the epitaxial growth of GaSe, a layered van der Waals material, on GaAs, a
zinc-blende-structure semiconductor. This heterostructure exhibits a 6% lattice mismatch, and is a
prototypical example of van der Waals epitaxy, where the weak van der Waals interaction allows the
misfit to be accommodated without the formation of electronically active defects. GaSe was
supplied to the growing surface from a single GaSe Knudsen cell. Reflection high energy electron
diffraction and x-ray photoemission spectroscopy studies of the nucleation of GaSe indicate Se
reacts with the GaAs surface to remove the surface dangling bonds prior to GaSe formation. This
is followed by the oriented growth of stoichiometric GaSe layers, that are rotationally aligned with
the underlying GaAs substrate. The termination of the GaAs dangling bonds most likely occurs by
Se substitution for As in the surface layer of GaAs~111! B and by direct bonding of Se to surface
Ga on GaAs~111! A surfaces. In addition, photoemission measurements indicate that the subsurface
Se uptake into the GaAs~111! A lattice is higher than that in the~111! B lattice. © 1998 American
Vacuum Society.@S0734-211X~98!10503-6#
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I. INTRODUCTION

The heteroepitaxy of thin films has resulted in the dev
opment of novel semiconductor devices and has led to
servation of new physical phenomena. However, the need
lattice matching between the materials forming a heterost
ture severely limits material selection. van der Waals epit
~VDWE! is a method used to overcome both lattice and th
mal expansion mismatch limitations.1–8 In VDWE, epitaxial
layers are grown on surfaces for which the absence of d
gling bonds leads to growth dominated by van der Wa
forces. For example, layered materials such as metal cha
genides exhibit VDWE. In this work, we address the grow
of such a layered material, GaSe, on a covalently bon
semiconductor, GaAs.

The layer of GaSe consists of four two-dimensional~2D!
monoatomic sheets in a sequence of Se–Ga–Ga–Se, w
atoms within each layer are tightly bound with a mixture
covalent and ionic bonds, and the layers are held by van
Waals force.9 GaSe has highly anisotropic transport, m
chanical, and optical properties,10 and especially important
possesses high nonlinear optical coefficients in the infra
ranges, making it a candidate for second harmonic gen
tion ~SHG! materials.11–13 Interest for this use has led to
conceited effort to fabricate bulk single crystals of GaSe, a
many of its optical and electrical properties have be
investigated.14

The VDWE technique has recently been applied to
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growth of a layered material on hexagonally symmetric,
three-dimensional~3D! substrates such as GaAs~111!15–22

and Si~111!,23–30 where the van der Waals interaction is be-
lieved to occur between the passivated substrate and the iner
surface of the layered material. It has been suggested tha
termination of the surface dangling bonds is a necessary con
dition for initiating the growth of a van der Waals material
on a surface exhibiting dangling bonds.15 In the case of
GaAs, this has been accomplishedex situ using S from a
~NH4!2Sx solution15 and in situ using an overpressure of Se
prior to growing the van der Waals layer, where it was pos-
tulated that the active bonds on the GaAs surface were re-
moved by reaction of the substrate with Se prior to the for-
mation of GaSe.12,17 However, no detailed study confirming
this termination process has been reported.

In previous studies of GaSe growth on untreated GaAs
substrates were used separate Ga and Se sources with a
overpressure of Se to facilitate Se termination of the GaAs
surface.16–19Thus, while these studies suggest that Se termi-
nation is sufficient to enable uniform GaSe growth on GaAs,
they do not address its necessity. In this study, single domain
GaSe layers have been grown on GaAs~111! A andB from a
single GaSe Knudsen cell. In addition to the difference in
stoichiometry, the single source also results in different inci-
dent species. In the case of separate sources, Ga and Sex are
the dominant species, wherex depends on whether or not the
Se is excited by a heated filament or cracker. For a single
GaSe source, however, the incident species are a mixture o
Ga2Se and Se2.

31 It is thus possible for free Se from Se2 to
terminate the GaAs surface prior to growth while the Ga2Se
either does not stick or accumulates as Ga-rich material.
9778/16 „3…/977/12/$15.00 ©1998 American Vacuum Society



s
f
n
S
a

n

-
G
m

i
a
s

-

f
o
r

t

m

d
or
. In
ing
a
of

s

t

hor

y:

less
der

ack
re
ont
ple.
at

s a
al

ant
eter
re
r is
r
nd

w,

py
ilar

to
cal

ir-
d
d-
li-

k to
ed
o-

es.

978 Rumaner, Olmstead, and Ohuchi: Interaction of GaSe with GaAs „111… 978
However, it is also possible that Ga2Se and Se2 will recom-
bine at the substrate surface and form GaSe or Ga2Se3 with-
out reacting with the substrate surface. If Se termination
the GaAs surface were not necessary for GaSe growth, u
a single GaSe source without a Se overpressure should
stoichiometric GaSe from the first layer. On the other ha
if the chemical forces driving the exchange of As with
dominate over the formation of GaSe at the GaAs surf
then the initial deposition will be Se rich. In this article, w
report in situ reflection high energy electron diffractio
~RHEED! and x-ray photoemission spectroscopy~XPS!
studies of this deposition process.

Ideally terminated GaAs~111! A and B surfaces are
shown in Fig. 1, along with GaSe~0001!. The GaAs~111! A
surface is Ga terminated, with the 232 surface reconstruc
tion believed to consist of an ordered array of
vacancies.32–34 The removal of one quarter of the Ga ato
leaves the unit cell with an even number of electrons and
partially filled orbitals. On this surface we find an extens
uptake of Se, both forming an additional layer at the surf
and replacing the substrate As prior to the deposition of
ichiometric GaSe. The GaAs~111! B surface is As termi-
nated, with the reconstruction depending on the local
concentration.35,36 Under our preparation conditions~that
will be described in Sec. II! the local stoichiometry and re
construction are likely close to that of theA193A19
structure.37 On this surface we observe an uptake of appro
mately one monolayer~ML ! of Se prior to the deposition o
GaSe. For both substrate orientations, we observe a sm
ing of the surface by this initial reaction. We also obse
complete coverage of the GaAs substrate by a film with
GaSe lattice constant after deposition of the first one or
GaSe layers.

II. EXPERIMENTAL PROCEDURE

GaSe~99.99% purity! was sublimed from a single Knud
sen cell. A temperature programmed desorption mass s
trometry study has shown that GaSe sublimates as a co

FIG. 1. Ideal structure of~a! GaSe~0001!, ~b! GaAs~111! A, and ~c!
GaAs~111! B surfaces, viewed 4° from the@1̄10#.
J. Vac. Sci. Technol. B, Vol. 16, No. 3, May/Jun 1998
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nation of Ga2Se and Se2.
31 The deposition rate was measure

with a previously calibrated deposition thickness monit
and the molecular beam was maintained at a constant flux
the following, equivalent thicknesses are quoted assum
this constant growth rate of 1.0 ML/min, where 1 ML is
GaSe molecular layer, containing two atomic layers each
Ga and Se~see Fig. 1!. The layer spacing in bulk GaSe is
0.8 nm for a growth rate of 0.13 Å/s. The growth rate wa
calibrated using a GaAs~111! B substrate. The deposition
chamber base pressure was maintained at 231029 Torr. A
Thermionics/Veetech~VE-052! RHEED system operated a
20 kV was used to monitor the deposition processin situ.
The diffraction pattern was observed on a standard phosp
screen and recorded with a charge coupled device~CCD!
camera.

Two different surface conditions were used in this stud
GaAs~111! A ~a Ga-rich surface! and GaAs~111! B @an As-
rich surface, also referred to as GaAs~1̄1̄1̄!#. In all cases, an
n-type GaAs wafer (1 cm32 cm) was mounted on a thin Mo
sheet using Ga. The Mo sheet was then attached to a stain
steel sample holder cassette that could be transferred un
ultrahigh vacuum~UHV! from the deposition chamber to the
analytical chamber. The samples were heated from the b
by radiation from a Ta heater wire. The sample temperatu
was measured using a thermocouple attached to the fr
side of the sample holder cassette, adjacent to the sam
The desorption temperature of the GaAs surface oxide
600 °C was used to calibrate this thermocouple, as well a
thermocouple mounted directly on the front of a speci
GaAs sample.

Using a single GaSe source and maintaining a const
flux, the substrate temperature becomes the critical param
for growing oriented, single domain GaSe. If the temperatu
is too high, the GaSe desorbs from the surface and no laye
formed. If the temperature is too low, then multigrained o
amorphous layers are formed. In this research, it was fou
that single orientation, stoichiometric GaSe~as indicated by
RHEED and XPS! could be formed within a temperature
range from 480 to 540 °C. In the results reported belo
GaSe was deposited on the surfaces of GaAs~111! A andB
at approximately 530 °C. Transmission electron microsco
and atomic force microscopy measurements under sim
growth conditions confirm the growth of layered GaSe.22

After each stage of deposition, the samples were cooled
room temperature and transferred in vacuum to an analyti
chamber for XPS. XPS was performed using AlKa x rays
~1486 eV! and detected using a double pass cylindrical m
ror analyzer~CMA!. Detailed XPS scans of the Ga, As, an
Se 3d regions were acquired at a pass energy of 25 eV. Bin
ing energies are reported relative to the Fermi level, ca
brated with Au 4f 7/2 emission at 84.0 eV. Following the
measurement, the sample was transferred in vacuum bac
the VDWE chamber for further growth. The samples show
negligible accumulation of carbon or oxygen during this pr
cedure, as was indicated by the XPS results.

Photoemission spectra of the As, Se, and Ga 3d core lev-
els are complicated by the presence of satellite structur
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The photoemission plasmon satellites of the Ga and Asd
peaks lie close in energy to the As and Se 3d peaks, respec-
tively ~see Figs. 4 and 8!, and Se and As 3d emissions ex-
cited by satellites in the unmonochromatized AlKa x rays
partially overlap the main As and Ga 3d peaks. The contri-
butions by the x-ray satellites were removed by a Four
transform method before further analysis~they are removed
in Figs. 4, 5, 8, and 9!. The spectra were fitted with line
shapes derived from the bulk GaAs and GaSe data. This b
inherently included any photoemission satellites and
counted for the expected stoichiometry of the substrate
overlayer. We also fitted the data using Voigt doublets
the main components and a broad Gaussian for the plas
satellites, and found consistent results.

III. RESULTS

In the following, we present the data from RHEED an
XPS experiments during the growth of GaSe thin films
thermally cleaned As- and Ga-terminated GaAs~111! sur-
faces.

A. GaSe growth on an As-terminated GaAs „111… B
surface

Figures 2~a!–2~e! show the RHEED patterns taken from
the thermally cleaned GaAs~111! B surface before deposition
and after a half, one, two, and four layers of GaSe dep
tion. The sample orientation is identical in all cases, with t
RHEED beam directed along GaAs@1̄10#.

To remove the surface oxide, the substrate was initia
heated to approximately 600 °C without an As overpressu
This results in the loss of As from the surface and atom
scale roughening.38 This roughened surface is apparent in t
RHEED pattern shown in Fig. 2~a!, where transmission dif-
fraction through the asperities results in a spot pattern.
cally, however, the surface may be similar to th
A193A19 structure, which consists of approximately 2/3 G
and 1/3 As in hexagonal rings above a completely A
terminated layer.35 Upon exposure to less than 1 ML of GaS
@Fig. 1~b!#, the surface appears smoother: the RHEED p
tern is more distinct and streaks start to form over the spo
pattern. Streaks are known to result from flattening of asp
ties on the surface and are an indication of surface disorde39

The spacing between streaks is inversely proportional to
surface lattice constant, which is 6% larger in GaAs than
GaSe.

While it is difficult to observe a difference between th
streak and spot spacings in the pattern itself, a shift is ap
ent in the average of the digitized RHEED intensity alo
the @111# axis ~streak direction!. Figure 3 shows such
RHEED profile plots for each image in Fig. 2, with the e
pected peak positions for GaAs and GaSe RHEED patte
indicated. The formation of a new peak near the expec
GaSe position is apparent after a half layer of growth. T
indicates that the deposited GaSe attains its own lattice c
stant in the first layer, rather than straining to match t
GaAs substrate. As is evident from the patterns, the G
JVST B - Microelectronics and Nanometer Structures
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layer is oriented with the major symmetry axis parallel to the
GaAs surface. In addition, only a single GaSe orientation is
observed.

FIG. 2. RHEED patterns taken from a GaAs~111! B substrate~a! before
deposition and after~b! 1/2, ~c! one, ~d! two, and~e! four layers of GaSe
deposition. The RHEED beam is in the GaAs@1̄10# orientation.
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Further exposure to GaSe changes the RHEED pat
@Figs. 2~c!–2~e!#. After one layer of GaSe deposition, dif
fraction patterns generated from both GaSe and GaAs
apparent, with the GaSe signal more intense than the G
signal. The RHEED profile scans show mainly GaSe diffra
tion above 1 ML. The full patterns show that the transm
sion diffraction spots disappear slowly, with some contrib
tion even after four layers~3.2 nm! of deposition. Since each
GaSe layer is four atoms thick~0.8 nm!, observation of any
signal due to GaAs above 1–2 ML coverage is indicative
either regions of uncovered GaAs or transmission throu
GaAs asperities. Eventually, however, the GaSe fills in
roughness of the GaAs substrate.

Figure 4 shows photoemission spectra from the shall
core levels and valence bands for the same deposition
GaSe on GaAs~111! B as in Figs. 2 and 3. Also plotted in
Fig. 4 is the estimated interface contribution to the spec
obtained as follows. Data in the energy range247 to
214 eV ~Ga and As peaks! were fitted to a sum of bulk
GaAs@curve~a!# and GaSe@curve~f!# line shapes. The sum
of the bulk GaAs and GaSe components was then subtra
from the entire spectrum, and the difference between the d
and the fit is plotted beneath each spectrum in Fig. 4. T
energy positions of the various components are listed
Table I and the intensities are shown later in Fig. 10. A
overall shift of 0.4 eV to higher binding energy was observ
in the bulk GaAs peaks following the deposition of GaS
For films at least 1 ML thick, excess Se was observed,
there was no indication of additional Ga or As componen
For 0.5 ML deposition, however, additional componen
were present for all three species.

Ga, As, and Se 3d spectra for 0.5 ML GaSe/GaAs~111! B
are shown enlarged in Fig. 5. Due to the small energy d

FIG. 3. RHEED intensity profile plot of the images in Fig. 2. The solid line
indicate the expected peak positions for GaAs while the dotted line indica
that expected for GaSe. These plots were obtained by averaging the inte
in the vertical~111! direction after background subtraction. The asymme
in the RHEED pattern is due to degradation of the phosphor screen an
not related to the deposition.
J. Vac. Sci. Technol. B, Vol. 16, No. 3, May/Jun 1998
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ferences among some of the components, the spectra w
fitted self-consistently as follows: The Ga and As peaks we
fit simultaneously to two GaAs line shapes and one Ga
line shape. The GaSe line shape was then fixed in posit
and amplitude while a 10 eV wide region centered on the A
peak was fitted with two GaAs line shapes. The As was fitt
first since the only source of As is the original crystal. Nex
the Ga peak was fitted to two GaAs line shapes and o
GaSe line shape, with the bulk GaAs contribution fixed at th
position and amplitude obtained fitting the As 3d. Finally,
the Se 3d was fitted: Two GaAs line shapes were fixed at th
values obtained fitting the As 3d ~to yield the proper As plas-
mon intensity! and the bulk GaSe line shape was fixed at th
value obtained fitting the Ga 3d; two additional GaSe line
shapes were also required to fit the Se 3d region. The spectra
are aligned in Fig. 5 so that GaAs components of the Asd
and Ga 3d are at the same energy, as are the GaSe com
nents of the Se 3d and Ga 3d peaks. The splitting between
the GaAs and GaSe peaks (Ga 3d) is 0.260.1 eV ~see
Table I!. By comparing the GaAs@Fig. 4~a!# and the GaSe
@Fig. 4~f!# spectra, we find that the splitting between th
Ga 3d and the valence band maximum is 0.15 eV larger f
GaSe than it is for GaAs. The observed energy difference
the Ga 3d thus implies that the valence band offset is close
zero.

For 0.5 ML of GaSe on GaAs~111! B, the Se, As, and
Ga 3d peaks all contain small contributions at a binding en

es
sity

is

FIG. 4. Photoemission spectra of the shallow core~Ga, As, and Se 3d! and
valence band regions for the GaAs~111! B substrate~a! before deposition
and after~b! 1/2, ~c! one, ~d! two, ~e! four, and ~f! 20 layers of GaSe
deposition. The interface contribution is plotted below curves~b!–~e! ~see
the text!. The dotted line highlights the emission from excess Se at t
interface.
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TABLE I. Binding energy peak positions~eV! for GaSe growth on GaAs~11! A and GaAs~111! B measured
relative to the Fermi level~bulk components! or to the relevant bulk peak~interface components!. Values are
60.1 eV.

GaAs~111! B GaAs 1/2 layer 1 layer 2 layers 4 layers 20 layers

GaAs ~Ga peak! 219.1 219.5 219.4 219.4 219.5
GaSe~Ga peak! 219.7 219.6 219.6 219.6 219.4
Excess Se 10.5 10.6 10.2 10.8
~relative to GaSe! 21.6

Excess As 21.8
~relative to GaAs!

Excess Ga 21.8
~relative to GaAs!

GaAs~111! A GaAs 1/2 layer 1 layer 2 layers 4 layers 15 layers

GaAs ~Ga 3d! 219.2 219.2 219.5 219.5 219.5
GaSe~Ga 3d! 219.8 220.1 219.8 219.7 219.6
Excess Se 10.8 10.9 10.8 10.6
~relative to GaSe!
h

t
M
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a

-
r

e

a

db
ergy of 21.8 eV relative to the bulk GaAs position. Thes
contributions are not present in any other spectra, and
associate them with the region of the GaAs surface that
partially reacted with the incident Ga2Se and Se2, but on
which bulk GaSe has not yet nucleated. If they persis
underneath GaSe, they would still be observable at 1
deposition. By using line shapes for bulk GaAs and Ga
the fitted intensities of the As and Se peaks are found rela

FIG. 5. Photoemission spectra for the~a! Ga 3d, ~b! As 3d, and~c! Se 3d
regions for 0.5 molecular layers of GaSe on GaAs~111! B. The data~1! are
fitted with the sums of the bulk line shapes~see the text!, and are plotted
with the same intensity scale. The peaks are plotted relative to the
GaAs peak position. The CMA axis was 45° from the sample normal.
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to the amount of Ga in a stoichiometric compound. In these
units, the relative intensity of these high binding energy
components is 1.0:0.7:0.5 for Ga:As:Se.

The Se 3d exhibits a second component associated with
the interface between GaSe and GaAs. This component has
binding energy about 0.5 eV lower than that of the GaSe
overlayer, and it persists as the GaSe film grows thicker~see
Fig. 4!. The intensity of this peak is about 70% of the bulk
GaSe component at 0.5 ML. After deposition of an addi-
tional 0.5 ML of GaSe, the absolute intensity of the low-
binding-energy peak increased, but the relative intensity de
creased to about 50% of the GaSe intensity. Each molecula
layer of GaSe consists of two Ga and two Se atomic layers
~see Fig. 1!, so a single Se atomic layer buried at the inter-
face should contribute less than 50% of the GaSe intensity
due to attenuation by inelastic scattering.

Continued deposition beyond 1 ML leads to decay of the
substrate GaAs and interface Se emission, whereas the GaS
contribution grows. The energy difference between the GaAs
and GaSe components in the Ga 3d decreases to about 0.0
eV, indicating that the GaSe valence band maximum~VBM !
is slightly above the GaAs VBM and the band alignment is
staggered, although the results are within the error bars of
degenerate VBM.

B. GaSe growth on a Ga-terminated GaAs „111… A
surface

An identical experiment was conducted using a
GaAs~111! A ~Ga-terminated! substrate. The starting surface
was again prepared by annealing a commercial wafer in
UHV, but this process leads to less roughening on the~111!
A surface than on the~111! B surface. The native reconstruc-
tion of GaAs~111! A consists of one Ga vacancy per 232
unit cell, which leads to a nonpolar surface without dangling
bonds.32,33 Se interactions with this surface are expected to
be quite different from those with the~111! B surface, since
there is no surface As to undergo an exchange reaction an
the empty Ga 3s orbitals may serve as bonding sites for the

ulk
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FIG. 6. RHEED patterns taken from a GaAs~111! A substrate~a! before
deposition and after~b! 1/2, ~c! one, ~d! two, and~e! four layers of GaSe
deposition. The RHEED beam is in the GaAs@1̄10# orientation.
J. Vac. Sci. Technol. B, Vol. 16, No. 3, May/Jun 1998
Se 3s lone-pair electrons. In addition, the open structure cre
ated by the Ga vacancies may enhance Se interdiffusion int
the GaAs substrate.

The RHEED data for a sequence of depositions on
GaAs~111! A are shown in Fig. 6. Similar to GaAs~111! B,
the substrate RHEED pattern is gradually replaced by streak
associated with the oriented GaSe film. A noticeable differ-
ence from the~111! B surface is the initial substrate pattern
itself @Fig. 6~a!#, which is composed of elongated spots char-
acteristic of a small amount of surface roughness. This is in
contrast to the sharp transmission diffraction spots observe
for the ~111! B substrate. No microstructural comparison of
the difference in substrate surface roughness has been mad
however, it is assumed that the surface Ga layer decreas
the loss of As and minimizes the effect of thermal roughen-
ing.

After deposition of a half layer of GaSe on GaAs~111! A,
a new diffraction pattern associated with GaSe is observe
@Fig. 6~b!#. Further growth results in the clear formation of
GaSe, rotationally aligned with the GaAs substrate. The ex
istence of a distinct overlayer lattice constant near the ex
pected value for GaSe is visible in the vertically integrated
RHEED intensity profile shown in Fig. 7. The principal dif-
ference from the~111! B case is a more rapid decay of the
substrate pattern with overlayer thickness, indicating a mor
uniform ~or thicker! overlayer coverage.

Figure 8 shows photoemission spectra from the shallow
core levels and valence bands for the same depositions
GaSe on GaAs~111! A as for Figs. 6 and 7. The estimated
interface contribution, found by subtracting the bulk GaAs
and GaSe contributions from the data in a similar manner to
Fig. 4, is also plotted. Unlike the case for~111! B, the only
component other than those associated with the stoichio

FIG. 7. RHEED intensity profile plot of the images in Fig. 6. The solid lines
indicate the expected peak positions for GaAs while the dotted line indicate
that expected for GaSe. These plots were obtained by averaging the intens
in the vertical~111! direction after background subtraction. The asymmetry
in the RHEED pattern is due to degradation of the phosphor screen and
not related to the deposition.
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983 Rumaner, Olmstead, and Ohuchi: Interaction of GaSe with GaAs „111… 983
metric substrate or overlayer is a Se 3d component shifted to
lower binding energy from the main GaSe peak for film
<4 ML. Table I lists the positions of the fitted peaks, and t
intensities are plotted later in Fig. 10. For the same Ga
exposure (flux3time), the~111! A substrate shows less A
and more Se emission~both as GaSe and as excess Se! than
the ~111! B substrate, indicating a thicker film and a high
initial sticking coefficient.

An expanded plot of the spectra for a nominal deposit
of 0.5 ML GaSe on GaAs~111! A is shown in Fig. 9. In
contrast to the~111! B substrate, there is no clear compone
at higher binding energy~HBE! from the main components
on any of the peaks. The As 3d is consistent with a single
bulk GaAs component, whereas the Ga 3d is composed of
GaAs and GaSe components. The separation between th
components is larger here than in the~111! B case: 0.7 as
opposed to 0.2 eV, implying a larger initial valence ba
offset of about 0.5 eV. A small HBE component might b
present in the Ga 3d emission, as indicated by the sligh
deviation between the data and the fit on the high bind
energy tail; the deviation could also be due to differences
inelastic scattering between the thick and thin films. It m
also indicate a small amount of Ga2Se present on the surface

The Se 3d emission for 0.5 ML GaSe/GaAs~111! A can
be decomposed into two nearly equal components, one a
energy consistent with GaSe and the other;0.8 eV to lower
binding energy. Similar to the~111! B case, this excess-S

FIG. 8. Photoemission spectra of the shallow core~Ga, As, and Se 3d! and
valence band regions for the GaAs~111! A substrate~a! before deposition
and after~b! 1/2, ~c! one, ~d! two, ~e! four, and ~f! 20 layers of GaSe
deposition. The interface contribution is plotted below curves~b!–~e! ~see
the text!. The dotted line highlights the emission from excess Se at
interface.
JVST B - Microelectronics and Nanometer Structures
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component persists upon further deposition. Upon additio
of 0.5 ML GaSe, its absolute intensity increases, althoug
not as much as that of the GaSe-associated component~see
Fig. 10!. The excess-Se intensity then decreases as it is b
ied by the GaSe overlayer, as does the emission from t
GaAs substrate. The energy difference between the Ga
and GaSe components decreases with increasing thickn
toward a value of;0.2 eV ~and zero valence band offset!.

IV. DISCUSSION

GaAs~111! A and ~111! B substrates differ only in their
surface structure and stoichiometry. Their symmetries an
lattice spacings are identical, as are the underlying bu
properties such as the thermal expansion coefficient and
heat of formation. On both substrates, RHEED indicated th
formation of oriented molecular layers with the GaSe lattic
constant from the very first stages of deposition, and XP
showed the growth of stoichiometric GaSe once the initia
layer was completed. This is strong evidence for van d
Waals epitaxy of layered GaSe on GaAs~111! substrates for
both surface orientations and demonstrates the possibility
merging layered materials with more traditional semicon
ducting and electronic materials.

The relative intensities of several photoemission comp
nents are shown in Fig. 10 as a function of thickness. Th
substrate GaAs contribution~from fitting the As peak! is
seen to decay while the Se-related components increase.
total Ga signal shows a dip, followed by recovery as th

e

FIG. 9. Photoemission spectra for the~a! Ga 3d, ~b! As 3d, and~c! Se 3d
regions for 0.5 molecular layers of GaSe on GaAs~111! B. The data~1! are
fitted with the sums of the bulk line shapes~see the text!, and are plotted
with the same intensity scale. The peaks are plotted relative to the bu
GaAs peak position.
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substrate contribution is buried. We attempted to fit the d
assuming laminar growth and a single escape depth, ta
into account the variable take-off angles measured by
CMA ~the CMA axis was 45° to the sample normal!. It was
not possible, however, to fit both the GaSe and total
intensities in this manner. This is consistent with the RHEE
data, which indicate a rough surface.

While van der Waals epitaxy was achieved for both su
strates, we observed significant differences in the growth
the first GaSe molecular layer on the GaAs~111! A and~111!
B substrates. This indicates the importance of surface st
ture and stoichiometry in initiating GaSe growth on GaA
The observed differences include~1! a higher sticking coef-
ficient for Se-containing species on the~111! A surface than
on the~111! B, ~2! high binding energy photoemission com
ponents associated with the uncovered, reacted substra
the ~111! B surface that are absent from the~111! A surface
at a comparable exposure to the incident flux,~3! a more
rapid depletion of As emission on the~111! A surface than
on the~111! B surface, and~4! a more rapid disappearanc
of the substrate RHEED patterns on the~111! A surface than
on that of the~111! B.

The first observation, increased Se uptake by the~111! A

FIG. 10. Photoemission component intensity as a function of nominal fi
thickness for GaSe on GaAs~111! A ~closed symbols! and on GaAs~111! B
~open symbols!. GaSe intensity refers to the Ga 3d intensity that is not
directly associated with As, and may include some substrate Ga adjace
interdiffused Se.
J. Vac. Sci. Technol. B, Vol. 16, No. 3, May/Jun 1998
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surface relative to~111! B surface, has previously been ob-
served for exposure of GaAs~111! to pure Se.40 The simplest
explanation of the more rapid disappearance of the substr
photoemission and RHEED signals on the~111! A surfaces
is rapid burial of the substrate by a Se overlayer; we believ
however, that a combination of Se–As exchange and a d
ferent initial roughness of the substrate also play an impo
tant role. We attribute the HBE photoemission componen
to reactions of the incident Ga2Se with the GaAs~111! B
substrate.

A. Starting surface

Schematic diagrams of the GaAs~111! A and B surfaces
and the subsequent growth of GaSe are shown in Fig. 1
The GaAs in this current study was thermally annealed with
out As or Se overpressure, resulting in thermal roughenin
and As evaporation. This results in a disordered surface lay
with As surface vacancies and other defects, as is confirm
by the lack of a superstructure in the RHEED pattern. For th
~111! B surface, theA193A19 reconstruction is predicted
to be locally stable under Ga-rich conditions,35 but the an-
nealing has likely destroyed long-range order in the Ga12As6

rings on the surface and has created As vacancies in the fi
complete layer. This local roughness is shown schematica
in Fig. 11~a! ~left side!.

In one model of van der Waals epitaxy on nonlayere

m

t to

FIG. 11. Schematic diagram of the deposition and growth of GaSe o
GaAs~111! A ~right side! and on GaAs~111! B ~left side!. ~a! Schematic of
the initial substrate surface,~b! reaction of the surface to Ga2Se and Se2
incident beams, and~c! two layers of GaSe on the Se terminated GaAs~111!
surface. Note the different locations of the Se termination for the two or
entations and the enhanced Se interdiffusion into the GaAs~111! A surface.
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materials, chemical reactions are predicted to occur that
terminate the surface with fully occupied lone-pair orbita
similar to those of the van der Waals layers. It is instructi
to consider the surface stoichiometry required for such a s
face. For the ideal~111! B surface, the top half of the doubl
layer is occupied by As. To first order, the second layer
atoms each contribute an average of 3/4 electron per bon
each of three top layer atoms and the surface As has a
tially occupied dangling bond orbital. The stable configu
tion for either As or Se in the top layer would be three ba
bonds~contributing an average of 5/4 electron each! to the
second layer Ga plus a fully occupied lone-pair orbital, fo
total of 5 3

4 electrons per surface atom. This average is o
tained for a GaSe0.75As0.25 surface stoichiometry. In this con
figuration the Fermi level should be unpinned, since th
would be no partially occupied orbitals near the surface.

For the~111! A surface, Ga occupies the top half of th
double layer. Under Ga-rich conditions, the surface rec
structs with one Ga vacancy per 232 unit cell, shown sche-
matically in Fig. 11~a! ~right side!. Electron counting argu-
ments for this surface show the remaining three Ga atoms
unit cell as having empty surface orbitals and no dangl
bonds, something that is likely to be true locally even in t
absence of long-range order. There is thus no obvious rea
for Se to bond to or replace As on this surface before grow
of stoichiometric GaSe. Calculations for a 131 structure of
monolayer S on GaAs~111! A support a site directly above
the Ga atoms,41 which results in a surface that is quite simila
electronically to the GaAs~111! B surface.

B. Initial reaction

After the nominal deposition of 0.5 ML GaSe o
GaAs~111! B, the photoemission spectra for all three el
ments~Ga, As, and Se! showed components of about 1.8 e
to higher binding energy than the bulk semiconductor. Af
the deposition of an additional 0.5 ML GaSe these com
nents were not present. If the emitting species were trap
at the interface, they would have simply decreased in int
sity with increased deposition; their disappearance indica
they are only present on the partially covered~111! B sub-
strate. Such high-binding energy components were not
served after comparable deposition on the~111! A substrate,
nor have they been observed for exposure of GaAs~111! 40 or
GaAs~100!40,42–44 to pure Se. We thus associate them w
Ga2Se interacting with the GaAs~111! B surface.

Under Ga-rich conditions, the clean~111! B surface forms
Ga12As6 hexagonal rings above a completely As-terminat
layer.35 Even in the absence of an ordered reconstructi
these rings and other related structures likely provide re
tion sites for Ga2Se; in addition, sites due to the large the
mal roughness on this surface also may be quite reac
The measured intensity ratio of 1.0:0.7:0.5 for the Ga:As
in the high-binding energy peaks is consistent with Ga2Se
bonding to surface As, perhaps as an intermediate state
fore a Se–As replacement reaction is activated to form
nonreactive surface discussed above. The reaction may
move the surface asperities through etching with further
JVST B - Microelectronics and Nanometer Structures
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posure to GaSe. The large~1.8 eV! shift to higher binding
energy may be attributed to a combination of the reduce
screening in a moiety dangling from the substrate and a loca
shift in the Fermi energy. It is unlikely that oxygen or excess
Se would lead to the same shift in all three core levels.

For deposition of GaSe on both GaAs~111! A and ~111!
B, there is excess Se over that expected for stoichiometr
GaSe deposited on stoichiometric GaAs, with the effec
much more pronounced on the~111! A surface. We begin
with a stoichiometric GaSe single source that evaporates a

Ga2Se2⇒Ga2Se11
2Se2,

31 and are able to grow stoichiometric
GaSe once we are in a GaSe homoepitaxial regime. Th
observation of excess Se at low coverages thus indicates
higher sticking coefficient for Se2 than for Ga2Se during the
initial interface formation. This Se may either replace near
surface As atoms or simply cover the GaAs substrate. O
both surfaces, the Ga intensity decreases during deposition
the initial GaSe monolayer~see Fig. 10!; if we exclude the
peak associated above with Ga2Se, the decrease and subse-
quent recovery are roughly the same on each surface. If S
simply replaced As or was deposited as stoichiometric GaS
the number of Ga emitters within an inelastic decay length o
the surface would not decrease;45 Se must therefore be cov-
ering the GaAs substrate. The electron counting argumen
and sulfur adsorption calculations described above predic
3/4 atomic layers of Se on the~111! B surface and a full
layer on the~111! A one. The observed Ga decrease is con
sistent with these predictions.

Further evidence of Se termination is found in the chang
in band bending during growth of GaSe. Surface dangling
bonds behave as electronic defects and act to pin the Ferm
level near midband gap in GaAs.40,46 As is seen in Fig. 12,
this pinning results in band bending at the surface of the
thermally cleaned GaAs~111! B substrate. In XPS, the bind-
ing energy is calculated as the energy difference between
given core level and the Fermi level~Fig. 12!. For n-type
GaAs, the pinning of the Fermi level at a location near the
midband gap results in a decrease in the measured GaA
binding energy relative to an unpinned surface@Fig. 12~a!#.
The shift of 0.4 eV in the GaAs binding energy after 0.5 ML
GaSe deposition is evidence of the removal of midgap pin
ning states@Fig. 12~b!#. For the~111! A surface, the reduc-
tion in surface band bending does not occur until completion
of the first GaSe layer. This is consistent with the
S/GaAs~111! A calculations indicating the persistence of
midgap states upon the addition of a group VI monolayer41

and a gradual increase in then-type doping of the near-
surface region through Se–As exchange. The difference i
valence band offset in the two cases also implies a differen
interface dipole.

The total Se uptake is much larger for the~111! A surface
than for the~111! B. After 0.5 ML deposition of Ga2Se2 on
the ~111! A surface, the XPS results show that there are
about two Se emitters for every Ga emitter that is not paire
with an As emitter; on the~111! B surface the ratio of Se to
excess Ga is about 1.7. If the Se simply replaced As or wa
deposited as stoichiometric GaSe, the Se:excess-Ga ra
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FIG. 12. Relationship between the electronic band structure of and the measured XPS spectrum.~a! Surface dangling bonds act as electrical defects that pin
the Fermi level near the midband gap.~b! Termination of surface dangling bonds result in a return toward a flat-band condition.
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would be 1. A Se monolayer covering the entire surface
addition to 0.5 ML of GaSe would have a Se:Ga ratio of 2
if it only covered the substrate beneath the GaSe, the r
would be 1.5:1~times a factor accounting for inelastic sca
tering!. The observed intensity ratios are therefore consis
with termination of the GaAs surface by about 1 ML of S
before the growth of GaSe. However, the total Se uptak
much larger on the GaAs~111! A surface than on the~111! B
surface, as is the decrease in the As 3d emission. This is
strong evidence for a Se–As replacement reaction below
surface bilayer on the~111! A surface.

We propose that Se interdiffusion may be enhanced
the local Ga vacancy structure on the~111! A surface. A
replacement reaction between Se and As followed by
reevaporation would also explain the very rapid reduction
the As emission intensity compared to growth on the~111! B
surface. On the GaAs~100! surface, exposure to H2Se
~Ref. 47! or Ga1Sex ~Refs. 48 and 49! and the growth of
ZnSe~Refs. 50 and 51! have been shown to produce Ga2Se3

in the near-surface region. Ga2Se3 is based on the zinc-
blende lattice of GaAs, with Se sitting on the anion sites a
every third Ga site vacant. This is a similar structure to
vacancy reconstruction already present on the GaAs~111! A
surface, which may enhance its nucleation. However, Ga2Se3

would lead to a Se:excess-Ga ratio of 1.5, indicating t
additional Se beyond that required for the sesquiselenid
present, for example, one or more monolayers of Se at
surface.

These results are consistent with previous photoemiss
experiments exposing GaAs~100! ~Refs. 40, and 42–44! and
~111! ~Ref. 40! surfaces to pure Se. Using surface-sensiti
high-resolution photoemission, two Se species separate
about 1.0 eV are observed for Se on GaAs~100!, ~111! A,
and~111! B. Both the total Se intensity and the relative si
of the lower binding energy Se component are largest for
~111! A surface, followed by those of the~100! and ~111!
B.40 These results were attributed to a full monolayer of
for each surface, with the amount of additional buried Se~in
a replacement reaction! depending on the surface. The pe
J. Vac. Sci. Technol. B, Vol. 16, No. 3, May/Jun 1998
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sistence of this behavior in the presence of a stoichiometric
Ga:Se ratio incident on the surface demonstrates the dom
nance of the chemical driving forces for the reaction of Se
with the GaAs substrate. This is similar to the As termination
of Si~111! during GaAs growth on that substrate.52

One molecular layer~ML ! of GaSe consists of two Ga
and two Se atomic layers~Se–Ga–Ga–Se!, so that 0.5 ML
deposition of GaSe~as Ga2Se1Se2! could result in a com-
plete monolayer of Ga1Se1 on the substrate. It is not possible
to distinguish between this possibility and a replacement re
action between Se2 and surface@~111! B# or subsurface
@~111! A# As while Ga2Se does not stick. However, the ob-
served appearance of RHEED streaks at the GaSe lattic
constant at 0.5 ML deposition for both GaAs~111! A and
~111! B and the disappearance of the high-binding energy
components at the completion of a Ga2Se2 molecular layer
on GaAs~111! B indicate that Ga2Se2 layers are forming at
an early stage.

C. Growth model

Our model of the growth initiation process on the two
GaAs~111! surfaces is shown schematically in Fig. 11. The
incident Ga2Se and Se2 flux impinge on the heated GaAs
surface. At the~111! B surface, both Se2 and Ga2Se react
with the surface, although more Se sticks than Ga. The S
fills As vacancies and completes the surface bilayer, recruit
ing Ga as needed from the Ga2Se2 species that initially react
with surface asperities. The surface likely becomes smoothe
by these reactions. Our data are consistent with the
Se0.75As0.25 stoichiometry in the surface layer needed to re-
move states that pin the Fermi level; the removal of these
states is confirmed by the shift in the bulk GaAs energy
toward flat-band conditions. Once the reactive dangling
bonds are removed, stoichiometric, crystalline GaSe layer
nucleate and grow. Some Se interdiffusion may occur, but i
is not as extensive as that for the~111! A surface.

Deposition of GaSe on the~111! A surface is shown sche-
matically in Fig. 11~right side!. The reaction to deposit Se
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occurs readily, with no observed intermediate state. T
could be due either to the absence of reaction sites for Ga2Se
or to the location of the Se adsorption site above the na
reconstruction~instead of as a replacement reaction!. Se still
replaces As, however, in the subsurface layers. While
XPS intensities obtained by the CMA cannot be compa
directly when more than one depth is involved, rough
twice as much Se appears to be present at the G
GaAs~111! A interface than at the GaSe/GaAs~111! B inter-
face. This replacement would account for the apparent
crease in deposition rate observed based on attenuation o
As signal, since loss of As from the substrate would resul
a misleading rate value.

Further exposure to the GaSe flux results in the format
of stoichiometric GaSe for both the~111! A and ~111! B
substrates. Both GaAs~111! and GaSe~0001! have hexagonal
surface symmetry with a 6% lattice mismatch, thus depo
tion of GaSe on GaAs~111! results in a 6% increase in th
RHEED streak spacing. Upon further deposition~.one
layer!, the GaSe pattern becomes more evident as GaSe
lecular layers are deposited. This is shown schematically
Fig. 11~c!.

V. CONCLUSION

Using a combination of RHEED and XPS, the depositi
of GaSe on GaAs~111! A and~111! B surfaces was studied
From this work, it is concluded that termination of the GaA
dangling bonds by Se occurs prior to the formation of Ga
No evidence for Se–As bonding was observed with XPS,
what was seen was a Se–As replacement reaction. Su
quent deposition results in the formation of rotationa
aligned, stoichiometric GaSe layers, overcoming a latt
mismatch of 6% for GaAs~111! A and GaAs~111! B.

Se reaction with the substrate results in a passivated
face on which the GaSe layered material can nucleate. T
passivation process occursin situ during the deposition pro-
cess and chemically driven prior to the formation of GaS
This passivation process appears to be the same as tha
served when GaAs is exposed to only Se~Ref. 40! or when
As termination precedes GaAs deposition on Si~111!.52 In
this study, exposure to a GaSe flux results in Se termina
of the GaAs substrate dangling bonds. In addition, RHE
observations of this process indicate that only GaAs a
GaSe structures are present, with the GaSe forming its o
lattice spacing within the first layer of growth.

The growth behavior on the~111! A andB surfaces were
similar in that single orientation GaSe was formed on ea
surface. However, an increased uptake of Se into
GaAs~111! A substrate was found. On the GaAs~111! B sub-
strate, Se termination at the initial stage of deposition res
in an immediate return toward a flat-band condition as s
face dangling bonds are passivated. This observation
gests a GaSe0.75As0.25 stoichiometry for the surface bilayer
At submonolayer coverages, high-binding energy com
nents were observed for As, Se, and Ga and were attrib
to Ga2Se bonding to surface As.
JVST B - Microelectronics and Nanometer Structures
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On the~111! A substrate, the increased interdiffusion of
Se into the bulk makes the termination process more difficult
to observe. The substrate band bending is in the same direc
tion as that observed for the~111! B substrate. However, the
shift is gradual and occurs during the deposition of four lay-
ers of GaSe. This slow band bending has been associate
with Se interdiffusion, with the Se acting as ann-type dopant
in the GaAs. Results of XPS intensities indicate that on the
order of one monolayer of Se is trapped at the interface in
addition to this interdiffusion.
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