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Electronic band structure of zinc blende
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The electronic bulk and surface band structure of cubic zinc sulphide~‘‘zinc blende’’! has been studied by
angle-resolved photoelectron spectroscopy using synchrotron radiation. Thes-p derived bands along the
G-K-X high-symmetry direction have been determined, and the region of the Zn 3d line has been examined.
Spectra at fixed photon energy and variation of polar electron emission angle were used to determine the
dispersion of the surface states along theḠ-X̄ within the surface Brillouin zone. The experimental data for bulk
and surface bands are compared with results of a recent density-functional calculation, which includes the
interaction between thes-p and the cationd-derived states.@S0163-1829~98!09635-0#
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I. INTRODUCTION

The electronic structure of II-VI semiconductors has
ceived renewed interest in view of their applications in no
optoelectronic devices.1 Epitaxial growth of II-VI materials
of high quality is now routinely achieved, and optoelectron
devices such as light emitting diodes and lasers based o
ZnS/ZnSe class of materials have been demonstrated.2 How-
ever, a detailed study of the electronic band structure of Z
using angle-resolved photoemission has not been publis
to date. Such data are useful for determining the trend
band dispersions and the energies of the shallow core le
across the II-VI and III-V families of materials. It is als
useful to compare the electronic structure of those II-VI m
terials that occur both in the wurtzite and the~in some cases
metastable! cubic conformation.3–6 These are similar in tha
both have a tetragonal coordination with their nearest ne
bors, and nearly identical distances with their second nea
neighbors. This is also true for ZnS, since growth on h
agonal ZnS results in wurtzite layers, whereas on cubic s
strates the cubic~zinc blende or sphalerite! phase results.7

Here we report on a band-structure investigation of cu
ZnS by means of angle-resolved photoelectron spectrosc
Growth of ZnS on GaAs results in a strained layer in view
the lattice mismatch between these materials, which may
removed by a sequence of ZnSxSe12x buffer layers. We have
circumvented this complication by growing epitaxial laye
on GaP~110!, since the lattice mismatch between GaP a
cubic ZnS is only about 0.7%. Our previous study of t
epitaxial growth of ZnS on GaP~110! has shown that layer
of good crystalline quality can be grown this way. Moreov
ZnS crystals of sufficient size, and with a carrier concen
tion high enough for photoemission experiments, are
available.

A study of the valence-band structure of II-VI semico
ductors is timely since advances have recently been mad
the theoretical description of their electronic structure. T
valence bands of the II-VI materials differ in one importa
aspect from that of the III-V group of semiconductors, in th
the cationd states are much closer in energy to the up
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valence bands, and are thus expected to have a much s
ger interaction with these. In fact, recent quasiparticle cal
lations for CdS using theGWapproximation have shown tha
the full cationic shell with main quantum numbern54 must
be taken into account in order to provide a description t
shows good agreement with experiment.8 This is particularly
evident in the energy of the cationd level, which may show
deviations of up to 4 eV from the experimentally determin
binding energy if such corrections are not taken into accou
Our present study extends this comparison to cubic Z
Pollmann and co-workers have recently obtained an equ
satisfactory description of thed-p interaction through their
self-interaction and relaxation-corrected pseudopotent
~SIRC-PP!, which have been used to study the electro
structure of many II-VI compound semiconductors,9 among
them cubic ZnS.

II. EXPERIMENT

All experiments were carried out in an ultrahigh-vacuu
photoelectron spectrometer with a base pressure of abo
310211 mbar, equipped with a high-resolution angl
resolving electron energy analyzer~HA 50 from VSW Ltd.
UK, and ADES 400 from Vacuum Generators, UK!, a cleav-
age tool, sample load lock, temperature-controlled manip
tor that allowed cooling and heating of the samp
molecular-beam epitaxy~MBE! cells, and a low-energy elec
tron diffraction ~LEED! optics ~Omicron GmbH, Germany!
for the study of overlayer crystallinity. Crystals of Ga
~MCP Ltd., UK!, with a carrier concentration of 3
31017 cm23, were oriented and cut to be cleaved using t
double-wedge technique. ZnS with 99.9999% purity~Crystal
GmbH, Berlin! was deposited from a water-cooled MBE ce
at temperatures of around 650 °C, leading to growth rate
about 0.1–0.5 nm/min. Soft-x-ray photons from the BESS
~Berliner Elektronen-Speicherring-Gesellschaft fu¨r Synchro-
tronstrahlung mbH! storage ring were dispersed by the TG
4 toroidal grating monochromator. The system provided
overall resolution of about 70–150 meV for photon energ
between 12.5 and 100 eV. Overlayers were grown, as pr
7053 © 1998 The American Physical Society
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7054 PRB 58S. R. BARMAN et al.
ously described,10 on several different substrates in order
establish the optimal growth temperature of 100 °C, char
terized by a minimum amount of interface reaction as judg
from the Ga 3d core levels, and the quality of the LEED
diffraction pattern. Photoemission spectra were recor
with the light impinging onto the sample at an angle of in
dence of 45°, with the plane of polarization of the linea
polarized light parallel to the@100# azimuth.

III. RESULTS AND DISCUSSION

A. Bulk band structure

An overview of the band structure of cubic ZnS can
obtained from the set of normal-emission spectra shown
increasing thickness in Fig. 1, recorded at a photon energ
43 eV. The bottom spectrum shows the features of the c
GaP~110! surface, with emission concentrated near
valence-band maximum~VBM !, and the intense Ga 3d core-
level emission at a binding energy of 18.5 eV with respec
the VBM of GaP. Upon depositing 9 Å ZnS, the Zn 3d
emission emerges, and the valence band shows an extra
at about 2 eV below the VBM. At a layer thickness of 93
the ZnS features dominate the spectrum, with the Zn 3d peak
more intense. Finally, at 260 Å ZnS, smaller features in
VB can be seen, and a weak feature below the Zn 3d line is
observed, which we ascribe to the sulfur 3s level, as dis-
cussed later in the text. Our determination of the valen
band dispersionE(k) of different bands is based on the we
known free-electron final-state model, where electr
momentumk' along the high-symmetry direction normal

FIG. 1. Valence level spectra for the clean GaP~110! surface and
two depositions of ZnS as indicated, recorded in normal emissio
a photon energy of 43 eV. Note the change in appearance o
features near the valence-band maximum~VBM !, and the shift of
the VBM as the ZnS layer builds up.
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the crystal surface@G-K-X for the present case of a~110!
surface# is determined on the basis of the free-electron re
tion

k'5A2m/\2A~E2V0!, ~1!

whereV0 is the inner potential. This is the only free param
eter in this model, and is adjusted to give identical init
band energies for specific transitions to different final-st
branches.

Normal-emission spectra for a 260 Å ZnS film, taken ov
a wide range of photon energies~14–103 eV!, are shown in
Fig. 2. All features except the lowest binding-energy peak
about 5 eV below the VBM exhibit dispersion with photo
energy, and this is a clear sign of bandlike behavior of
initial states. This is particularly evident in the second pe
from the VBM at photon energies of 14, 15, and 16 eV, a
the same peak, reversing its movement towards the VBM
photon energies between 22 and 27 eV. Another set
clearly dispersing peaks is the second peak again betwee
and 58 eV photon energy. What is less obvious upon fi
inspection is the shift in the peak near the VBM, for e
ample, between 31 and 49 eV. Finally, a clear sign for
dominance of direct i.e.,k-conserving transitions, is the na
rowing of the entire spectrum, and the binding-energy mi
mum of the leading peak, at a photon energy of 43 eV, s
gesting that transitions at a critical point are reached her

It is well known that the band structures of the cubic III-
and II-VI semiconductors exhibit several similarities, a
thus the general course of the bands is known: at theG point,
all threep-like bands coalesce~except for spin-orbit interac-
tion, which causes the bands to split!. The bands disperse

at
he

FIG. 2. Series of valence-band spectra from a 260-Å-th
ZnS~110! layer, recorded in normal emission for photon energ
from 14 to 103 eV. Note the shift of some features with phot
energy, indicative ofk-conserving transitions.
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PRB 58 7055ELECTRONIC BAND STRUCTURE OF ZINC BLENDE
down towardsK and X, with the top two bands becomin
degenerate atX. In order to derive an experimental ban
structure, one needs to determine peak positions that co
spond to the initial-state energies. For clearly separa
peaks of a reasonable shape, this is straightforward, but t
are cases where only a shoulder can be distinguished. In
absence of available calculations of the photoelectron s
trum, or a suitable model function for the peak shape
valence transitions, we use clearly distinguishable peak
shoulders and also take into account situations where p
become broader with photon energy. These peaks are
translated into points in anE(k) diagram on the basis o
values calculated fork from Eq.~1!, using an inner potentia
of 6.5 eV. This diagram, wherek is given in Å21, in the
range fromG throughK andX, is shown for the region of the
valence bands and Zn 3d levels in Fig. 3. Here the data ar
plotted such that the transitions at the lowest binding ene
are set equal to the valence-band maximum, which invol
a rigid shift of 0.65 eV of all bands when compared with t
plot of the raw spectra in Fig. 2. Also shown is a calcula
band structure for the valence bands, based on the den
functional theory~DFT! calculation using the self-interactio
and relaxation-corrected pseudopotentials of Vogelet al.9

~solid lines!. The three bands expected from the gene
shape of the band structure are clearly seen in the experim
tal data, and they closely follow the dispersions predicted
the calculation. The range of photon energies accessible
permits the detection of direct transitions from theG point
out to K and beyondX, covering this branch of the ban
structure twice, such that we have two independent data
a fact that puts the determination of the inner potential, a
the shape of the bands, on a solid foundation. For the re
betweenK and X, we note that the lowest band does n
disperse much, as expected. For the first and second~S1 and

FIG. 3. Experimental band structure of cubic ZnS along
G-K-X direction; a constant offset of 0.65 eV is used for the pe
positions with respect to Fig. 2. The lines are from the dens
functional band-structure calculation by Vogelet al. ~Ref. 9! dis-
cussed in the text.
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S2! bands, it is clear from the data points that they are
generate atX, as expected on symmetry grounds.

There are several calculations of the cubic ZnS ba
structure, from the early empirical pseudopotential ones
to the present density-functional schemes, which use
local-density approximation~LDA ! for the inclusion of cor-
relation and exchange. Though the latter areab initio calcu-
lations, they are known to be subject to two shortcomin
First, they generally underestimate the size of the fundam
tal band gap, by up to 90% in some cases@ZnO ~Ref. 9!#,
since the eigenvalues of the Kohn-Sham equations have
a physical meaning for the highest occupied states. Sec
the DFT-LDA calculations fail to correctly describe strong
localized coreliked states and thus underestimate their bin
ing energies. The reason for this lies in an unphysical s
interaction, and in a neglect of the electronic relaxation in
standard LDA calculation for such states. This moves thd
states much closer towards the topmostp states, artificially
enlarging their mutual interactions and negatively affect
the dispersion of thep states, by shifting them much closer
the conduction bands.

The problem ofd-p interaction is not very important fo
III-V semiconductors, where thed states are about 10–12 e
below thep states. However, in the present case of the II-
compounds, thed states of Zn, Cd, and Hg are within abo
4–5 eV of thep states. One way to overcome this problem
to perform quasiparticle band-structure calculations based
the GW approximation, including the semicore electrons e
plicitly. Such calculations have been carried out for cub
CdS and ZnSe. However, they are very time-consuming e
for bulk crystals, and forbidding for surface or interface c
culations. Pollmann and co-workers have recently devised
alternative way to deal with this situation, by introducin
self-interaction corrections~SIC! into the standard LDA cal-
culations. They have also devised a variant of this schem
which even electronic relaxation is taken into account~self-
interaction and relaxation corrections, SIRC!. This work is
partly based on previous work by Zunger11 and Rieger and
Vogl.12 Here, new pseudopotentials are constructed that t
into account self-interaction and relaxation in the constitu
atoms, by reference to the atomicD-self-consistent-field ap-
proach pioneered by Hedin and Johansson.13 The new
pseudopotentials can then be used in a standard LDA c
A strong justification for taking atomic relaxation as a ba
for a solid-state calculation is provided by the observat
that the difference between experimental and theoret
binding energies of the cationd states is roughly constant fo
the II-VI semiconductors, irrespective of lattice constant a
whether zinc-blende or wurtzite lattices are taken into
count.

In a previous publication, we have performed an expe
mental determination of the valence-band structure of cu
CdSe, and have compared our results with a theoretical b
structure based on the SIC and SIRC approach. As wel
obtaining good agreement for the upper valence band
was found that the binding energy of the Cd 4d states is well
represented by the calculations. The calculations predi
sizable dispersion in these states, and by comparing a ca
lated density of states in this region with an experimen
spectrum, we were able to explain a shoulder peak on the
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7056 PRB 58S. R. BARMAN et al.
3d peak in terms of a strongly dispersing band, in contras
previous publications that had assigned this feature to e
sion from the Se 4s band.

In line with our expectations, a comparison between
SIRC calculations and our experimental data for the bind
energy of the Zn 3d band in cubic ZnS yields an equall
gratifying result as in the case of cubic CdSe. This is sho
in the lower part of the band structure of Fig. 3, and in F
4, where four spectra of the Zn 3d region are shown, re
corded at different photon energies in normal emission. T
experimental binding energy of 8.9 eV below the VBM com
pares well with the calculated value of 9.4 eV.9 There is no
clear indication for Zn 3d dispersion in the raw data, such a
shoulder peaks, in the spectra of Fig. 4. In order to dis
guish changes in the line shape, we have performed a s
Gaussian fits to these spectra. The spectrum for\v555 eV
can be fitted with one dominating Gaussian and a small c
tribution to take account of a small asymmetry towards low
binding energies. The main Gaussian has a constant
width at half maximum~FWHM! for a fit of all spectra,
which is reasonable since the linewidth~about 1.5 eV! is
much larger than the experimental resolution, which
creases from about 100 to about 180 meV over the rang
photon energies used for the spectra in Fig. 4. We note
the second Gaussian becomes increasingly important f
reasonable fit for\v563 and 75 eV, but decreases in inte
sity beyond this energy~see the spectrum for\v5105 eV!;
in fact, the spectrum at 75 eV has a markedly broader p
We regard this as an indication that the contributions fr
the Zn 3d band~five bands in all at an arbitrary point ink

FIG. 4. Set of spectra for the region of the Zn 3d peak, with a
Gaussian fit to the line shape discussed in the text. The lines b
each spectrum indicate the residuum.
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space! exhibit some degree of dispersion, which makes
peak appear broader and more asymmetric in the second
third spectrum from the bottom. This view is supported
the observation that the peak in fact becomes narrower at
eV, where it should broaden if the instrumental resolutio
which is lowest here, were responsible for this effect. A fu
ther determination of the dispersion of the Zn 3d levels can-
not be performed in this manner since the intrinsic linewid
is too large for an assignment in terms of separate disper
bands. The identification of the anions level with the small
peak about 3.5 eV below the Zn 3d peak~shown enlarged in
Fig. 1! precludes any involvement of this level in the Zn 3d
peak group. It also gives a graphic comparison of intensi
of these two peaks. The assignment of this small featur
the sulfur 3s peak is supported by the valence-band pho
emission data taken with high~1253.6 eV! photon energy,14

which shows this peak much more clearly since the cro
section difference for the Zn 3d and S 3s levels decreases a
higher photon energies. The SIRC calculations also loca
the center of gravity of the sulfur 3s band at about 3 eV
below the Zn 3d energy.

B. Emission from surface states

An experimental determination of the bulk band structu
of III-V and II-VI compound semiconductors by means
photoemission is facilitated by the fact that the spectra
only moderately affected by surface-state emission. Th
well-known problem in the more heavily reconstructed lo
index surfaces of the elemental semiconductors,15 the photo-
emission spectrum of which is largely dominated by surfa
state emission, masking the bulk band transitions. The s
ation is less complicated on the~110! surfaces of the zinc-
blende-type semiconductors, where the surface is o
modified by a mild atomic rearrangement in the bond-an
rotation relaxation and leads to a redistribution of cha
from the cations to the anions. This causes the an
dangling-bond surface state to become fully occupied, m
ing its energy into the valence band, while the cati
dangling-bond state becomes empty, moving into the c
duction band.16 The fundamental band gap is thus devoid
surface states. Surface band-structure calculations pred
number of surface-related features for the zinc-blende~110!
surfaces, for example for GaAs. A large body of data h
been collected on the dispersion of occupied and unoccu
dangling-bond states on these surfaces.17 A strong surface-
related feature that is found on all~110! surfaces of the III-V
compound semiconductors, near the VBM at the cente
the surface Brillouin zone, has been related to the an
dangling-bond state. Generally, this surface state is obse
a few hundred meV below the VBM at the centerḠ of the
surface Brillouin zone~BZ! @with the possible exception o
GaSb~110! ~Ref. 18!#, and disperses to higher binding ene
gies for increasing values of the parallel component of
electron wave vectorki towards theX̄ point at the surface
BZ boundary. Such a trend is indeed observed in the lead
peak in the series of spectra shown in Fig. 5, recorded
photon energy of 43 eV for varying angles along the@001#,
i.e., Ḡ-X̄ azimuth. The trend in the peak dispersion is fou
to reverse beyond the surface Brillouin-zone boundary, w
the energy of the leading peak almost reaching the ini

w
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PRB 58 7057ELECTRONIC BAND STRUCTURE OF ZINC BLENDE
energy atḠ ~polar angleQ50°! aski comes close to theḠ
point of the second surface Brillouin zone. This demonstra
that the leading peak in fact is surface derived, since
surface Brillouin zone of the cubic~110! surface, when pro-
jected onto the bulk Brillouin zone, is smaller than the latt
such that a bulk-derived band cannot exhibit a reversa
dispersion at this point~see Fig. A1 in Ref. 19!. An interest-
ing feature is the broad emission above the strongly disp
ing surface state, which appears as a shoulder close to
VBM for angles from 10° to 24°. This emission occurs in
region where no bulk bands exist according to the projec
bulk band structure~Fig. 6!, and is therefore also surface
related; however, the possibility that it might be due to u
klapp processes involving bulk bands cannot be ruled
The origin of this state is discussed in comparison to surf
band-structure calculations below.

Two other features in the spectrum appear to have a s
lar behavior. These are a shoulder peak, seen in normal e
sion at about 1.5 eV binding energy with respect to
VBM, which comes out quite clearly in the spectrum
higher ki , and a peak at about 2.8 eV below the VBM
which at higher values ofki moves towards the stationar
peak at 5.3 eV, derived from the large density of states of
lowest band between theK andX points of the bulk Brillouin
zone. This third dispersing peak is also seen to move b
towards the VBM beyond the zone boundary. The pho

FIG. 5. Set of spectra from a 260-Å-thick ZnS~110! layer, re-
corded at a photon energy of 43 eV for different values ofki along

the Ḡ-X̄ direction of the surface Brillouin zone. The intense pe
near the VBM exhibits a strong dispersion away from the VBM a
is seen to reverse this trend beyond the Brillouin-zone boundar
X̄ (ki50.82 Å21).
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energy of 43 eV was chosen for this experiment since it
been shown20 that surface-state photoemission intensity e
hibits a strongly oscillatory behavior. It becomes strong
enhanced for photon energies at which bulk bands clos
energy undergo direct transitions. The dangling-bond surf
state in ZnS is closest in energy to the bands at theG point of
the bulk Brillouin zone, and thus it becomes enhanced
intensity at those photon energies where direct transiti
between states atG occur; a similar behavior in surface-sta
emission from compound semiconductors was previou
found in InP~110!.21 Thus, the observation of strong emi
sion from a state that is clearly identified with a surface st
from its dispersion trend withki , is an independent confir
mation of the assignment of transitions nearG from the free-
electron final-state model above.

The dispersion of the surface-related peaks in the se
spectra in Fig. 5 is displayed in Fig. 6, betweenḠ andX̄, by
filled, gray, and open squares; again, a rigid shift of 0.65
towards lower binding energy was carried out with respec
the plot in Fig. 5. The dispersion of the leading peak
normal emission is shown by filled squares, while the sho
der that is clearly seen at the lower-binding-energy side
the leading peak is shown by gray squares. The wea
higher-binding-energy features in the spectra of Fig. 5
shown as open squares. Also shown is the region of
projected bulk bands and the dispersion surface-related
tures derived from the SIRC-PP calculation of Vogelet al.22

The calculations, which predicttwo surface bands labeledA4
andA5 close to the VBM, differ from the body of theoretica
data that has been assembled on the surface band structu
the III-V materials, which only predictone surface state.
This is expected to occur within a simple picture of brok
bonds at the surface, in contrast to the calculations for
III-V semiconductors. From calculated charge-density ma
Vogel et al. identified the strongly dispersingA4 state with
the in-plane surface bond, while the rather weakly dispers

at

FIG. 6. Surface band structure of ZnS along theḠ-X̄ direction.
The data points are from an evaluation of the angle-resolved spe
in Fig. 5 ~see text!; a constant offset of 0.65 eV is used for the pe
positions with respect to Fig. 5. The lines are from the SIRC-
calculation of the ZnS~110! surface bands, where the hatched ar
indicates the region where bulk bands exist.
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A5 is assigned to the dangling-bond state. These two st
are quite different in their dispersion across the surface B
louin zone; the dangling-bond state exhibits only a sm
dispersion~about 0.2 eV!, while the in-plane bond state has
large ~1 eV! dispersion. While one may argue that the e
perimental data in Figs. 5 and 6 show good agreement w
the SIRC-PP calculations, such that the leading peak wo
be assigned to theA4 in-plane surface bond~filled squares!
and the lower binding-energy shoulder to theA5 dangling
bond ~gray squares!, the present data cannot be regarded
proof for the rather unexpected result of the SIRC-PP ca
lations, since this differs from a large body of theoretic
data for similar III-V compound semiconductor surface
This aspect merits further investigation, in particular from
theoretical point of view where a comparison between th
different approaches for a well-studied system would
most interesting. The two features found at higher bind
energies are located in the region of the projected b
bands, such that they must be ascribed to surface resona
Such resonances are often difficult to identify, although th
have been predicted to exist on many~110! surfaces of III-V
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compound semiconductors~see, for example, Ref. 17 or th
data collection in Ref. 23!. No evidence for such surface
derived states have been found in this region in the SIRC
calculations, however.

In summary, we have used photoelectron spectroscopy
a study of the band structure of cubic ZnS along theG-K-X
line, and found clear evidence fork-conserving transitions
These have been used to determine the band dispersio
the basis of a free-electron final-state model. The dispers
of the surface-related peaks in the spectra has been ma
along theḠ-X̄ direction in the surface Brillouin zone, an
was compared with a surface band-structure calculation.
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