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Zinc sulfide on GaP(110): Characterization of epitaxial growth
and electronic structure
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Epitaxial layers of ZnS were grown on cleaved GHIP) 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 diffractioBED) 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. A minor interface reaction is evident
from changes in the appearance of the subsii@g 3d) and overlayeS 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 |); its magnitude is in agreement with predictions based on the dielectric
midgap energy model. €1996 American Vacuum Society.

I. INTRODUCTION Zinc sulfide, with its large band ga8.74 e\P) at the upper
end of the range of the II-VI semiconductors, is particularly
Current activities concerning light-emitting semiconduc-interesting since, with the absence of pronounced spin-orbit
tor devices in the blue-green region of the spectrum have legffects on the electronic structure, a body of theoretical work
to renewed interest in the electronic properties of 11-VI com-already exists, which has not been matched by experimental
pound semiconductor materials. With respect to the growtijata. This study is part of a series of photoelectron spectro-
of thin films on IlI-V substrates, an investigation of their scopic and low-energy electron diffractiGoEED) studies of
interface chemistry and the charge transport barriers betwean-vI compound semiconductor layers such as ZhTe,
substrate and overlayer is important. In the recently demonedS! and CdS# on lattice-matched 11I-V semiconductor
strated blue-green lasers ZnSe and its alloys with ZnS areurfaces, which have been used in order to follow trends in
used as cladding layers and for the creation of latticeinterfacial chemical reactions and valence band offsets, and
matched epitaxial layers to a GaAs substfaktere we re-  the differences in electronic structure for a material which
port an investigation of zinc sulfide layer growth, interfacecan crystallize in the zinc-blende and cubic modifications.
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?oBipossibly || EXPERIMENT
due to the lack of suitable conducting samples. As for theo-
retical investigations, the bulk electronic structure has re- EXperiments were carried out in two separate ultrahigh
cently been studied within the density-functional Vacuum chambers with a base pressure sfl8 ** mbar,
formalism®’ The good lattice matcha mismatch of 0.7%  €ach equipped with a high-resolution angle-resolving elec-
between cubic ZnS and GaP renders the latter ideally suiteion energy analyzefHA 50 and HA 100 from VSW Ltd.,
as substrate material for the growth of the cubic modificatiot/K), @ cleavage tool, a temperature-controlled manipulator
of ZnS. In an earlier study of ZnS growth on(8i1),° prob-  that allowed cooling and heating of the sample, molecular
lems with sulphur passivation of the silicon surface werePeam epitaxyMBE) cells, and LEED optics for the study of
observed, such that crystalline order of the layers was nd@verlayer crystallinity. Crystals of GafMCP Ltd., UK), n
perfect. Such problems were not encountered in the ZnS/Ga#oped, with a carrier concentration 0fx30' cm™> were
system, and the electronic band structure of the cubic zngriented and cut to be cleaved using the double wedge tech-

layers could be studied in angle-resolved photoemissiorlique. ZnS with 99.9999 purityCrystal GmbH, Berlip was
deposited from a water-cooled MBE cell at a temperature of

dauthor to whom correspondence should be addressed; electronic mai@85_ocy Ieading to growth rates of 2 A/min. Amounts of de-
Horn@fhi-berlin.mpg.de posited material were measured by means of a quartz crystal
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thickness monitofLeybold Inficor), and were calibrated in
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terms of overlayer thicknesses on the basis of the @a 3 Cubic ZnS on GaP(110)

attenuation curve. In these experiments, cor_e-level photo- Ga 3d 00§ Ga 3d attenuation curve
electron spectroscopy was performed on station TGM 4 at hv = 80 eV o5}

BESSY (Berliner Elektronen-Speicherring-Gesellschaft fu - g10f

Synchrotronstrahlung mbH and station 6.1 at the SRS :)0-1.5:-

Dareshury storage ringparesbury, UK. In the BESSY ex- g -20F

periments, only the Gad Zn 3d, and valence band regions Kl VT U T/

were accessible; the phosphorup and sulfur 2 levels 25

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 rung, or at 45° to the surface normal along the
[110] 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 @aB 2p,

and S 2 core levels, and the quality of the LEED diffraction
pattern.

5 10 15 20
ZnS layer thickness (A)

() ssauzorp toke

[ll. RESULTS AND DISCUSSION

A. Overlayer growth and interface chemistry

normalized intensity (arb. units)

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- — AR surface
tigation in our study are the Gad3and P 2 levels of the 53 54 55 56
substrate, and the Znd3and S % levels of the overlayer. kinetic energy (eV)
The Zn 3 peak is less suitable for an analysis of chemical ,
reactions since it has band character, being located at a binf: &, Setof oec of e gallumdoeak fom « Gafin suwtace ||
ing energy of only 9.3 eV below the valence band maximumynder an angle of emission of 45°. Inset: intensity of the galliup8ak on
(VBM). Thus in both sets of experiments, the intensity de-a logarithmic scale, as a function of ZnS layer thickness, indicating near-
crease of the GadSpeak was analyzed in terms of Over|ayer layerwise growth. Selected spectra are shown resolved into three compo-

. nents. As the ZnS grows, the surface gallium atoms are suppressed and a
growth mode, but only in the Daresbury runs thePlevel new low-energy component corresponding to interfacial Ga—S binding ap-
was also recorded and analyzed. pears.

A set of spectra of the Gad3level, recorded at a photon
energy of 80 eV, is shown in Fig. 1 for increasing depositions
of ZnS on a freshly cleaved G&RLO) surface. The overall broadens and develops a shoulder at low kinetic energy
Ga 3 peak intensity is seen to be attenuated with ZnS ex{KE). At each coverage, the curve can be resolved into three
posure, and is completely absent above 46 A. The decreapeaks, with the higher kinetic energy bulk peak having the
in bulk peak intensity is shown in the inset of Fig. 1 and, highest intensity throughout. This indicates that disruption of
although the growth is not completely layer by layer, thethe bulk Ga in GaP is not large and all chemically shifted
small deviation from an exponential curve indicates the abeomponents are due to Ga atoms near the surface region. The
sence of island formation. As for many other systems, thalegree of intermixing at the interface is less than reported for
attenuation rate appears different below and abeeA,  similar systems where extra components in the cation peak
and this is in part due to the initial chemical mixing below have been associated with compound formation with the
this coverage compared with ZnS growth at higher thick-group VI element. For example, in ZnTe on GaSb and ZnSe
nesses. Selected spectra corresponding to the clean surfame GaAs, core-levé? and Raman scattering studi2$ave
and coverages of 0.3 and 5.8 A are shown resolved intindicated the formation of M3 compounds which have
constituent peaks using a nonlinear least-squares fitting rouhe defect zinc blende structuf&The surface peak is attenu-
tine, using accepted values for fit parameters such as thated with increasing coverage while the lowest kinetic en-
spin-orbit splitting, Lorentzian broadening, and surface coreergy peak increases intensity relative to the bulk peak up to a
level shift*'#The clean surface is composed of two peakscoverage of 12 A. Above this coverage, the line shape does
corresponding to bulk and surface Ga atoms in GaP and theot change further. This lower-energy peak is identified as
almost equal intensity indicates the surface sensitivity of thelue to Ga—S bonding, in agreement with studies of sulphur
experimental probe. The residuum is shown beneath eacdsorption on both(111) and (001) surfaces of GaAS!'®
fitted spectrum. During exposure to ZnS, the Ga [eak  where low-energy components at around 0.5 eV below the
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Fic. 2. Set of spectra of the phosphorus Reak for different layer thick-  F 3. Selected spectra showing changes in the sulfuc@e level during
nesses of ZnS on G&RL0 as indicated, recorded at a photon energy of 190 75 growth on Gaf10. The dominant peaka) is due to Zn—S bonding,

eV under an angle of emission of 45°. All spectra could be resolved into twWoyq the lower kinetic energy pedh) indicates Ga—S bonding which results
spin-orbit split components corresponding to bulk- and surface-coordinategom a coverage-dependent chemical reaction which is confined to the in-
phosphorus atoms. terfacial region.

bulk peak were also identified as due to Ga—S bonds. It thull,S. This may be due to the presence of zinc which could
appears that a thin interface layer containing Ga—S bondingontain the phosphorus in the bulk, or the higher growth
is present in this system. temperature resulting in phosphorus desorption. A simple in-
In addition to the chemically shifted components, allterpretation would then be a Zn—Ga exchange, accompanied
peaks are seen to shift to higher kinetic energies at the firdty Ga—S interface bonding.
coverage of 0.2 A, and a smaller shift to lower kinetic energy In order to further test this simple picture, the emission
is observed above 5.8 A. The former is due to band bendingrom the sulfur 2 level was also measured as the ZnS layer
at the GaP interface due to zinc and sulfur adsorption and ivas grown and selected spectra are shown in Fig. 3. All
is important to quantify this Fermi level shift in order to spectra have been normalized to equal height for clarity, and
calculate the valence band offset. The smaller shift at higheeach spectrum includes the fit components and the total fitted
coverages is also reflected in the phosphorus and sulfur comirve. At low coverages, the lower intensity precludes an
levels and is believed to be due to surface charging as thaccurate resolution of the spectra into components, although
surface conductivity decreases with ZnS growth. the coverage of 1.3 A clearly requires three components
Corresponding emission spectra from the phosphopus 2 (a),(b),(c) as shown. Pealc) is absent at the next coverage,
core level are shown for comparison in Fig. 2. The mostand subsequent peaks can be fitted using only the two com-
striking feature in these spectra is that no extra peaks appeponents(a),(b). The origin of peakic) remains unclear, but
during ZnS growth. The surface peak at high kinetic energythis peak is absent above a coverage of 1.3 A indicating that
is attenuated with coverage and is almost completely abseittis unlikely to be due to gallium—sulfur bonds; it might be
above 6 A. This is in apparent conflict with a report by due to sulfur—sulfur bonds in the initial stages of growth.
Dudzik et al1® who reported a low kinetic energy component  Peak(a) remains dominant throughout and at a coverage
in the phosphorus (2 spectrum of GaP when dosed with of 46 A no other peak is present. As this corresponds to the
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point at which there is no substrate gallium and phosphorus

emission, peaka) is ascribed to sulfur atoms in bulk ZnS. At Cubic ZnS on GaP(110) ..., L
23 A, a second, lower kinetic energy peak is present, al- valence band region /?Ga"/ Z”S/Z
though with a low relative intensity. This pedh is present, hv =80 eV . / 4B, = 0596V w2

)l

in varying amounts at all lower coverages, with a broadening
larger than peaka). The intensity of this feature relative to Ey= 2260 €, = 5o8e
the ZnS peaka) appears to reach a maximum at 12 A. Since €,
the increase in relative intensity follows the increase in the 7 4, =- 063V
corresponding low kinetic energy feature in the galliuch 3 W//Ew
emission, this peak is ascribed to gallium—sulfur bonding at 7
the interface. The intensity change suggests that the extent of
intermixing at the interface increases up to a coverage of 12
A and then ceases. At higher coverages, therefore, fi®ak
does not contribute to the sulfump2signal.[Note that one
(110 double layer of ZnS is about 3.82 A, and so 12 A
corresponds to about three double layeBince the intensity
of peak(b) never exceeds 30% of the intensity of pdak
the gallium—sulfur compound formation is confined to the
interface region. It is interesting to note that the lattice con-
stant of gallium sesquisulfide G& [5.44 A (Ref. 18] 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 heterojunction&’

The persistence of the peak at 23 A indicates that the

ZnS

layer thickness (A)
46.1

Normalized intensity (arb. units)

L

22.7
5.8

3.2
1.3

0.3

growth is not fully layer by layer, but the film is completely GaP
closed at 46 A. As for the substrate gallium and phosphorus clean
emission peaks, a shift in all peaks to lower kinetic energy at surface

12 A reflects the charging of the increasingly insulating I T I T T
layer. The Zn 8 band(not shown also has a low intensity 8 [36~ N _2. 0
ey inding energy (eV); Ep =0
low-energy component at coverages below 3.2 A, indicating
that there is small amount of zinc—substrate bonding in th%@. 4. Valence band spectra of clean GHR) (bottom curve and increas-
interfacial region. LEED diffraction patterns such as showning thicknesses of ZnS as indicated. Note the shift of the valence band
for clean GalPL10 and a ZnS overlayer of 260 A thickness maximum to lower kinetic energies as the zZnS layer is built up. Inset:
revealed the pattern expected from the grovvth of a |ayer O:lirrangement of valence_band maxima, and_magnitude of valence and con-
. . . . . duction band offsets derived from our experimental results.
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. superposition of contributions from the tGpnS) 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
Having established the growth of cubic ZnS layers ofthe valence band maximufvBM) towards lower energies,
(110 orientation with good crystalline quality, we proceed to indicative of the formation of a valence band offseE, .
evaluate the valence band spectra in terms of cubic ZnS bulkhe magnitude oAE, cannot be derived directly from the
bands, and to establish the band offsets between1@8P shift of the VBM itself, since band bending in the substrate
and cubic ZnS. The valence band spectrum of @G48 cov-  occurs upon overlayer deposition, as evidenced through the
ered with different amounts of ZnS is shown as a function ofshift of the GaP-derived valence spectrum. Upon deposition
deposition in Fig. 4, recorded at a photon energy of 80 eVof the first layer, all spectral features shift by 0.46 eV. This
The spectrum is found to shift to higher binding energiesshift is identical to that observed on the galliund Znd
and to gradually change its appearance with deposition; thphosphorus @ peaks, which confirms its origin as being due
sharp peak at 2 eV below the VBM is attenuated, and d@o band bending. Based on this value for the band bending
broader group of peaks appears at 2 eV below the VBM obhift, we evaluate the valence band offsetAds,=0.83 eV.
ZnS (top spectrum The VBM is shifted by about 0.46 eV From the band gap of GaP of 2.26 2\and that of cubic ZnS
with respect to the second GaP spectrum from the bottorpf 3.68 e\? this leads to a conduction band offset of 0.59 eV,
the shift between the first and second spectrum from theée., the heterojunction is of the straddling type.
bottom is due to band bending as in the Ghak in Fig. Cubic ZnS on GaP is one of the lattice-matched hetero-
1. The spectra at intermediate coverages can be viewed agumctions, which are amenable to superlattice calculations of

B. Valence levels and heterojunction band offset
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band offsets such as performed for similar systéses, for This work was supported through Bundesministerium fu
example, Ref. 2R However, for this particular heterojunc- Forschung und Technologie under Grant No. 05-5-EBFXBO-
tion such detailed theoretical considerations are not avails5-Tp-02, and through European Community HCM-LSI pro-
able. An appropriate scheme for this system is then the digram Contract No. CHGE-CT93-007.
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