111-VI SEMICONDUCTORS 147

HI-VI SEMICONDUCTORS

Semiconductors based on compounds of group III and group
VI elements are receiving increasing attention worldwide.
These elements are found as either constituents or dopants in
more traditional semiconducting materials such as group VI
(Si, Ge), ITII-V (GaAs, AlAs, etc.), or II-VI (ZnSe, CdTe, etc.)
materials. The III-VI compounds are therefore chemically
compatible with the more traditional semiconducting materi-
als, and they exhibit similar (optical) bandgaps and lattice
constants (see Fig. 1) The III-VI compounds, on the other
hand, have many distinct structural, electronic, and optical
properties that are not found in the traditional group VI,
III-V, or II-VI materials. This combination of features holds
significant promise for the development of semiconducting
IIT-VI compounds as new device materials.

The III-VI semiconductors comprise two principal stoi-
chiometries (1): (a) ABY compounds such as GaS, GaSe, and
InSe and (b) AYBY' compounds such as Ga,S;, Ga,Se;, and
In,Se;. In addition, AY'BY' compounds such as Ga,Se may be
possible from the phase diagram (2). Typical crystal struc-
tures for the A"By; and AT'BY! materials are shown in Figs.
2(a) and 2(b), respectively, and some relevant properties of
these materials are summarized in Table 1.

The A"™BY' compounds present a layered structure, exhib-
iting weak bonding between separate, covalently bonded B-A-
A-B layers (A = Ga, In; B = S, Se, Te; see Fig. 2(a). The
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Figure 1. Bandgap versus lattice constant of various III-VI semicon-
ductors.
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Figure 2. Crystal structure of (a) e-GaSe
and (b) B-Ga,Se;. Covalent bonds are de-
noted by lines. Note the layers in GaSe and
the vacancies in Ga,Se;. The most common
polytypes for stacking the GaSe layers are
shown in Fig. 3.

interaction between adjacent layers is “van der Waals” type,
exhibiting weak bonding between separate, covalently bonded
layers; these materials are often referred to as “van der Waals
materials.” The layered crystal structure results in strong op-
tical and electrical anisotropy (3,4). In addition, the layered
A"BV! compounds have attracted much attention because of

Table 1. Properties of Selected A"'B"! and A"BY! Materials (80)

(b)

their high nonlinear optical coefficient in the infrared ranges,
making them candidates for second harmonic generation
(SHG) materials (3,5—7). This interest led to vital activity to
fabricate bulk single crystals of GaSe and InSe, and many
optical and electrical properties were investigated in the
1970s and 1980s. Fernelius (8) has extensively reviewed the

Qg Co p E (direct) E, (indirect)
Material Structure (A) (A) (g/cm?®) (eV) (eV) €(0) €()
B-GaS Hexagonal layers 3.587 15.49 3.86 3.0 2.6 5.9 (II) 5.3 (ID
(A-A’-A . . ) 10.0 (P) 6.7 (P)
e-GaSe Hexagonal layers 3.755 15.95 5.03 2.1 2.1 6.18 (II) 5.76 (II)
(A-B-A. . ) 10.6 (P) 7.44 (P)
y-GaSe Hexagonal layers 3.755 23.92
(A-B-C-A. . )
e-GaTe Hexagonal layers 4.06 16.90
(A-B-C-A. . )
GaTe Monoclinic 17.44 4.077 5.44 1.7 10.6 (IT) 7.29 (II)
tilted layers 10.46 9.66 (P) 6.97 (P)
e-InSe Hexagonal layers 4.00 16.70 5.55 1.2 1.3 5.4 (II) 4.9 (I
(A-B-A. . ) 8.6 (P) 6.2 (P)
a-Al,S; Wurtzite 6.423 17.83 2.32
(ordered vacancy)
Al,Ses Wurtzite 3.89 6.30 3.91
(disordered vacancy)
a-GayS; Wurtzite 11.09 6.395 3.4
(ordered vacancy) 9.578
B-Ga,S; Wurtzite 3.678 6.016 3.65 2.5
(disordered vacancy)
y-GayS; Zincblende 5.418 3.63 75 5.8
(disordered vacancy)
B-Ga,Ses Zincblende 23.235 10.83 4.91 1.8-2.1 2.0
(ordered vacancy)
Ga,Tes Zincblende 5.874 5.57 1.2
(disordered vacancy)
B-In,Sy Spinel 7.618 32.33 4.61 2.0 1.1
(ordered defect)
In,Se; Varied 1.16 1.0 16.7 (II) 9.5 (II)
(layered Se-In-Se-In)
B-In;Tes Zincblende 6.163 5.73 1.0 16 11.6

(disordered vacancy)




physical properties of GaSe single crystals from around 600
articles published prior to 1992.

Compounds of stoichiometry AX'BY' are common, since the
valences for the group III and VI elements are +3 and —2,
respectively. Chalcogenide-based AYBY' materials, however,
are considerably different from oxides like Al,O; and B,Os.
Structurally they form a defected zincblende or wurtzite
structure, with one-third of the cation sites empty; thus
AI'BY! can be doped to a higher level than other conventional
tetrahedral levels of vacancies. This causes an anomaly in the
electronic state of impurities and electrical neutrality accom-
modated by these defects (9), resulting in the fact that the
semiconducting properties remain unchanged even at a sig-
nificant impurity concentration. The crystal structures of
these materials also explain the high stability for radiation
with regard to a number of parameters, such as optical con-
stants in the infrared (IR) region (10).

Interest in A'BY! materials, in particular Ga,Se;, stems
from the interfacial reaction involved in II-VI or III-V heter-
oepitaxy; but the information of Ga,Se; during the initial
stage of the ZnSe/GaAs interface formation was found to be a
severe obstacle, leading to a disruption of the interface (11—
13). However, Ga,Se; is a potentially useful material in its
own right. Ga,Se; serves as a good candidate for the passiv-
ation of the GaAs(100) surface (14,15) and has strong poten-
tial for use in optoelectronic devices. Recent work has shown
the bandgap to be 2.6 €V (in contrast to earlier measurements
of =2.0 eV) (16), leading to the potential use for operation at
the short wavelength (500—400 nm) end of the visible spec-
trum. Furthermore, large absorption anisotropy (Aa > 10*
cm!) has been observed in vacancy-ordered Ga,Ses (17). The
close lattice matching of zincblende Ga,Se; to materials like
Si, GaP and ZnS suggests its use in heterostructures. In par-
ticular, ZnS-Ga,Se; superlattices growth on GaP are attrac-
tive for tunable-color LEDs because of large difference in
bandgap energies (16). Superlattices of Ga,S;—Ga,Se; have
also been proposed for blue lights emitting devices (LEDs).
The lower ionicity of these materials may also facilitate easier
p-type doping than is the case with II-VI compound semicon-
ductors (18).

Despite these intriguing possibilities, knowledge about the
properties of III-VI materials is still severely limited by the
lack of good-quality single-crystal materials. In addition, bulk
III-VI semiconductors are quite difficult to work with due to
their poor mechanical and thermal properties. However, these
problems may be overcome through the use of thin films. Het-
eroepitaxial III-VI films are of particular importance both as
possible novel materials for electronic and/or optoelectronic
devices and as prototypes addressing the basic physical chem-
istry governing heteroepitaxy of dissimilar materials. This
chapter deals with some of the important progress that has
been made in the past decade, mainly focusing on the thin-
film growth of III-VI compound semiconductors.

CRYSTAL, CHEMICAL BONDING,
AND ELECTRONIC STRUCTURE

A"B"' Compounds

In the layered A™BY! compounds, each layer is structurally
identical and is composed of single planes of group VI atoms
on either side of a double plane of group III atoms [see Fig.
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2(a)]. The layered structure can be regarded as a spontaneous
superlattice formed by stacking four monoatomic sheets in a
B-A-A-B sequence. The vertical alignment of the top and bot-
tom anion layers [see Fig. 2(a)] is characteristic of trigonal
prismatic symmetry. Different stackings of these covalently
bonded layers result in several polytypes. The polytypes, B, €,
and vy, differ by the stacking of the layers regularly in the
three relative positions permitted by the layered structure as
shown in Fig. 3 (19). In the B-polytype, adjacent layers in the
hexagonal unit cell are rotated by 60° with respect to each
other and translated by V3a/c in the hexagonal [210] direc-
tion, where a is the hexagonal unit-cell dimension. The space
group is D¢, —P6s;/mmec. For the e and y-polytypes, no relative
rotation of the layer is required, but only a translation. The
e- and y-polytypes belong to space groups D3} —P6 m2 and
C5,—R3m, respectively. The - and e-polytypes possess no in-
version center between the layers, whereas the y-polytype
does. Polarization-dependent linear and nonlinear optical
properties, therefore, depend on the polytype (20). Among
many A"BV layered compounds, GaS is believed to adopt only
the B-type, whereas all three polytypes are reported for GaSe.
As for InSe, no general agreement has been made about its
structure.

The quasi two-dimensionality of A"'B-type layered mate-
rial raises important questions regarding the origin of its
chemical bondings and electronic states. The standard crystal
chemical argument of filling of the anion valence subshells in
the A"BY! layered compounds would result in an ionic config-
uration of III**VI?", In this model the III and VI ions would
attract each other and from an ionic bond, whereas the III-II1
interaction in the middle of each layer would be highly unsta-
ble due to coulombic repulsion. Therefore the ionic picture of
the chemical bonding fails. The nature of chemical bonding
can be partly understood using a simple argument for the co-
valent interactions in which electrons are transferred to sat-
isfy covalent bonding requirements. In the case of GaSe, one
Ga s-electron is promoted to the p-orbital and one Se p-elec-
tron is transferred into a cation p-level, giving rise to a Gal'",
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Figure 3. Common polytype stacking for A""BY! materials.
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Se!* configuration. This allows Ga to form four covalent bonds
with sp®-type hybridization with adjacent Ga or Se, in which
the Ga—Ga bond is likely to be formed predominantly by s-
electrons whereas the Ga—Se bonds involve more p-electrons.
The Se s-electrons would occupy nonbonding lone-pair orbit-
als, resulting in no reactive dangling bonds on the layer sur-
faces. When cleaved along the basal plane, a nearly defect
free surface with no exposed dangling bonds can be obtained.
Quantitative band structure calculations can provide a bet-
ter understanding of the chemical bonding in A"BY.. Depeur-
singe (21) used an empirical pseudopotential method to study
the electronic properties of the family of A™BY layered com-
pounds. The calculated results of the total valence charge
densities for B-InSe, 8-GaSe, and B-GaS are shown in Fig. 4.
The results indicate that the bonding between A™ and B!
consists of mixture of ionic and covalent bonds, in which
strong localization of valence electrons around the B"! atoms
is evident, and the two A™ atoms are linked by the s-like
bonding charge. Decreasing the ionicity from InSe (fractional
ionicity of 0.80) to GaS (0.74) and GaSe (0.66), the electronic
charges are spread more toward the A™ atom, exhibiting a
more covalent character in the A—B"Y! bond. In addition, the
electronic charges between the two A™ atoms are more delo-
calized from InSe to GaSe. When Ga is replaced with In, and
Se is replaced with S, the atomic s-states of the A™ atom be-
come less separated from the BY! p-states, leading to the delo-
calization of the A-A™ bond charge and the weakening of
the bond strength (or increasing of the bond length). A crystal
like InS becomes unstable, since the atomic In s-states are
at higher energy than the S p-states, and the In-In s-like
antibonding state lose two electrons transferred to the S p.-
like antibonding states which appear at lower energy. These
new charges couple neighboring units in the z directions, re-
sulting in the fact that InS is no longer a two-dimensional
layered compound but rather crystallizes in a three-dimen-
sional orthorhombic structure.

Al'BY' Compounds

Semiconductors of the type AI'BY! have a “loose” lattice based
on wurtzite or zincblende, in which one third of the cationic
sites are vacant (22). Among these materials, Ga,Se; and
In,Se; have been most widely studied for their potential use
as new optoelectonic materials. They crystallize into two
forms, « and B; in the a-form the vacancies are disordered
throughout the crystal, whereas the B-form has an ordered
arrangement of vacancies into a monoclinic structure (23).
For example, the structure of 8-Ga,Se; is a superstructure,
originating from the zincblende-type structure of a-Ga,Ses, in
which one-third of the cation sites are vacant. The formation
of the superstructure results from the ordering of the ran-
domly distributed Ga atoms and “structural vacancies (SV)”
on the cation sites of the zincblende lattice. Ghémard et al.
(24) used a four-circle diffractometer to determine the struc-
ture of B-Ga,Ses.

This rather complicated structure of the AYBY' compounds
is generally described in Fig. 5 (25), where the positions of
atoms are shown in the superstructure unit cell. The BV
atoms are denoted as VI(X) when the nearest neighbors are
two A" and two SVs, and they are denoted as VI(Y) when
they are surrounded by three A™ and one SV. In this notation,
one-third of the anion sites are occupied by VI(X) and two-
thirds by VI(Y). In addition, the vacancies (SV) and the VI(X)
form continuous, unbranched chains through the crystal, di-
rected toward [001]. The (001) planes of the B-A{"BY! super-
structure form hexagonal nets, building up the 8-A¥'BY' struc-
ture by stacking in the sequence VI-III-VI-III. The space
group is C§-C..

THIN-FILM GROWTH

Most studies of the properties of III-VI semiconductors have
been performed on bulk crystals. However, exploitation of
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Figure 4. Total valence charge density computed for 8-InSe, 8-GaSe, and B-GaS (22).
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Figure 5. Crystal structure of ordered AMBY".

these materials for practical applications is hampered by
their poor mechanical and thermal properties. Potential use
of these materials is therefore largely in thin-film forms, mak-
ing the growth of III-VI thin films a critical subject. In this
section, the recent progress on III-VI thin-film growth is re-
viewed.

van der Waals Epitaxy

In the layered III-VI semiconductor, the interlayer forces are
dominated by interactions between the lone-pair orbitals on
the chalcogen atoms. To form a heteroepitaxial film on either
a covalent or ionic substrate, it is necessary to create a sub-
strate surface presenting similar nonbonding orbitals to those
on the outside of the III-VI layers. The interaction between
substrate and film is weak, and this weak bonding removes
both the lattice and thermal expansion matching require-
ments that severely limit material selection in the ordinary
heteroepitaxial growth. This mode of the epitaxial growth is
called van der Waals epitaxy (VDWE).

There have been an increasing number of reports in the
literature on the subject of van der Waals epitaxy since 1985
(26—-36). Although the VDWE was originally applied to the
heteroepitaxy of a two-dimensional layered chalcogenide over-
grown on a different layered chalcogenide (i.e., layered thin
film on top of layered materials), more recent applications
have focused on the growth of a layered material on more
conventional electronic materials, such as Si and GaAs. These
substrate materials contain dangling bonds at their surface,
and it has been suggested that termination of the surface
dangling bonds is a necessary condition for initiating the
growth of a van der Waals material. The experimental tech-
nique involved in VDWE is essentially the same as molecular
beam epitaxy (MBE), with the difference being associated
with the interactions between the substrate and the evapo-
rated film. As VDWE is still under development, a typical
VDWE growth chamber is equipped with reflection high-
energy electron diffraction (RHEED) along with deposition
crystal monitor, so that the growth process can be monitored
in situ and at real time. To allow for full characterization of
the resultant films, the growth chamber may be connected to
an analytical chamber, where surface analysis of the thin film
can be made.
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VDWE of layered III-VI semiconductors may be made by
deposition from either two independent molecular beam
sources of A and BY!, a single source of A"'BY! compound, or
a combination of A™BY! and B! sources. An advantage of sep-
arate sources is the ability to control the group III and group
VI fluxes independently, enabling variation of the BA™ ratio
in the beam equivalent pressure (BEP). A single source, on
the other hand, is much simpler to use. A further difference
is the nature of the incident species. For GaSe growth, the
species are Ga + Se, for separate sources, where x depends
on whether or not the large Se molecules are cracked by a hot
filament, and Ga,Se + Se, for sublimation of a GaSe source
(37). Stoichiometric GaSe may be obtained using either (a) a
stoichiometric GaSe source or (b) a mixture of elemental
sources with a BEP ratio >1.

The processes of VDWE growth are divided into two pri-
mary stages: (1) the heterointerface formation where the in-
terfacial physics and chemistry play decisive roles and (2) the
subsequent thin-film growth where homoepitaxial nucleation
and growth dominate. In the following sections, GaSe growth
on different substrates is highlighted with an emphasis of ob-
taining a single crystalline GaSe thin film.

GaSe Thin-Film Growth on GaAs(111) Substrates

The epitaxial growth of GaSe on GaAs is a prototypical exam-
ple of van der Waals epitaxy, exhibiting a 6% lattice mis-
match at the heterointerface. Early studies of GaSe growth
on untreated GaAs substrates used separate GaSe sources,
with an overpressure of Se to facilitate Se termination of the
GaAs surface (38). Rumaner et al. (39,40) investigated the nu-
cleation and growth of GaSe on GaAs(111) using a single
GaSe source with XPS, RHEED, and AFM techniques. All
these data indicated that termination of GaAs dangling bonds
by Se occurred prior to the formation of GaSe. In terms of Se
bonding to the GaAs surface, there was no evidence for Se—As
bonding but rather a Se—As replacement reaction was ob-
served. Subsequent deposition resulted in the formation of ro-
tationally aligned, stoichiometric GaSe layers, overcoming a
lattice mismatch in the GaAs(111) A and (111)B cases.

While van der Waals epitaxy is achieved for both sub-
strates, there are significant differences in the growth of the
first GaSe molecular layer on GaAs(111)A and (111)B sub-
strates. This indicates the importance of surface structure
and stoichiometry in initiating GaSe growth on GaAs. The
observed differences include (1) a higher sticking coefficient
for Se-containing species on the (111)A surface than on the
(111)B, (2) high-binding-energy photoemission components
associated with the uncovered, reacted substrate on the
(111)B surface that are absent on the (111)A surface at a com-
parable exposure to the incident flux, (3) a more rapid deple-
tion of As emission on the (111)A surface than on the (111)B
surface, and (4) more rapid disappearance of the substrate
RHEED patterns on the (111)A surface than on the (111)B.

For the ideal (111)B surface, the top half of the double
layer is occupied by As. To first order, the second-layer Ga
atoms each contribute an average of 3/4 electron per bond to
each of three top layer atoms and the surface As has a par-
tially occupied dangling bond orbital. The stable configuration
for either As or Se in the top layer would be three back bonds
(contributing an average of 5/4 electron each) to the second-
layer Ga plus a fully occupied lone-pair orbital, for a total of
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five 3/4 electrons per surface atom. This average is obtained
for a Ga,Se;As; surface stoichiometry. For the (111)A surface,
Ga occupies the top half of the double layer. Electron counting
arguments for this surface show the remaining three Ga
atoms per unit cell to have empty surface orbital and no dan-
gling bonds, something which is likely to be true locally even
in the absence of long-range order. There is thus no obvious
reason for Se to bond or replace As on this surface before
growth of stoichiometric GaSe. Calculations for a (1 X 1)
structure of monolayer S on GaAs(111)A support a site di-
rectly above the Ga atoms (41), which results in a surface that
is quite similar electronically to the GaAs(111)B surface.

The photoemission spectra for Ga(3d), As(3d), and Se(3d)
regions after 0.5 molecular layers of GaSe on GaAs(111)B and
GaAs(111)A surfaces are compared in Figs. 6(a) and 6(b), re-
spectively. Apparent differences are that all the Se, As, and
Ga peaks for the case of GaAs(111)B contain small contribu-
tions at a binding energy (—1.8 eV relative to the bulk GaAs
position), whereas there are no such clear components at
higher binding energy for the case of GaAs(111)A, nor have
they been observed for exposure of GaAs(111) (42) or
GaAs(100) (43-45). These higher-binding-energy components
are attributed to the region of the GaAs surface that has par-
tially reacted with the incident flux, but on which bulk GaSe
has not yet nucleated.

Further evidence of Se termination was found in the
change in band bending during growth of GaSe. Surface dan-
gling bonds behave as electronic defects and act to pin the
Fermi level near mid-bandgap in GaAs (42,46). This pinning
results in a band banding at the surface of thermally cleaned

GaAs(111)B substrate is shown in Fig. 7. For n-type GaAs,
the pinning of the Fermi level at a location near the mid-
bandgap results in a decrease in the measured GaAs binding
energy relative to an unpinned surface [Fig. 7(a)]. The shift
of 0.4 eV in the GaAs binding energy in XPS measurement
after 0.5 molecular layer GaSe deposition is evidence for the
removal of midgap pinning states [Fig. 7(b)]. For the (111)A
surface, the reduction 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 (a) the persis-
tence of midgap states upon addition of a group VI monolayer
(40) and (b) a gradual increase in the n-type doping of the
near surface region through Se—As exchange. The difference
in valence band offset in the two cases also implies a different
interface dipole.

Schematic diagrams of the GaAs(111)A and GaAs(111)B
surfaces and the subsequent growth of GaSe are shown in
Fig. 8. The incident flux impinges on the heated GaAs sur-
face. At the (111)B surface, the incident flux reacts with the
surface, although both Se stick to Ga. The Se fill As vacancies
and complete the surface bilayer, recruiting Ga as needed
from the incoming Ga-containing species that initially react
with surface aspirates. The surface is likely smoother by
these reactions. The data are consistent with the Sej;sAs)s
stoichiometry in the surface layer needed to remove states
that pin the Fermi level; the removal of these states is con-
firmed by the shift in the bulk GaAs energy toward flat-band
conditions. Once the reactive dangling bonds are removed, a
stoichiometry, crystalline GaSe layer nucleates and grows.
Deposition of GaSe on the (111)A surfaces immediately initi-
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Figure 6. Photoemission spectra for the Ga(3d), As(3d), and Se(3d) regions for 0.5 molecular
layer (ML) of GaSe of (a) GaAs (111)B and (b) GaAs(111)A surfaces.
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(a) Before GaSe deposition

ates the surface reaction, with no observed intermediate
state.

GaSe Thin-Film Growth on Si (111) Substrates

In bulk silicon, each atom contributes equally to the covalent
bonds, so that the termination of the dangling bonds is rela-
tively simple. Replacement of the top Si(111) layer by H leads
to fully passivated and unreconstructed Si(111) surfaces. Ku-
ang et al. (47) have used HF treatment of Si(111) to inactive
the dangling bonds on which GaSe thin films were grown. H
termination was also made through NH,F treatment, and the
growth of GaSe (35) was studied by atomic force microscopy
(AFM). While the effectiveness of H-Si(111) has been proven
by a number of experiments, H desorbs from Si(111) at
around 500°C (48). Since the deposition temperatures are
similar, the role of H during the growth is still unresolved.
Zheng et al. (36) have recently studied the early stage of
growth of GaSe on H terminated Si(111) using x-ray standing
wave fluorescence (XSWF). The analysis indicated that Ga
atoms were located on the sites directly above the top Si
atoms, forming a Si—Ga bond of length 0.237 nm (2.37 A).
This implies that the first step for half of a GaSe layer is to
covalently bond to Si at the interface, with van der Waals
growth of GaSe layers occurring in a second stage. Although
the hydrogen is not visible with XSWF, electron counting ar-
guments lead to the belief that it has been replaced by GaSe
at the interface, as opposed to remaining at the interface pas-
sivating Si dangling bonds. TEM structural analysis supports
this model (49).

An alternate method for passivating the Si(111) substrate
is to replace the top Si(111) layer by As. An unreconstructed,
passivated surface with As lone-pair states on the surface,
very similar to the Se states bounding GaSe layers, is ob-
tained (50,51), promoting high-quality growth of GaSe. One
advantage of using As over H is that As does not desorb until
over 700 °C and will replace H at the surface under mild an-
nealing (52). Palmer et al. (53) studied the growth of GaSe on
As-passivated Si(111) substrate by MBE for a wide range of
substrate temperatures (375°C to 500°C) and Se/Ga BEP ra-
tios (30 to >200). A phase diagram for GaSe growth on
As:Si(111) was established as shown in Fig. 9. Continuous
layered structure GaSe films were formed for high Se/Ga BEP
ratios and high substrate temperatures. During the growth,

(b) After GaSe deposition

XPS spectrum. (a) Before GaSe deposition.
(b) After GaSe deposition.

RHEED confirmed that the thin films were flat; however, the
surface roughened on a microscopic scale after the growth.
Cross-sectional TEM measurements showed atomic scale
roughness at the interface after capping the GaSe layer with
GaAs (54,55). Similar facetting has been observed for an-
nealed ZnSe/Si(001):As (56), but this was interpreted as the
interface rearranging to form lower-energy (111) facets. It is
unclear why faceting would occur for the (111)-oriented sub-
strate in this case. At low Se/Ga BEP ratios and high sub-
strate temperatures, only Ga droplets, but no GaSe thin film,
formed on the substrate. When either the substrate tempera-
ture or the Se/Ga BEP ratio was low, both GaSe thin films
and Ga droplets formed simultaneously. Three regimes of
growth modes were partly explained in terms of competition
between the coarsening of Ga, the formation of GaSe solid
phase on Si(111):As, and the formation of volatile Ga,Se. The
outcomes of the competition was determined by the rates of
these reactions, which were specific to the substrate tempera-
ture and the relative abundance of Ga and Se.

Thin-Film Growth on Cubic Substrates

Use of a cubic substrate, such as (001)GaAs (57,58) or
(001)GaP (59), facilitates III-VI thin-film growth in the
AP'BY! form under appropriate conditions. The three-dimen-
sional crystal structure of the AI'BY' compounds, unlike the
layered A™"BY! compounds, means that heteroepitaxial growth
of the AI'BY' materials is governed strongly by the substrate
lattice spacings and symmetries. As shown in Fig. 1, Ga,Se;
and (001)GaP are closely lattice-matched. Using this combi-
nation, a single crystalline Ga,Se; thin films with good quality
was obtained (61). Ga,Se; layers are also formed during the
initial stages of MBE growth of ZnSe on (001) GaAs under
As-deficient conditions (60,37). Ga,Te; is another example of
the III-VI compounds formation during the early growth
stages of ZnTe on (001)GaAs (13,62).

Effects of the Se/Ga BEP and substrate temperature on
the thin-film structure and stoichiometry during the growth
of Ga—Se thin films on GaP(001) were investigated by Ya-
mada et al. (63). At BEP ratios below 1.0, deposition of
Ga,Se; was not observed due to the reevaporation of the Ga
and Se components. For the ratios between 1 and 10, the
growth rate is now limited by the supply of Se atoms, and the
primary phase is GaSe. As the BEP ratio increases further,
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(111)B Surface (111)A Surface

(a) Clean surface

(b) Initial reaction

(c) Layered GaSe growth

Figure 8. Schematic diagram of the deposition and growth of GaSe on GaAs(111)B and
GaAs(111)A surface. (a) Schematic of initial substrate. (b) Reaction of surface with Ga,Se and
Se, incident beam. (¢) Two layers of GaSe on Se-terminated GaAs(111) surface.
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Figure 9. Phase diagram for GaSe growth on As:Si(111).

the growth is determined by the supply of Ga atoms, and the
Ga,Se; dominates. In this reaction, a Ga,Se; epitaxial layer is
formed in the interface region, which exhibits a highly devel-
oped pseudo-two-dimensional ordering of structural vacanc-
ies. These vacancies form in a ¢(2 X 2) arrangement in the
first (100) Ga layer with a shift by a/2(011) with respect to
the location of the first Ga layer (a is the unit cell size).
Ga,Se; may also be grown by simply exposing GaAs(001) to
H,Se (64). The GaAs surface is initially heated to desorb As
and create a Ga-rich condition before the admission of H,Se.
This Ga is then available for reaction with Se to form a com-
pound. Once the GaAs substrate is fully covered, As atoms
diffuse from the underlying GaAs through the grown film and
out into the gas-phase region of the reactor. The diffusion of
As through the Ga,Se; is facilitated by the inherent vacancies
present in the film. The presence of As within the grown layer
was confirmed by both Raman spectroscopy and secondary ion
mass spectrometry, suggesting that the Ga,Se; can be doped
to a higher level than order tetrahedral levels of vacancies. In
order to balance the charge in the structure, one-third of a Ga
atom must be effectively lost for every As replaced by Se. This
means that the films “grow” in two directions simultaneously,
with Se diffusing through the layer down to the substrate in-
terface and excess Ga diffusing upwards to react with more
Se from the vapor phase. The relative position of the internal
interface is therefore approximately two-thirds of the total
layer thickness from the substrate interface, which was ob-
served by HREM (65). On a rough GaAs(001) substrate, TEM
and RHEED measurements revealed both Ga,Se; and GaSe
in the same growth; for a smooth starting surface and a stoi-
chiometric GaSe source stream, high flux favors the layered
GaSe form while lower flux favors the cubic Ga,Se; form (40).
This suggests that terrace nucleation may lead to formation
of the more stable AjBy; material, while nucleation at steps
and kinks on the surface (favored by low flux) enhances the
energetics for forming the cubic phase.

MOCVD Growth

Versatility, high growth rates, and the ability to use a wide
range of metal-organic precursors and deposition conditions
make metal-organic chemical vapor deposition (MOCVD) a
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highly desirable route for materials synthesis. MOCVD has
recently been adopted to grow Ga,Se; thin films on nearly lat-
tice-matched GaP and lattice-mismatched GaAs substrates
(66). Although pre-reacting trimethylgallium (TMGa) with
the hydride H,;Se in the gas phase has yielded thin films
which are only partially expitaxial, the combination of TMGa
with ditertiary-butylselenide produces thin films with rela-
tively good quality under steady state flow conditions. Ng et
al. also reported GaAs was not a suitable substrate for
MOCVD growth due to exchange reactions at the interface
leading to poorly bonded thin films (66). Although fundamen-
tal thermodynamic and kinetic data on the chemical precur-
sors used in ITII-VI formation are largely lacking, Maung et
al. (67) have recently conducted a mass-spectrometric study
of the pyrolysis reactions using TMGa and H,Se, suggesting
that the gas-phase adducts are significant intermediates, fol-
lowed by irreversible deposition of the polymeric adduct of
GaySe; on the substrate.

A single-source precursor in MOCVD has its own advan-
tage for simplicity. Schulz et al. (68) have recently developed
new molecules called gallium-chalcogen heterocubanes
[Cp*Ga(us-E)]ls;, where E = S and Se. One attractive feature
of cubanes as single-source precursors for MOCVD reactions
are their clean decomposition pathways. They have demon-
strated the deposition of Ga,S; and Ga,Se; thin films at 290°C
to 310°C. While As-deposited films were amorphous, the films
crystallized to thermodynamically stable phases upon anneal-
ing to 500°C. This development enables gallium sulfide and/or
selenide films to be deposited on a wider variety of thermally
sensitive substrates.

PROPERTIES OF I11-VI MATERIALS AND THIN
FILMS TOWARD DEVICE APPLICATIONS

The primary device applications proposed for thin film III-VI
materials are buffer layers in heteroepitaxy and polarization-
dependent optical materials. The cubic A}'BY' compounds are
often unavoidable as thin layers at III-V/II-VI heterointer-
faces; it is unknown whether this may be exploited for opti-
mizing device properties. The layered A”B"! materials show
definite promise as buffer layers for the relief of lattice and
thermal mismatch constraints. The weak VDW bonding be-
tween the layers allows a change in lattice constant parallel
to the growth direction without the creation of electronically
active dislocations or other defects. The XSWF measurements
described above showing covalent capping of Si with GaSe
and subsequent GaSe layered growth, combined with Gray et
al.’s (69) and Palmer et al.’s (70) observation of high-quality
GaAs growth on GaSe, demonstrate the possibility of GaSe as
a buffer layer promoting GaAs growth on Si(111).

Layered A"™'B'! materials have received much attention for
their large nonlinear optical coefficients (71). The strong po-
larization anisotropy in linear absorption may also be useful
as a polarizer, while the large index of refraction anisotropy
may be useful for polarization rotators. The effect is largest if
the light propagates parallel to the layers, which leads to dif-
ficult alignment problems for bulk crystals. However, hetero-
epitaxial techniques make it possible to incorporate GaSe lay-
ers directly into GaAs optoelectronic structures.

Previous attention has focused on the optical properties of
bulk samples. However, thin films enable use in absorbing
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spectral ranges, decrease the importance of phase matching,
and may be integrated into larger device structures. The po-
larization-dependent linear and nonlinear optical properties
of A"BY! show distinct promise for optical device structures.
GaSe and InSe exhibit a large second-order susceptibility
d'Qw,w, w)/ €, ~9 X 100 m/V and ~19 X 107! m/V at A =
1.06 um (72), which are similar to the values observed in GaP
(73). This allows for frequency conversion over a wide region
of the infrared spectrum. It has been demonstrated that GaSe
was used as a frequency doubler for the output of a high-
power, short-pulse, mid-infrared free-electron laser (74). In-
ternal conversion efficiencies up to 36% were achieved in the
wavelength range from 6.3 um to 12 um. The second-har-
monic output was stable over many hours at peak power lev-
els of 1 MW to 2 MW.

It has recently been shown that the second harmonic gen-
eration (SHG) at 1.064 um reflected by epitaxially grown
GaSe thin films on Si(111) was comparable so that generated
from the bulk GaSe (75). This suggests the possibility of SHG
devices comprising of a multilayer thin film structure. A par-
ticular advantage is that they do not require phase matching.
The reflected second harmonic signals from thin-film GaSe
has been shown as a diagnostic tool for the investigation of
orientational order of the layers—in particular, the existence
of antiphase domains. X-ray and electron diffraction tech-
niques are not sensitive to the point inversion, making them
inappropriate for observing antiphase domains.

In addition to second harmonic generation, phase-matched
optical parametric generation in the range A = 3.5 um to 14
pum has been also demonstrated with a 2.9 um pump laser
(76). A resonant enhancement in the fundamental was for the
bandgap exciton in GaSe at an energy very close to that of
He—Ne radiation (77); using that resonance in the second har-
monic may enable efficient up-conversion to the visible of a
1.25 um diode laser. Alloying GaSe with In or S will move the
resonance to other frequencies.

The optical properties of the AY'BY' compounds are inti-
mately connected to the cation vacancies and their ordering.
Ga,Se; thin film epitaxially grown on (100)GaP has the va-
cancy-ordered superstructure, in which the vacancies were
predominantly formed in the [011] direction. In the transmis-
sion measurements, Okatmoto et al. (78) found a large differ-
ence in the absorption coefficients between the lights polar-
ized parallel and perpendicular to the vacancy-ordering
directions, and the difference was more than 10* cm™ at the
wavelength of 525 nm. The vacancy-ordered Ga,Ses;, there-
fore, behaves like a polarizer in the selected wavelength. In
addition, the vacancy-ordered Ga,Se; thin film exhibits strong
anisotropy in photoluminescence (PL) (79); the PL intensity
of the [011] polarization component (perpendicular to the va-
cancy) is much stronger than that of [011] polarization (paral-
lel to the vacancy). It was also observed that the anisotropy
in PL emission was independent to the polarization of the ex-
citation, indicating that the electron transition probability for
the [011] polarization is much larger than that for the [011]
polarization.

SUMMARY

Materials based on III-VI compounds have many distinct
structural, electronic, and optical properties not found in the

more traditional group IV, III-V or II-VI based materials.
The III-VI materials comprises two principal classes: (1) lay-
ered materials in the form of ABY and (2) cubic materials in
the form of AI'BY!, both of which are of interest as possible
novel materials for electronic or optoelectronic devices. The
ITII-VI materials are, however, difficult to work with in bulk
form due to their poor mechanical and thermal properties;
these problems can be overcome through using thin films.
Thin-film growth of these materials are, therefore, important
particularly by combining with common electronic materials
through heterointerface technology, from which a new regime
of material systems may be opened for future development.
Present paper has reviewed the III-VI materials from these
perspectives.
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