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Epitaxial layers of ZnS were grown on cleaved GaP~110! surfaces by molecular beam epitaxy in an
ultrahigh vacuum photoelectron spectrometer. The growth mode and the structure of the overlayer
were studied by means of low-energy electron diffraction~LEED! and core as well as valence level
photoemission using synchrotron radiation. The attenuation of substrate core-level intensities with
ZnS deposition indicate layerwise growth. LEED demonstrates the growth of the cubic
~zinc-blende! phase as expected for substrate-stabilized growth. Aminor interface reaction is evident
from changes in the appearance of the substrate~Ga 3d! and overlayer~S 2p! core levels with
increasing thickness. S–Ga bonding was observed in a thin interfacial layer. The valence band offset
for this lattice-matched heterojunction interface system was determined, and found to be of the
straddling type~type I!; its magnitude is in agreement with predictions based on the dielectric
midgap energy model. ©1996 American Vacuum Society.

I. INTRODUCTION

Current activities concerning light-emitting semiconduc-
tor devices in the blue-green region of the spectrum have led
to renewed interest in the electronic properties of II–VI com-
pound semiconductor materials. With respect to the growth
of thin films on III–V substrates, an investigation of their
interface chemistry and the charge transport barriers between
substrate and overlayer is important. In the recently demon-
strated blue-green lasers ZnSe and its alloys with ZnS are
used as cladding layers and for the creation of lattice-
matched epitaxial layers to a GaAs substrate.1 Here we re-
port an investigation of zinc sulfide layer growth, interface
chemistry, and electronic structure with regard to heterojunc-
tion band offset. Zinc sulfide is one of the materials for
which few surface studies have been carried out,2–5 possibly
due to the lack of suitable conducting samples. As for theo-
retical investigations, the bulk electronic structure has re-
cently been studied within the density-functional
formalism.6,7 The good lattice match~a mismatch of 0.7%8!
between cubic ZnS and GaP renders the latter ideally suited
as substrate material for the growth of the cubic modification
of ZnS. In an earlier study of ZnS growth on Si~111!,9 prob-
lems with sulphur passivation of the silicon surface were
observed, such that crystalline order of the layers was not
perfect. Such problems were not encountered in the ZnS/GaP
system, and the electronic band structure of the cubic ZnS
layers could be studied in angle-resolved photoemission.

Zinc sulfide, with its large band gap~3.74 eV8! at the upper
end of the range of the II–VI semiconductors, is particularly
interesting since, with the absence of pronounced spin-orbit
effects on the electronic structure, a body of theoretical work
already exists, which has not been matched by experimental
data. This study is part of a series of photoelectron spectro-
scopic and low-energy electron diffraction~LEED! studies of
II–VI compound semiconductor layers such as ZnTe,10

CdS,11 and CdSe12 on lattice-matched III–V semiconductor
surfaces, which have been used in order to follow trends in
interfacial chemical reactions and valence band offsets, and
the differences in electronic structure for a material which
can crystallize in the zinc-blende and cubic modifications.

II. EXPERIMENT

Experiments were carried out in two separate ultrahigh
vacuum chambers with a base pressure of 8310211 mbar,
each equipped with a high-resolution angle-resolving elec-
tron energy analyzer~HA 50 and HA 100 from VSW Ltd.,
UK!, a cleavage tool, a temperature-controlled manipulator
that allowed cooling and heating of the sample, molecular
beam epitaxy~MBE! cells, and LEED optics for the study of
overlayer crystallinity. Crystals of GaP~MCP Ltd., UK!, n
doped, with a carrier concentration of 331017 cm23 were
oriented and cut to be cleaved using the double wedge tech-
nique. ZnS with 99.9999 purity~Crystal GmbH, Berlin! was
deposited from a water-cooled MBE cell at a temperature of
685 °C, leading to growth rates of 2 Å/min. Amounts of de-
posited material were measured by means of a quartz crystal
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thickness monitor~Leybold Inficon!, and were calibrated in
terms of overlayer thicknesses on the basis of the Ga 3d
attenuation curve. In these experiments, core-level photo-
electron spectroscopy was performed on station TGM 4 at
BESSY ~Berliner Elektronen-Speicherring-Gesellschaft fu¨r
Synchrotronstrahlung mbH!, and station 6.1 at the SRS
Daresbury storage ring~Daresbury, UK!. In the BESSY ex-
periments, only the Ga 3d, Zn 3d, and valence band regions
were accessible; the phosphorus 2p and sulfur 2p levels
were also investigated in the runs at the Daresbury synchro-
tron source. Overall spectral resolution was about 70–150
meV. Spectra shown were either recorded in normal emission
~BESSY runs!, or at 45° to the surface normal along the
@1̄10# azimuth~Daresbury!. Overlayers were grown on sev-
eral different substrates in order to establish the optimal
growth temperature of 150 °C, characterized by a minimum
amount of interface reaction as judged from the Ga 3d, P 2p,
and S 2p core levels, and the quality of the LEED diffraction
pattern.

III. RESULTS AND DISCUSSION

A. Overlayer growth and interface chemistry

Core-level photoemission provides a means of examining
overlayer growth mode from the thickness dependence of the
substrate core levels, and the shape of the intensity curve as
a function of deposition. The core levels available for inves-
tigation in our study are the Ga 3d and P 2p levels of the
substrate, and the Zn 3d and S 2p levels of the overlayer.
The Zn 3d peak is less suitable for an analysis of chemical
reactions since it has band character, being located at a bind-
ing energy of only 9.3 eV below the valence band maximum
~VBM !. Thus in both sets of experiments, the intensity de-
crease of the Ga 3d peak was analyzed in terms of overlayer
growth mode, but only in the Daresbury runs the P 2p level
was also recorded and analyzed.

A set of spectra of the Ga 3d level, recorded at a photon
energy of 80 eV, is shown in Fig. 1 for increasing depositions
of ZnS on a freshly cleaved GaP~110! surface. The overall
Ga 3d peak intensity is seen to be attenuated with ZnS ex-
posure, and is completely absent above 46 Å. The decrease
in bulk peak intensity is shown in the inset of Fig. 1 and,
although the growth is not completely layer by layer, the
small deviation from an exponential curve indicates the ab-
sence of island formation. As for many other systems, the
attenuation rate appears different below and above'5 Å,
and this is in part due to the initial chemical mixing below
this coverage compared with ZnS growth at higher thick-
nesses. Selected spectra corresponding to the clean surface
and coverages of 0.3 and 5.8 Å are shown resolved into
constituent peaks using a nonlinear least-squares fitting rou-
tine, using accepted values for fit parameters such as the
spin-orbit splitting, Lorentzian broadening, and surface core-
level shift.13,14 The clean surface is composed of two peaks
corresponding to bulk and surface Ga atoms in GaP and the
almost equal intensity indicates the surface sensitivity of the
experimental probe. The residuum is shown beneath each
fitted spectrum. During exposure to ZnS, the Ga 3d peak

broadens and develops a shoulder at low kinetic energy
~KE!. At each coverage, the curve can be resolved into three
peaks, with the higher kinetic energy bulk peak having the
highest intensity throughout. This indicates that disruption of
the bulk Ga in GaP is not large and all chemically shifted
components are due to Ga atoms near the surface region. The
degree of intermixing at the interface is less than reported for
similar systems where extra components in the cation peak
have been associated with compound formation with the
group VI element. For example, in ZnTe on GaSb and ZnSe
on GaAs, core-level10 and Raman scattering studies15 have
indicated the formation of III2VI3 compounds which have
the defect zinc blende structure.16 The surface peak is attenu-
ated with increasing coverage while the lowest kinetic en-
ergy peak increases intensity relative to the bulk peak up to a
coverage of 12 Å. Above this coverage, the line shape does
not change further. This lower-energy peak is identified as
due to Ga–S bonding, in agreement with studies of sulphur
adsorption on both~111! and ~001! surfaces of GaAs,17,18

where low-energy components at around 0.5 eV below the

FIG. 1. Set of spectra of the gallium 3d peak from a GaP~110! surface
exposed to doses of ZnS as indicated, recorded at a photon energy of 80 eV
under an angle of emission of 45°. Inset: intensity of the gallium 3d peak on
a logarithmic scale, as a function of ZnS layer thickness, indicating near-
layerwise growth. Selected spectra are shown resolved into three compo-
nents. As the ZnS grows, the surface gallium atoms are suppressed and a
new low-energy component corresponding to interfacial Ga–S binding ap-
pears.
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bulk peak were also identified as due to Ga–S bonds. It thus
appears that a thin interface layer containing Ga–S bonding
is present in this system.

In addition to the chemically shifted components, all
peaks are seen to shift to higher kinetic energies at the first
coverage of 0.2 Å, and a smaller shift to lower kinetic energy
is observed above 5.8 Å. The former is due to band bending
at the GaP interface due to zinc and sulfur adsorption and it
is important to quantify this Fermi level shift in order to
calculate the valence band offset. The smaller shift at higher
coverages is also reflected in the phosphorus and sulfur core
levels and is believed to be due to surface charging as the
surface conductivity decreases with ZnS growth.

Corresponding emission spectra from the phosphorus 2p
core level are shown for comparison in Fig. 2. The most
striking feature in these spectra is that no extra peaks appear
during ZnS growth. The surface peak at high kinetic energy
is attenuated with coverage and is almost completely absent
above 6 Å. This is in apparent conflict with a report by
Dudziket al.19 who reported a low kinetic energy component
in the phosphorus 2p spectrum of GaP when dosed with

H2S. This may be due to the presence of zinc which could
contain the phosphorus in the bulk, or the higher growth
temperature resulting in phosphorus desorption. A simple in-
terpretation would then be a Zn–Ga exchange, accompanied
by Ga–S interface bonding.

In order to further test this simple picture, the emission
from the sulfur 2p level was also measured as the ZnS layer
was grown and selected spectra are shown in Fig. 3. All
spectra have been normalized to equal height for clarity, and
each spectrum includes the fit components and the total fitted
curve. At low coverages, the lower intensity precludes an
accurate resolution of the spectra into components, although
the coverage of 1.3 Å clearly requires three components
~a!,~b!,~c! as shown. Peak~c! is absent at the next coverage,
and subsequent peaks can be fitted using only the two com-
ponents~a!,~b!. The origin of peak~c! remains unclear, but
this peak is absent above a coverage of 1.3 Å indicating that
it is unlikely to be due to gallium–sulfur bonds; it might be
due to sulfur–sulfur bonds in the initial stages of growth.

Peak~a! remains dominant throughout and at a coverage
of 46 Å no other peak is present. As this corresponds to the

FIG. 2. Set of spectra of the phosphorus 2p peak for different layer thick-
nesses of ZnS on GaP~110! as indicated, recorded at a photon energy of 190
eV under an angle of emission of 45°. All spectra could be resolved into two
spin-orbit split components corresponding to bulk- and surface-coordinated
phosphorus atoms.

FIG. 3. Selected spectra showing changes in the sulfur 2p core level during
ZnS growth on GaP~110!. The dominant peak~a! is due to Zn–S bonding,
and the lower kinetic energy peak~b! indicates Ga–S bonding which results
from a coverage-dependent chemical reaction which is confined to the in-
terfacial region.
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point at which there is no substrate gallium and phosphorus
emission, peak~a! is ascribed to sulfur atoms in bulk ZnS. At
23 Å, a second, lower kinetic energy peak is present, al-
though with a low relative intensity. This peak~b! is present,
in varying amounts at all lower coverages, with a broadening
larger than peak~a!. The intensity of this feature relative to
the ZnS peak~a! appears to reach a maximum at 12 Å. Since
the increase in relative intensity follows the increase in the
corresponding low kinetic energy feature in the gallium 3d
emission, this peak is ascribed to gallium–sulfur bonding at
the interface. The intensity change suggests that the extent of
intermixing at the interface increases up to a coverage of 12
Å and then ceases. At higher coverages, therefore, peak~b!
does not contribute to the sulfur 2p signal. @Note that one
~110! double layer of ZnS is about 3.82 Å, and so 12 Å
corresponds to about three double layers.# Since the intensity
of peak~b! never exceeds 30% of the intensity of peak~a!,
the gallium–sulfur compound formation is confined to the
interface region. It is interesting to note that the lattice con-
stant of gallium sesquisulfide Ga2S3 @5.44 Å ~Ref. 16!# is
close to that of both GaP and cubic ZnS, such that the for-
mation of this phase at the interface would not present an
obstacle to epitaxial growth of ZnS on GaP, as for other
similar heterojunctions.20

The persistence of the peak at 23 Å indicates that the
growth is not fully layer by layer, but the film is completely
closed at 46 Å. As for the substrate gallium and phosphorus
emission peaks, a shift in all peaks to lower kinetic energy at
12 Å reflects the charging of the increasingly insulating
layer. The Zn 3d band~not shown! also has a low intensity
low-energy component at coverages below 3.2 Å, indicating
that there is small amount of zinc–substrate bonding in the
interfacial region. LEED diffraction patterns such as shown
for clean GaP~110! and a ZnS overlayer of 260 Å thickness
revealed the pattern expected from the growth of a layer of
cubic ZnS, with sharp diffraction spots and a low diffuse
background, suggesting overlayer growth of good crystalline
quality, but no attempts at a quantification of crystalline qual-
ity were made in the present study.

B. Valence levels and heterojunction band offset

Having established the growth of cubic ZnS layers of
~110! orientation with good crystalline quality, we proceed to
evaluate the valence band spectra in terms of cubic ZnS bulk
bands, and to establish the band offsets between GaP~110!
and cubic ZnS. The valence band spectrum of GaP~110! cov-
ered with different amounts of ZnS is shown as a function of
deposition in Fig. 4, recorded at a photon energy of 80 eV.
The spectrum is found to shift to higher binding energies,
and to gradually change its appearance with deposition; the
sharp peak at 2 eV below the VBM is attenuated, and a
broader group of peaks appears at 2 eV below the VBM of
ZnS ~top spectrum!. The VBM is shifted by about 0.46 eV
with respect to the second GaP spectrum from the bottom;
the shift between the first and second spectrum from the
bottom is due to band bending as in the Ga 3d peak in Fig.
1. The spectra at intermediate coverages can be viewed as a

superposition of contributions from the top~ZnS! and bottom
~GaP! spectra, possibly with some additional contribution
from the interface reaction layer, which cannot be resolved
here. What is evident from this set of spectra is the shift of
the valence band maximum~VBM ! towards lower energies,
indicative of the formation of a valence band offsetDEv .
The magnitude ofDEv cannot be derived directly from the
shift of the VBM itself, since band bending in the substrate
occurs upon overlayer deposition, as evidenced through the
shift of the GaP-derived valence spectrum. Upon deposition
of the first layer, all spectral features shift by 0.46 eV. This
shift is identical to that observed on the gallium 3d and
phosphorus 2p peaks, which confirms its origin as being due
to band bending. Based on this value for the band bending
shift, we evaluate the valence band offset asDEv50.83 eV.
From the band gap of GaP of 2.26 eV21 and that of cubic ZnS
of 3.68 eV8 this leads to a conduction band offset of 0.59 eV,
i.e., the heterojunction is of the straddling type.

Cubic ZnS on GaP is one of the lattice-matched hetero-
junctions, which are amenable to superlattice calculations of

FIG. 4. Valence band spectra of clean GaP~110! ~bottom curve! and increas-
ing thicknesses of ZnS as indicated. Note the shift of the valence band
maximum to lower kinetic energies as the ZnS layer is built up. Inset:
arrangement of valence band maxima, and magnitude of valence and con-
duction band offsets derived from our experimental results.
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band offsets such as performed for similar systems~see, for
example, Ref. 22!. However, for this particular heterojunc-
tion such detailed theoretical considerations are not avail-
able. An appropriate scheme for this system is then the di-
electric midgap energy~DME! model of Cardona and
Christensen23 which bases its predictions ofDEV on bulk
semiconductor properties. The DME model23 for ZnS/GaP
yields a value forDEv of 1.17 eV, i.e., a discrepancy of 0.34
eV or almost 40% of the entire band offset. Other schemes
that rely on bulk properties yield even higher values. On the
basis of a recent calculation,24 the bond ionicities of GaP
~0.36! and ZnS~0.76! show a large difference as expected.
For a similar difference in ionicities~e.g., the ZnSe/GaAs
system!, a supercell calculation of dipole effects at the
interface25 yields a reduction of up to 0.77 eV in the magni-
tude of the band offset through the influence of the interface
dipole. Thus the discrepancy between our present experimen-
tal results and the DME predictions is not too disturbing, but
a supercell calculation of the present system would be desir-
able.

IV. CONCLUSION

Epitaxial films of cubic zinc sulfide of good crystalline
bulk and surface quality have been grown on GaP~110! by
molecular beam epitaxy. The core-level photoelectron spec-
tra show layerwise growth and the presence of a small
amount of interface reaction leading to the formation of a
Ga–S compound. The valence band offset has been evalu-
ated at 0.83 eV, which shows that this system is of the strad-
dling type, with the offset distributed about equally between
the valence and conduction bands.
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