Interaction of GaSe with GaAs (111): Formation of heterostructures with
large lattice mismatch
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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 G&&kl) B and by direct bonding of Se to surface

Ga on GaA&111]) A surfaces. In addition, photoemission measurements indicate that the subsurface
Se uptake into the GaAkll) A lattice is higher than that in thd11) B lattice. © 1998 American
Vacuum Society.S0734-211X98)10503-6

[. INTRODUCTION growth of a layered material on hexagonally symmetric,
three-dimensional3D) substrates such as GaAg1)'°> %2

The heteroepitaxy of thin films has resulted in the devel-and S{111),>~3°where the van der Waals interaction is be-
opment of novel semiconductor devices and has led to obieved to occur between the passivated substrate and the inert
servation of new physical phenomena. However, the need fafurface of the layered material. It has been suggested that
lattice matching between the materials forming a heterostrucermination of the surface dangling bonds is a necessary con-
ture severely limits material selection. van der Waals epitaxylition for initiating the growth of a van der Waals material
(VDWE) is a method used to overcome both lattice and theron a surface exhibiting dangling bontfsin the case of
mal expansion mismatch limitations® In VDWE, epitaxial ~ GaAs, this has been accomplishex situusing S from a
layers are grown on surfaces for which the absence of darNH,),S, solution® andin situ using an overpressure of Se
gling bonds leads to growth dominated by van der Waalsprior to growing the van der Waals layer, where it was pos-
forces. For example, layered materials such as metal chalctulated that the active bonds on the GaAs surface were re-
genides exhibit VDWE. In this work, we address the growthmoved by reaction of the substrate with Se prior to the for-
of such a layered material, GaSe, on a covalently bondethation of GaSé>'" However, no detailed study confirming
semiconductor, GaAs. this termination process has been reported.

The layer of GaSe consists of four two-dimensiofzdD) In previous studies of GaSe growth on untreated GaAs
monoatomic sheets in a sequence of Se—Ga—Ga-Se, whabstrates were used separate Ga and Se sources with an
atoms within each layer are tightly bound with a mixture of overpressure of Se to facilitate Se termination of the GaAs
covalent and ionic bonds, and the layers are held by van deurfacet®**Thus, while these studies suggest that Se termi-
Waals force GaSe has highly anisotropic transport, me-nation is sufficient to enable uniform GaSe growth on GaAs,
chanical, and optical propertié%,and especially important, they do not address its necessity. In this study, single domain
possesses high nonlinear optical coefficients in the infrare€aSe layers have been grown on GéAd) A andB from a
ranges, making it a candidate for second harmonic gener&ingle GaSe Knudsen cell. In addition to the difference in
tion (SHG) materialst~13 Interest for this use has led to a Stoichiometry, the single source also results in different inci-
conceited effort to fabricate bulk single crystals of GaSe, andlent species. In the case of separate sources, Ga grateSe
many of its optical and electrical properties have beerthe dominant species, whexedepends on whether or not the
investigated* Se is excited by a heated filament or cracker. For a single

The VDWE technique has recently been applied to th€3aSe source, however, the incident species are a mixture of

Ga,Se and Sg*! It is thus possible for free Se from S®
dpresent address: Intel Corporation, Santa Clara, CA 95052. terminate the GaAs surface prior to growth while the,&=a
YElectronic mail: ohuchi@u.washington.edu either does not stick or accumulates as Ga-rich material.

977 J. Vac. Sci. Technol. B 16 (3), May/Jun 1998 0734-211X/98/16 (3)/977/12/$15.00 ©1998 American Vacuum Society 977



978 Rumaner, Olmstead, and Ohuchi: Interaction of GaSe with GaAs (111) 978

nation of GaSe and Sg>! The deposition rate was measured
with a previously calibrated deposition thickness monitor
and the molecular beam was maintained at a constant flux. In
the following, equivalent thicknesses are quoted assuming
this constant growth rate of 1.0 ML/min, where 1 ML is a
GaSe molecular layer, containing two atomic layers each of
Ga and Sdsee Fig. 1L The layer spacing in bulk GaSe is
0.8 nm for a growth rate of 0.13 A/s. The growth rate was
calibrated using a GaAsll) B substrate. The deposition
chamber base pressure was maintained>at@ ° Torr. A
Thermionics/VeetecliVE-052) RHEED system operated at
20 kV was used to monitor the deposition proc@ssitu.

The diffraction pattern was observed on a standard phosphor
screen and recorded with a charge coupled de(@ED)

camera.
Fic. 1. Ideal structure of(a) GaS¢0001), (b) GaAg11l) A, and (c) Two different surface conditions were used in this study:
GaAg11]) B surfaces, viewed 4° from the10]. GaAq11)1) A (a Ga-rich surfaceand GaA¢111) B [an As-

rich surface, also referred to as Ga&Kl)]. In all cases, an
o _ _ n-type GaAs wafer (1 ctd2 cm) was mounted on a thin Mo

However, it is also possible that g&e and Sgwill recom-  gheet using Ga. The Mo sheet was then attached to a stainless
bine at the substrate surface and form GaSe gS@avith-  steel sample holder cassette that could be transferred under
out reacting with the substrate surface. If Se termination ijltrahigh vacuun{UHV) from the deposition chamber to the
the GaAs surface were not necessary for GaSe growth, use ghalytical chamber. The samples were heated from the back
a single GaSe source without a Se overpressure should form, radiation from a Ta heater wire. The sample temperature
stoichiometric GaSe from the first layer. On the other handy,a5 measured using a thermocouple attached to the front
if the chemical forces driving the exchange of As with Segjge of the sample holder cassette, adjacent to the sample.
dominate over the formation of GaSe at the GaAs surfacerne gesorption temperature of the GaAs surface oxide at
then the initial deposition will be Se rich. In this article, we 600 °C was used to calibrate this thermocouple, as well as a
report in situ reflection high energy electron diffraction thermocouple mounted directly on the front of a special
(RHEED) and x-ray photoemission spectroscopPS) 5 ag sample
Stul?j'eS”Of this eros(;u%n p;()](-:fSSA 4B ; Using a single GaSe source and maintaining a constant

h eally Ft_e rmllna'lce atf]( G ) OanTh Cs;;;\a(iels 2re flux, the substrate temperature becomes the critical parameter
S C}Wﬂ n (I‘;g t’ agngt V:;' .tﬁﬁ?gé)' fe ¢ Dt for growing oriented, single domain GaSe. If the temperature
surtace 1S &a ferminated, Wi surtace reconstiuc- ¢ 150 high, the GaSe desorbs from the surface and no layer is

tion b?"egf’ﬂ to consist of an ordered array of Gaformed. If the temperature is too low, then multigrained or
vacancies?~34The removal of one quarter of the Ga atoms . .
amorphous layers are formed. In this research, it was found

leaves the unit cell with an even number of electrons and n%wat single orientation, stoichiometric Ga&ss indicated b
partially filled orbitals. On this surface we find an extensiveFu_”EEDg and XP$ codld be formed within a temperatlj/re

uptake of Se, both forming an additional layer at the surface o
and replacing the substrate As prior to the deposition of sto9¢€ from 480 to 540 °C. In the resuits reported below,

ichiometric GaSe. The Gafkll) B surface is As termi- GaSe was deposited on the surfaces of Gakh A andB

nated, with the reconstruction depending on the local Asat approximately 530 °C. Transmission electron microscopy

concentratior®3 Under our preparation conditionghat and atomic force microscopy measurements under similar
will be described in Sec. JIthe local stoichiometry and re- growth conditions confirm the growth of layered G&Se.

construction are likely close to that of the19x {19 After each stage of deposition, the samples were cooled to

structure®’ On this surface we observe an uptake of approxi-room temperature and transferred in vacuum to an analytical

mately one monolayeiML) of Se prior to the deposition of chamber for XPS. XPS was performed using®] x rays

GaSe. For both substrate orientations, we observe a smoot 1486 eV} and detected using a double pass cylindrical mir-

ing of the surface by this initial reaction. We also observe™' analyzeCMA). Detailed XPS scans of the Ga, As, and

complete coverage of the GaAs substrate by a film with theSe 3 regions were acquired at a pass energy of 25 eV. Bind-

GaSe lattice constant after deposition of the first one or tw N9 energies are report.ed.relatlve o the Fermi Igvel, cali-
GaSe layers. rated with Au 4, emission at 84.0 eV. Following the

measurement, the sample was transferred in vacuum back to
the VDWE chamber for further growth. The samples showed
Il. EXPERIMENTAL PROCEDURE negligible accumulation of carbon or oxygen during this pro-
GaSe(99.99% purity was sublimed from a single Knud- cedure, as was indicated by the XPS results.
sen cell. A temperature programmed desorption mass spec- Photoemission spectra of the As, Se, and Ga&Gre lev-
trometry study has shown that GaSe sublimates as a comhgis are complicated by the presence of satellite structures.
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The photoemission plasmon satellites of the Ga anddAs 3
peaks lie close in energy to the As and Sefeaks, respec-
tively (see Figs. 4 and)8and Se and As®Bemissions ex-
cited by satellites in the unmonochromatized e x rays
partially overlap the main As and Ga $eaks. The contri-
butions by the x-ray satellites were removed by a Fourier
transform method before further analygisey are removed

in Figs. 4, 5, 8, and © The spectra were fitted with line
shapes derived from the bulk GaAs and GaSe data. This both
inherently included any photoemission satellites and ac-
counted for the expected stoichiometry of the substrate and
overlayer. We also fitted the data using Voigt doublets for
the main components and a broad Gaussian for the plasmon
satellites, and found consistent results.

[ll. RESULTS

In the following, we present the data from RHEED and
XPS experiments during the growth of GaSe thin films on
thermally cleaned As- and Ga-terminated G@Ad4) sur-
faces.

A. GaSe growth on an As-terminated GaAs (111) B
surface

Figures Za)—2(e) show the RHEED patterns taken from
the thermally cleaned Ga&ELl) B surface before deposition
and after a half, one, two, and four layers of GaSe deposi-
tion. The sample orientation is identical in all cases, with the
RHEED beam directed along GdA40].

To remove the surface oxide, the substrate was initially
heated to approximately 600 °C without an As overpressure.
This results in the loss of As from the surface and atomic
scale rougheningf This roughened surface is apparent in the
RHEED pattern shown in Fig.(2), where transmission dif-
fraction through the asperities results in a spot pattern. Lo-
cally, however, the surface may be similar to the
19 \/19 structure, which consists of approximately 2/3 Ga
and 1/3 As in hexagonal rings above a completely As-
terminated layef® Upon exposure to less than 1 ML of GaSe
[Fig. 1(b)], the surface appears smoother: the RHEED pat-
tern is more distinct and streaks start to form over the spotly
pattern. Streaks are known to result from flattening of asperi-
ties on the surface and are an indication of surface disd?der.
The spacing between streaks is inversely proportional to the
surface lattice constant, which is 6% larger in GaAs than in
GaSe.

While it is difficult to observe a difference between the
streak and spot spacings in the pattern itself, a shift is appar-
ent in the average of the digitized RHEED intensity along
the [111] axis (streak direction Figure 3 shows such

(111) 979

RHEED prof“e plots for each image in F|g 2, with the ex- Fic. 2. RHEED patterns taken from a GgA&l B substrate(@) before
pected peak positions for GaAs and GaSe RHEED pattern(%eposition and aftefb) 1/2, (c) one, (d) two, and(e) four layers of GaSe
e

indicated. The formation of a new peak near the expecte
GaSe position is apparent after a half layer of growth. This

position. The RHEED beam is in the Ga&K0] orientation.

indicates that the deposited GaSe attains its own lattice corayer is oriented with the major symmetry axis parallel to the
stant in the first layer, rather than straining to match theGaAs surface. In addition, only a single GaSe orientation is
GaAs substrate. As is evident from the patterns, the GaSebserved.
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Fic. 3. RHEED intensity profile plot of the images in Fig. 2. The solid lines ) \ ) GaAs(11D)B

indicate the expected peak positions for GaAs while the dotted line indicates
that expected for GaSe. These plots were obtained by averaging the intensity plasmon As3d Ga 3d
in the vertical(112) direction after background subtraction. The asymmetry ! 1 1 1

in the RHEED pattern is due to degradation of the phosphor screen and is 60 -0 -{0 . -30 '20 10 0
not related to the deposition. Binding Energy (eV)

Fic. 4. Photoemission spectra of the shallow c@e, As, and Se @) and

valence band regions for the GaA&1) B substrate(a) before deposition
Further exposure to GaSe changes the RHEED patterghd after(b) 1/2, (c) one, (d) two, (e) four, and (f) 20 layers of GaSe

[Figs. 2c)—2(e)]. After one layer of GaSe deposition, dif- deposition. The interface contribution is plotted below curdgs-(e) (see
fraction patterns generated from both GaSe and GaAs aitae tex). The dotted line highlights the emission from excess Se at the
apparent, with the GaSe sighal more intense than the GaAInte rface.
signal. The RHEED profile scans show mainly GaSe diffrac-
tion above 1 ML. The full patterns show that the transmis-
sion diffraction spots disappear slowly, with some contribu-ferences among some of the components, the spectra were
tion even after four layer€3.2 nm of deposition. Since each fitted self-consistently as follows: The Ga and As peaks were
GaSe layer is four atoms thidk.8 nm), observation of any fit simultaneously to two GaAs line shapes and one GaSe
signal due to GaAs above 1-2 ML coverage is indicative ofline shape. The GaSe line shape was then fixed in position
either regions of uncovered GaAs or transmission througtand amplitude while a 10 eV wide region centered on the As
GaAs asperities. Eventually, however, the GaSe fills in thgpeak was fitted with two GaAs line shapes. The As was fitted
roughness of the GaAs substrate. first since the only source of As is the original crystal. Next,

Figure 4 shows photoemission spectra from the shallovihe Ga peak was fitted to two GaAs line shapes and one
core levels and valence bands for the same depositions @aSe line shape, with the bulk GaAs contribution fixed at the
GaSe on GaAd1)) B as in Figs. 2 and 3. Also plotted in position and amplitude obtained fitting the Ad.3Finally,
Fig. 4 is the estimated interface contribution to the spectrathe Se 8 was fitted: Two GaAs line shapes were fixed at the
obtained as follows. Data in the energy ranget7 to values obtained fitting the Asi3to yield the proper As plas-
—14 eV (Ga and As pealswere fitted to a sum of bulk mon intensity and the bulk GaSe line shape was fixed at the
GaAs[curve(a)] and GaSécurve(f)] line shapes. The sum value obtained fitting the Gad3 two additional GaSe line
of the bulk GaAs and GaSe components was then subtractesthapes were also required to fit the Sler8gion. The spectra
from the entire spectrum, and the difference between the datae aligned in Fig. 5 so that GaAs components of the d\s 3
and the fit is plotted beneath each spectrum in Fig. 4. Thand Ga 8 are at the same energy, as are the GaSe compo-
energy positions of the various components are listed iments of the Se® and Ga 8 peaks. The splitting between
Table | and the intensities are shown later in Fig. 10. Anthe GaAs and GaSe peaks (GH3is 0.2+0.1 eV (see
overall shift of 0.4 eV to higher binding energy was observedTable ). By comparing the GaA§Fig. 4a)] and the GaSe
in the bulk GaAs peaks following the deposition of GaSe.[Fig. 4(f)] spectra, we find that the splitting between the
For films at least 1 ML thick, excess Se was observed, buGa 3 and the valence band maximum is 0.15 eV larger for
there was no indication of additional Ga or As componentsGaSe than it is for GaAs. The observed energy difference in
For 0.5 ML deposition, however, additional componentsthe Ga & thus implies that the valence band offset is close to
were present for all three species. Zero.

Ga, As, and Se@spectra for 0.5 ML GaSe/Gafkll) B For 0.5 ML of GaSe on GaA%11]) B, the Se, As, and
are shown enlarged in Fig. 5. Due to the small energy dif-Ga 3 peaks all contain small contributions at a binding en-

J. Vac. Sci. Technol. B, Vol. 16, No. 3, May/Jun 1998
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TaBLE |. Binding energy peak position@V) for GaSe growth on GaA%l) A and GaA$111) B measured
relative to the Fermi levelbulk componentsor to the relevant bulk peafinterface componenksValues are

+0.1eV.
GaAq111) B GaAs 1/2 layer 1 layer 2 layers 4 layers 20 layers

GaAs(Ga peak —-19.1 —-19.5 —-19.4 —-19.4 —-19.5
GaSe(Ga peak -19.7 —-19.6 —-19.6 —-19.6 —-19.4
Excess Se +0.5 +0.6 +0.2 +0.8

(relative to GaSg —-1.6
Excess As —-1.8

(relative to GaA$
Excess Ga —-1.8

(relative to GaA$

GaAq111) A GaAs 1/2 layer 1 layer 2 layers 4 layers 15 layers
GaAs(Ga ) -19.2 -19.2 -19.5 -19.5 -19.5

GaSe(Ga ) -19.8 -20.1 -19.8 —19.7 -19.6
Excess Se +0.8 +0.9 +0.8 +0.6

(relative to GaSg

ergy of —1.8 eV relative to the bulk GaAs position. These to the amount of Ga in a stoichiometric compound. In these
contributions are not present in any other spectra, and wenits, the relative intensity of these high binding energy
associate them with the region of the GaAs surface that hagomponents is 1.0:0.7:0.5 for Ga:As:Se.

partially reacted with the incident Gae and Sg but on The Se 8 exhibits a second component associated with
which bulk GaSe has not yet nucleated. If they persistedhe interface between GaSe and GaAs. This component has a
underneath GaSe, they would still be observable at 1 MLbinding energy about 0.5 eV lower than that of the GaSe
deposition. By using line shapes for bulk GaAs and GaSepverlayer, and it persists as the GaSe film grows thickee

the fitted intensities of the As and Se peaks are found relativEig. 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-

L R R R R I R IS LN LS IR LN R

GaAs(111)B + 0.5 ML GaSe creased to about 50% of the GaSe intensity. Each molecular
layer of GaSe consists of two Ga and two Se atomic layers

+ Dau —Fit (see Fig. 1, so a single Se atomic layer buried at the inter-

--- Bulk GaAs - Bulk GaSe . H H
— Interface Peaks 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 GaSe
contribution grows. The energy difference between the GaAs
and GaSe components in the Gh 8ecreases to about 0.0
eV, indicating that the GaSe valence band maxini\BM )
is slightly above the GaAs VBM and the band alignment is
staggered, although the results are within the error bars of a
degenerate VBM.

Photoemission Intensity

B. GaSe growth on a Ga-terminated GaAs (111) A
surface

An identical experiment was conducted using a
GaAgq11] A (Ga-terminatefsubstrate. The starting surface
was again prepared by annealing a commercial wafer in
UHV, but this process leads to less roughening on(iHg)

6 -4 2 0 2 4 6 A surface than on th@l11) B surface. The native reconstruc-
Relative Binding Energy (V) tion of GaAg111) A consists of one Ga vacancy pex2
unit cell, which leads to a nonpolar surface without dangling
Fic. 5. Photoemission spectra for th® Ga 3d, (b) As 3d, and(c) Se & honds®*33 Se interactions with this surface are expected to
regions for 0.5 molecular layers of GaSe on G@A4) B. The data +) are ; ; ; ;
fitted with the sums of the bulk line shapésee the text and are plotted be qU|_te different from those with th@11) B surface, Slnce
with the same intensity scale. The peaks are plotted relative to the bulkN€re is no surface _AS to undergo an exch:_ange .reactlon and
GaAs peak position. The CMA axis was 45° from the sample normal.  the empty Ga 8 orbitals may serve as bonding sites for the

JVST B - Microelectronics and Nanometer Structures
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Fic. 6. RHEED patterns taken from a GgA&l) A substrate(a) before
deposition and aftetb) 1/2, (c) one, (d) two, and(e) four layers of GaSe
deposition. The RHEED beam is in the G&&K)] orientation.

J. Vac. Sci. Technol. B, Vol. 16, No. 3, May/Jun 1998
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Fic. 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 indicates
that expected for GaSe. These plots were obtained by averaging the intensity
in the vertical(111) direction after background subtraction. The asymmetry

in the RHEED pattern is due to degradation of the phosphor screen and is
not related to the deposition.

Se 3 lone-pair electrons. In addition, the open structure cre-
ated by the Ga vacancies may enhance Se interdiffusion into
the GaAs substrate.

The RHEED data for a sequence of depositions on
GaAgq111 A are shown in Fig. 6. Similar to Gafkl]) B,
the substrate RHEED pattern is gradually replaced by streaks
associated with the oriented GaSe film. A noticeable differ-
ence from thg111) 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 observed
for the (111) B substrate. No microstructural comparison of
the difference in substrate surface roughness has been made;
however, it is assumed that the surface Ga layer decreases
the loss of As and minimizes the effect of thermal roughen-
ing.

After deposition of a half layer of GaSe on GdA%l) A,

a new diffraction pattern associated with GaSe is observed
[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 th€111) B case is a more rapid decay of the
substrate pattern with overlayer thickness, indicating a more
uniform (or thickep overlayer coverage.

Figure 8 shows photoemission spectra from the shallow
core levels and valence bands for the same depositions of
GaSe on GaAd1l 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 fdrll) B, the only
component other than those associated with the stoichio-
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T T T T O T T T
GaSejGaAs(lll)A GaAs(11DA + 0.5 ML GaSe

+ Data —Fit
--- Bulk GaAs - Bulk GaSe|

J l f) 15 ML GaSe —— Interface Peak
} \ } k ¢) 4 ML GaSe

——

b) As 3d

Photoemission Intensity (Arb. Units)
Photoemission Intensity

_,—/L~_j\_\ M aSe
Se 3:1
a) GaAs(11DA

plasmon As3d Ga 3d VB
| | | | | |
-60 -50 -40 -30 20 -10 0
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Fi. 8. Photoemission spectra of the shallow c@@a, As, and Se® and  Fic. 9. Photoemission spectra for th® Ga 3d, (b) As 3d, and(c) Se &
valence band regions for the GeA%1) A substrate(@) before deposition  regions for 0.5 molecular layers of GaSe on GAAd) B. The data(+) are

and after(b) 1/2, (c) one, (d) two, (e) four, and(f) 20 layers of GaSe fitted with the sums of the bulk line shapésee the teyt and are plotted
deposition. The interface contribution is plotted below curil®s-(e) (see  with the same intensity scale. The peaks are plotted relative to the bulk
the tex). The dotted line highlights the emission from excess Se at theGaAs peak position.

interface.

component persists upon further deposition. Upon addition
of 0.5 ML GaSe, its absolute intensity increases, although
not as much as that of the GaSe-associated compdseat
Fig. 10. The excess-Se intensity then decreases as it is bur-
ied by the GaSe overlayer, as does the emission from the
aAs substrate. The energy difference between the GaAs
and GaSe components decreases with increasing thickness
toward a value of~0.2 eV (and zero valence band offget

metric substrate or overlayer is a S @mponent shifted to
lower binding energy from the main GaSe peak for films
=<4 ML. Table | lists the positions of the fitted peaks, and the.
intensities are plotted later in Fig. 10. For the same GaS
exposure (fluxtime), the(111) A substrate shows less As
and more Se emissiaoth as GaSe and as exces$ than
the (111) B substrate, indicating a thicker film and a higher
initial sticking coefficient.

An expanded plot of the spectra for a nominal deposmon'v DISCUSSION
of 0.5 ML GaSe on GaA41l) A is shown in Fig. 9. In GaAdq111) A and(111) B substrates differ only in their
contrast to th€¢111) B substrate, there is no clear componentsurface structure and stoichiometry. Their symmetries and
at higher binding energ¢HBE) from the main components lattice spacings are identical, as are the underlying bulk
on any of the peaks. The Asl3s consistent with a single properties such as the thermal expansion coefficient and the
bulk GaAs component, whereas the Ghi8 composed of heat of formation. On both substrates, RHEED indicated the
GaAs and GaSe components. The separation between the @&mmation of oriented molecular layers with the GaSe lattice
components is larger here than in ttlell) B case: 0.7 as constant from the very first stages of deposition, and XPS
opposed to 0.2 eV, implying a larger initial valence bandshowed the growth of stoichiometric GaSe once the initial
offset of about 0.5 eV. A small HBE component might be layer was completed. This is strong evidence for van der
present in the Gad emission, as indicated by the slight Waals epitaxy of layered GaSe on G4AE]) substrates for
deviation between the data and the fit on the high bindindoth surface orientations and demonstrates the possibility of
energy tail; the deviation could also be due to differences irmerging layered materials with more traditional semicon-
inelastic scattering between the thick and thin films. It mayducting and electronic materials.
also indicate a small amount of ¢ee present on the surface.  The relative intensities of several photoemission compo-

The Se 8 emission for 0.5 ML GaSe/Gafkll) A can nents are shown in Fig. 10 as a function of thickness. The
be decomposed into two nearly equal components, one at aubstrate GaAs contributioffrom fitting the As peak is
energy consistent with GaSe and the othd).8 eV to lower  seen to decay while the Se-related components increase. The
binding energy. Similar to th€l11l) B case, this excess-Se total Ga signal shows a dip, followed by recovery as the
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“““““““““““ Fic. 11. Schematic diagram of the deposition and growth of GaSe on
0 A\ GaAgq111) A (right side and on GaAg&l1l) B (left side. (a) Schematic of

the initial substrate surfacéb) reaction of the surface to Gee and Sg
incident beams, angt) two layers of GaSe on the Se terminated GdA9)
surface. Note the different locations of the Se termination for the two ori-
entations and the enhanced Se interdiffusion into the GdAs A surface.

Thickness (Layers)

Fic. 10. Photoemission component intensity as a function of nominal film
thickness for GaSe on Gafid 1) A (closed symbolsand on GaA&l11) B
(open symbols GaSe intensity refers to the Gal 3ntensity that is not
directly associated with As, and may include some substrate Ga adjacent to
interdiffused Se. surface relative tq111) B surface, has previously been ob-
served for exposure of Gafsl1) to pure S&€° The simplest
explanation of the more rapid disappearance of the substrate
substrate contribution is buried. We attempted to fit the dat@hotoemission and RHEED signals on ttig.1) A surfaces
assuming laminar growth and a single escape depth, taking rapid burial of the substrate by a Se overlayer; we believe,
into account the variable take-off angles measured by thlowever, that a combination of Se—As exchange and a dif-
CMA (the CMA axis was 45° to the sample normdt was  ferent initial roughness of the substrate also play an impor-
not possible, however, to fit both the GaSe and total Agant role. We attribute the HBE photoemission components
intensities in this manner. This is consistent with the RHEEDto reactions of the incident Gae with the GaA&11) B
data, which indicate a rough surface. substrate.

While van der Waals epitaxy was achieved for both sub-A Starting surface
strates, we observed significant differences in the growth of” g
the first GaSe molecular layer on the G&BEl) A and(111) Schematic diagrams of the GaA41) A andB surfaces
B substrates. This indicates the importance of surface stru@nd the subsequent growth of GaSe are shown in Fig. 11.
ture and stoichiometry in initiating GaSe growth on GaAs.The GaAs in this current study was thermally annealed with-
The observed differences includ® a higher sticking coef- out As or Se overpressure, resulting in thermal roughening
ficient for Se-containing species on ttieL1) A surface than and As evaporation. This results in a disordered surface layer
on the(111) B, (2) high binding energy photoemission com- with As surface vacancies and other defects, as is confirmed
ponents associated with the uncovered, reacted substrate by the lack of a superstructure in the RHEED pattern. For the
the (111) B surface that are absent from tfl1) A surface  (111) B surface, they19% /19 reconstruction is predicted
at a comparable exposure to the incident fl(&, a more to be locally stable under Ga-rich conditioftshut the an-
rapid depletion of As emission on tH{&1ll) A surface than nealing has likely destroyed long-range order in the Ss;
on the(111) B surface, and4) a more rapid disappearance rings on the surface and has created As vacancies in the first
of the substrate RHEED patterns on ti41) A surface than complete layer. This local roughness is shown schematically
on that of the(111) B. in Fig. 11(a) (left side.

The first observation, increased Se uptake by(iHd) A In one model of van der Waals epitaxy on nonlayered
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materials, chemical reactions are predicted to occur that wilposure to GaSe. The largé.8 eV) shift to higher binding
terminate the surface with fully occupied lone-pair orbitals,energy may be attributed to a combination of the reduced
similar to those of the van der Waals layers. It is instructivescreening in a moiety dangling from the substrate and a local
to consider the surface stoichiometry required for such a susshift in the Fermi energy. It is unlikely that oxygen or excess
face. For the ideal111) B surface, the top half of the double Se would lead to the same shift in all three core levels.
layer is occupied by As. To first order, the second layer Ga For deposition of GaSe on both GgA%1) A and(111)
atoms each contribute an average of 3/4 electron per bond ®, there is excess Se over that expected for stoichiometric
each of three top layer atoms and the surface As has a pagaSe deposited on stoichiometric GaAs, with the effect
tially occupied dangling bond orbital. The stable configura-much more pronounced on th#&11) A surface. We begin
tion for either As or Se in the top layer would be three backwith a stoichiometric GaSe single source that evaporates as
bonds(contributing an average of 5/4 electron enth the GaSe=GaSet 1Se, 3! and are able to grow stoichiometric

second layer Ga plus a fully occupied lone-pair orbital, for a5aSe once we are in a GaSe homoepitaxial regime. The
total of 5 2 electrons per surface atom. This average is ob-

tained f G f toichi v, In thi observation of excess Se at low coverages thus indicates a
ained for a GaSgysAsy s surface stoichiometry. In this con- higher sticking coefficient for Sehan for GaSe during the
figuration the Fermi level should be unpinned, since ther

. ) . Shitial interface formation. This Se may either replace near-
would be no partially occupied orbitals near the surface.

For the(111) A surface, Ga occupies the top half of the surface As atoms or simply cover the GaAs substrate. On

double layer. Under Ga-rich conditions, the surface reconpoth surfaces, the Ga intensity decreases during deposition of

: : the initial GaSe monolayesee Fig. 10 if we exclude the
structs with one Ga vacancy pek2 unit cell, shown sche- . )
) - . ; ; peak associated above with {§S&, the decrease and subse-
matically in Fig. 11a) (right side. Electron counting argu-
. L uent recovery are roughly the same on each surface. If Se
ments for this surface show the remaining three Ga atoms pet

unit cell as having empty surface orbitals and no danglin simply replaced As or was deposited as stoichiometric GaSe,

bonds, something that is likely to be true locally even in thghe number of Ga emitters within an inelastic decay length of

absence of long-range order. There is thus no obvious reasétﬂfa sut?]‘acg;/v:uld Eoi dfcrﬁ_afes? TUSI therelLore be cov- t
for Se to bond to or replace As on this surface before grovvtﬁ>rlng € S substrate. 1he €electron counting arguments
of stoichiometric GaSe. Calculations for a1 structure of and sulfur adsorption calculations described above predict

monolayer S on GaA$11) A support a site directly above 3/4 atomic layers of Se on th@11) B surface and a.fuII
the Ga atom&! which results in a surface that is quite similar 12Y€r on the(111) A one. The observed Ga decrease is con-

electronically to the GaA411) B surface. sistent with these predictions. _
Further evidence of Se termination is found in the change

- _ in band bending during growth of GaSe. Surface dangling
B. Initial reaction bonds behave as electronic defects and act to pin the Fermi

After the nominal deposition of 0.5 ML GaSe on level near midband gap in GaA%™* As is seen in Fig. 12,
GaAil]_]_) B, the photoemission spectra for all three e|e_thiS pinning results in band bending at the surface of the
ments(Ga, As, and Seshowed components of about 1.8 eV thermally cleaned GaA$11) B substrate. In XPS, the bind-
to higher binding energy than the bulk semiconductor. Aftering energy is calculated as the energy difference between a
the deposition of an additional 0.5 ML GaSe these compogiven core level and the Fermi levéfFig. 12). For n-type
nents were not present. If the emitting species were trappedaAs, the pinning of the Fermi level at a location near the
at the interface, they would have simply decreased in intenmidband gap results in a decrease in the measured GaAs
sity with increased deposition; their disappearance indicateinding energy relative to an unpinned surfdéég. 12a)].
they are only present on the partially coverdd1) B sub-  The shift of 0.4 eV in the GaAs binding energy after 0.5 ML
strate. Such high-binding energy components were not obd>aSe deposition is evidence of the removal of midgap pin-
served after comparable deposition on th&1) A substrate, ning stategFig. 12b)]. For the(111) A surface, the reduc-
nor have they been observed for exposure of GaA® “°or  tion in surface band bending does not occur until completion
GaAg100*%%?~%to pure Se. We thus associate them withof the first GaSe layer. This is consistent with the
Ga,Se interacting with the GaAs11) B surface. S/GaAg111) A calculations indicating the persistence of

Under Ga-rich conditions, the cle&hll) B surface forms midgap states upon the addition of a group VI monol&yer
Gay,Ass hexagonal rings above a completely As-terminatedand a gradual increase in thetype doping of the near-
layer®® Even in the absence of an ordered reconstructionsurface region through Se—As exchange. The difference in
these rings and other related structures likely provide reac+alence band offset in the two cases also implies a different
tion sites for GgSe; in addition, sites due to the large ther- interface dipole.
mal roughness on this surface also may be quite reactive. The total Se uptake is much larger for ttiel1) A surface
The measured intensity ratio of 1.0:0.7:0.5 for the Ga:As:Sé¢han for the(111) B. After 0.5 ML deposition of GgBe, on
in the high-binding energy peaks is consistent with,$a the (111 A surface, the XPS results show that there are
bonding to surface As, perhaps as an intermediate state babout two Se emitters for every Ga emitter that is not paired
fore a Se—As replacement reaction is activated to form thavith an As emitter; on th€111) B surface the ratio of Se to
nonreactive surface discussed above. The reaction may rexcess Ga is about 1.7. If the Se simply replaced As or was
move the surface asperities through etching with further exdeposited as stoichiometric GaSe, the Se:excess-Ga ratio
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Fic. 12. Relationship between the electronic band structure of and the measured XPS spettBuriace dangling bonds act as electrical defects that pin
the Fermi level near the midband gdp) Termination of surface dangling bonds result in a return toward a flat-band condition.

would be 1. A Se monolayer covering the entire surface irsistence of this behavior in the presence of a stoichiometric
addition to 0.5 ML of GaSe would have a Se:Ga ratio of 2:1;Ga:Se ratio incident on the surface demonstrates the domi-
if it only covered the substrate beneath the GaSe, the ratinance of the chemical driving forces for the reaction of Se
would be 1.5:1(times a factor accounting for inelastic scat- with the GaAs substrate. This is similar to the As termination
tering). The observed intensity ratios are therefore consisterof Si(111) during GaAs growth on that substrate.
with termination of the GaAs surface by about 1 ML of Se  One molecular layefML) of GaSe consists of two Ga
before the growth of GaSe. However, the total Se uptake iand two Se atomic layersSe—Ga—Ga—3geso that 0.5 ML
much larger on the GaAd11) A surface than on thegl11) B deposition of GaS¢as GaSet+Se) could result in a com-
surface, as is the decrease in the A$ @mission. This is plete monolayer of G&e on the substrate. It is not possible
strong evidence for a Se—As replacement reaction below thi distinguish between this possibility and a replacement re-
surface bilayer on thél11) A surface. action between Seand surface[(111) B] or subsurface
We propose that Se interdiffusion may be enhanced by(111) A] As while GgSe does not stick. However, the ob-
the local Ga vacancy structure on thell) A surface. A served appearance of RHEED streaks at the GaSe lattice
replacement reaction between Se and As followed by Aonstant at 0.5 ML deposition for both GaA4l) A and
reevaporation would also explain the very rapid reduction in(111) B and the disappearance of the high-binding energy
the As emission intensity compared to growth on ¢h&l) B components at the completion of a £Sa molecular layer
surface. On the GaA<4100 surface, exposure to S8e on GaA411l) B indicate that Gg5e layers are forming at
(Ref. 47 or Gat+Se, (Refs. 48 and 4Pand the growth of an early stage.
ZnSe(Refs. 50 and 51lhave been shown to produce Sa;
in the near-surface region. ¢&®; is based on the zinc-
blende lattice of GaAs, with Se sitting on the anion sites an
every third Ga site vacant. This is a similar structure to the Our model of the growth initiation process on the two
vacancy reconstruction already present on the G448 A  GaAg111) surfaces is shown schematically in Fig. 11. The
surface, which may enhance its nucleation. HoweveyS@&a incident GaSe and Sgflux impinge on the heated GaAs
would lead to a Se:excess-Ga ratio of 1.5, indicating thasurface. At the(111) B surface, both Seand GaSe react
additional Se beyond that required for the sesquiselenide iwith the surface, although more Se sticks than Ga. The Se
present, for example, one or more monolayers of Se at thills As vacancies and completes the surface bilayer, recruit-
surface. ing Ga as needed from the &® species that initially react
These results are consistent with previous photoemissiowith surface asperities. The surface likely becomes smoother
experiments exposing Ga@90 (Refs. 40, and 42—-44nd by these reactions. Our data are consistent with the
(111 (Ref. 40 surfaces to pure Se. Using surface-sensitive S, 75Asy »5 Stoichiometry in the surface layer needed to re-
high-resolution photoemission, two Se species separated byove states that pin the Fermi level; the removal of these
about 1.0 eV are observed for Se on GEAY), (111) A, states is confirmed by the shift in the bulk GaAs energy
and(111) B. Both the total Se intensity and the relative sizetoward flat-band conditions. Once the reactive dangling
of the lower binding energy Se component are largest for thbonds are removed, stoichiometric, crystalline GaSe layers
(111 A surface, followed by those of thel00) and (111 nucleate and grow. Some Se interdiffusion may occur, but it
B.%° These results were attributed to a full monolayer of Seis not as extensive as that for tkkl1) A surface.
for each surface, with the amount of additional buriedig8e Deposition of GaSe on thd11) A surface is shown sche-
a replacement reactiprdepending on the surface. The per- matically in Fig. 11(right side. The reaction to deposit Se

OC. Growth model
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occurs readily, with no observed intermediate state. This On the(111) A substrate, the increased interdiffusion of
could be due either to the absence of reaction sites fgB&a Se into the bulk makes the termination process more difficult
or to the location of the Se adsorption site above the nativéo observe. The substrate band bending is in the same direc-
reconstructior(instead of as a replacement reacjidpe still  tion as that observed for tH&11) B substrate. However, the
replaces As, however, in the subsurface layers. While thehift is gradual and occurs during the deposition of four lay-
XPS intensities obtained by the CMA cannot be comparecers of GaSe. This slow band bending has been associated
directly when more than one depth is involved, roughlywith Se interdiffusion, with the Se acting as a#type dopant
twice as much Se appears to be present at the GaSk the GaAs. Results of XPS intensities indicate that on the
GaAq11)) A interface than at the GaSe/GdA$1) B inter-  order of one monolayer of Se is trapped at the interface in
face. This replacement would account for the apparent inaddition to this interdiffusion.

crease in deposition rate observed based on attenuation of the
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