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Sulfur L 2,3 and zincM 2,3 soft-x-ray fluorescence spectra in CdS and ZnS
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The sulfurL2,3 soft-x-ray emission spectra of wurtzite CdS and cubic ZnS and the zincM2,3 spectra of ZnS
have been measured using both photon and electron-beam excitation. The photon-excited sulfurL spectra are
found to be much sharper than electron-beam-excited spectra. Using photon excitation between theL2 andL3
thresholds, a pureL3 spectrum is obtained for both materials. Broad features of the SL spectra, consisting of
a lower valence band~LVB ! derived from the sulfur 3s orbital and an upper valence band~UVB! derived from
S 3p and Cd~Zn! s andp orbitals, are typical of materials with mixed ionic-covalent character. A narrow band
between the UVB and LVB is associated with overlap of Zn 3d and Cd 4d orbitals onto the S site. Thes1d
local partial density of states derived from these spectra provide a rigorous test of band-structure calculations;
they are in good agreement for the position, width, and structure of the LVB and UVB, but place thed band
deeper in the subband gap than theory predicts. The ZnM2,3 spectrum has large lifetime broadening and thus
provides limited information. However, near-threshold excitation of this spectrum shows dramatic effects
resulting from an electronic resonance Raman process.@S0163-1829~97!02208-X#
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I. INTRODUCTION

The II-VI sulfur compounds CdS and ZnS and relat
semiconductor alloys have important applications in mod
science and technology. For example, light-emitting dio
utilizing ZnSxSe12x provide intense light ranging from blu
to violet, which may be tuned by varying the direct band g
by controlling the S concentration.1,2 The electronic proper-
ties of CdS have attracted attention by its application in so
cells.3,4 The design of such electronic devices is based o
detailed knowledge of the electronic band structure. In ad
tion, the zinc-blende structure of ZnS and wurtzite struct
of CdS are relatively simple and well characterized so t
these materials are good candidates for theoretical mode
velopment in solid-state physics. Some theoretical calc
tions of ZnS~Refs. 5–18! and CdS~Refs. 10 and 16–25!
have been reported. Some experimental results on the de
of states, mostly determined from photoemission meas
ment, have been reported for CdS~Refs. 4 and 26–34! and
ZnS.27,30,31,34,35

The electronic properties of IIB-VI compounds with II
elements Zn, Cd, and Hg and VI elements S, Se, and Te
still not completely understood. It is now established expe
mentally that thed bands, derived from the IIB elements, l
in the subband gap between the lower valence band der
from the s orbital of the group-VI elements and the upp
valence band derived from thep states of the group-VI ele
ments and thes states of the IIB elements. The locations
these bands within the gap disagree with the best avail
calculations, however.

The problem may be traced to the difficulty of treatin
delocalizeds-p electrons and localizedd electrons in the
550163-1829/97/55~8!/5051~11!/$10.00
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same calculation. Older calculations, using orthogonaliz
plane-wave~OPW! and Korringa-Kohn-Rostoker method
are well adapted for treatings-p bands, but usually ignored
thed bands altogether, treating them as part of a frozen c
More current calculations use pseudopotential plane-w
and linearized augmented-plane-wave methods and the lo
density approximation~LDA !. These calculations, in com
mon with most LDA calculations, underestimate the me
sured band gaps between valence-band and em
conduction-band states. They also locate thed bands higher
in the subband gap than is observed in photoemission.
latestGW calculation on CdS has improved agreement w
the measured band gap.19 ~TheGWmethod includes the in-
fluence of self-energy and uses a self-energy operator th
a product of the Green’s functionG and the dynamically
screened Coulomb interactionW.! However, thed location is
still about 2 eV higher than experimental results. Some
thors argue that this discrepancy between theory and exp
ment results from the fact that the photoemission proc
leaves a hole in thed bands that increases the binding of t
d electrons. In any case, band gaps, subband gaps, b
widths, and the precise locations of 3d ~ZnS! and 4d ~CdS!
bands are important parameters for comparing experim
with theory, and no current calculations give good agreem
with all of these parameters.

Some experimental data providing electronic density
states information are available for ZnS and CdS. Data
available from ultraviolet photoemission spectroscopy,30,31

angle-resolved photoemission spectroscopy,4,29 and x-ray
photoemission spectroscopy~XPS!.30,35 In photoemission,
the 3d ~Zn! and 4d ~Cd! electron spectra are very intens
and dominate the weaks emission. This fact, in combination
5051 © 1997 The American Physical Society
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5052 55ZHOU, CALLCOTT, JIA, EDERER, AND PERERA
with problems of sample charging, limits resolution for bo
the d-band and (s-p)-band spectra and makes it difficult t
precisely determine bandwidths and separations. Sam
charging in insulators can result in variations in surface
tential that modify the energy of emitted electrons, but no
photons. A few soft-x-ray absorption and emission resu
have been reported for ZnS and CdS.27,28 Good-quality
electron-beam-excitedK and L emission spectra were re
ported for CdS, but an accurate interpretation of the spe
was not given.28

Recent publications show that the energy position
valence-band soft-x-ray fluorescence~SXF! spectra may shift
and the relative magnitude of spectral features may cha
when spectra are excited by photons with energies n
threshold.36–41 All such effects may be attributed to an in
elastic scattering process, usually called an electronic r
nant Raman~ERR! process, in which energy is lost to a
electronic excitation.42 In different materials, the detailed na
ture of the electronic excitation is different. In crystalline S
diamond, and graphite, changes in spectral shape and di
sion of spectral features with variation of the excitation e
ergy are observed, which are attributed tok conservation
between the photoelectron generated in the excitation
cess and the valence hole remaining after the coupled e
sion process.38,39 In BN, the inelastic losses are coupled to
strong resonant elastic scattering process. Here the inte
diate state of the scattering process is a localized core exc
and the final state a localized valence exciton state, so
the electronic excitation is strongly localized in re
space.36,40,41In this paper, we report SL2,3 SXF spectra ex-
cited near threshold for both CdS and ZnS. Some w
modulation of spectral features in the upper valence ban
observed immediately at threshold, which may be attrib
able tok-conserving transitions as in Si and C. However,
the present paper, the most significant result is that we
able to excite between theL2 and L3 thresholds so that a
cleanL3 spectrum is obtained for comparison with theo
The situation is very different for near-threshold excitati
of the Zn M2,3 spectrum. Here a very strong and narro
inelastic peak dominates the fluorescence spectrum
threshold, providing a textbook example of an ERR proc
involving a localized electronic excitation ofd electrons in a
solid.

In this paper, we report our measurements on cubic Z
and wurtzite CdS using SXF spectroscopy. The SXF spe
reported in this paper were made mostly at the U5 undul
beam line 8.0 of the Advanced Light Source~ALS! at
Lawrence Berkeley National Laboratory. The electron-be
emission spectra, along with some early measurements
lower-resolution exciting light, were made on beam li
U10A of the National Synchrotron Light Source~NSLS! at
Brookhaven National Laboratory. In the remainder of th
paper a brief description of experimental procedures is gi
in Sec. II. Results are reported in Sec. III and are discus
and compared with other work in Sec. IV.

II. EXPERIMENTAL PROCEDURES

In soft-x-ray emission~SXE! spectroscopy, core electron
are excited by either energetic electrons or photons. The t
‘‘soft-x-ray fluorescence spectroscopy’’ is reserved for t
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photon excited spectra. SXE spectra are produced when
lence electrons make radiative transitions to empty core
els. Since the transitions are made to a localized core leve
a particular atomic species and obey dipole selection ru
the spectra provide a measure of the local, angular mom
tum selected, partial density of states for one element of
material.

The SXF spectroscopy facility at the ALS consists of
5-cm period undulator, a spherical grating beam-line mo
chromator, a sample chamber, and emission spectrom
Light from the undulator is vertically focused onto the e
trance slit of the monochromator; the monochromatoriz
light is refocused horizontally onto the sample in the sam
chamber. Incident light is measured by the photoemiss
current from a gold-coated screen placed immediately
stream of the sample. Soft x rays emitted from the sample
diffracted from a spherical ruled reflection grating and d
tected by a photon-counting area detector that is mo
along a Rowland circle. During data acquisition, both t
incident flux and the total emission flux imaged on the a
detector are monitored.

The specifications of undulator beam line 8.0 at the A
have been published.43 Excitation fluxes available from the
ALS undulator are about 503 greater than those availabl
from our bending magnet beam line at the NSLS. Since
undulator is not a continuum source, both undulator a
monochromator are scanned together to set the energy o
incident light. The extra intensity and improved monochr
mator available at the ALS makes it possible to excite sp
tra with higher resolution and reduced scattered light. At 1
eV, near the threshold for the S spectra, the full width at h
maximum of the exciting beam was 0.4 eV at the ALS, co
pared with about 2.0 eV at the NSLS.

The emission spectrometer is an improved version of
spectrometer used at the NSLS, which has been describe
detail elsewhere.44–46 The detector is scanned using a com
puter controlledXY plus rotation table, which permits th
instrument to be scanned along either a 5.0-m or 10.0
Rowland Circle. The instrument is fitted with four grating
that, together with the two Rowland circle diameters, per
the instrument to measure spectra with energies from ab
50 to 1200 eV with good resolution. A 5-m, 1200-l/mm gra
ing was used to record the SL spectra reported here and
5-m, 600-l/mm grating to record the ZnM spectra. The beam
line produces horizontally polarized x rays and the spectro
eter measures light dispersed in the horizontal plane, so
it measures emission in thep-polarization rather than
s-polarization direction. Further specifications for the AL
emission spectrometer have been published elsewhere.43

The area detector is a commercial Quantar detector
consists of a stack of 40-mm-diam microchannel plat
which provide a localized current pulse to a four-corner
resistive sheet detector, with an active linear region
25325 mm2.46 XY position information is derived from the
fraction of the pulse that arrives at each corner. The res
tion of the detector is about 50mm. The full resolution of the
detector is used in the dispersion direction. In the transve
direction, pixels are binned so that the spectrum is divid
into 16 slices, which may be horizontally translated to
move curvature in the spectrum due to abberations. For b
the SL and the ZnM spectra, the detector records a spect
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55 5053SULFURL2,3 AND ZINC M2,3 SOFT-X-RAY . . .
region approximately 20 eV wide. For wider spectra, s
tions are recorded by moving the detector along the Rowl
circle at about 10-eV intervals and splicing the acquir
spectra together. Extensive calibration procedures are us
correct for variations in sensitivity of the detector syste
across the detector face. The great virtue of this dete
system is that it is a true photon-counting detection sys
with excellent discrimination against low level noise fro
the microchannel plates, so that signal to noise is usu
determined only by the statistical noise of the signal puls

The electron-beam spectra reported here were meas
at our NSLS beam line using an emission spectrometer h
ing very similar resolution to the ALS spectrometer. Photo
excited spectra were also recorded at the NSLS, but bec
of the poorer resolution available there for exciting the sp
tra, the SXF spectra reported here are mostly those reco
at the ALS. 3000-eV electrons and beam currents of<0.3
mA were used for electron-beam excitation. SulfurL spectra
were also excited with 1000- and 1500-eV electrons to ch
for self-absorption effects, but were found to produce v
similar spectra.

The CdS sample is a bulk crystal with wurtzite structu
grown by molecular-beam epitaxy. Cubic ZnS thin-fil
samples with~001! and~111! orientations and thicknesses
5200 and 2100 Å and the ZnS0.5Se0.5 sample were provided
by Oak Ridge National Laboratory.47 Immediately before
mounting in the sample chamber, all samples were etche
dilute H2SO4/H2O to remove oxide layers.

During measurements with electron-beam excitati
pressures were<531029 Torr and with photon excitation
<131029 Torr. The excitation region with electron-bea
excitation was a spot of<0.2 mm diameter and with photo
excitation a rectangle with dimensions of approximately
31.0 mm2 aligned along the input slit of the emission spe
trometer. Visible luminescence from the samples grea
simplified proper alignment of the electron or photon exci
tion beam.

Several different experiments were performed. Us
3-keV electron-beam excitation, the SL2,3 and the ZnM2,3
spectra of CdS, ZnS, ZnS0.5Se0.5 and ZnSe were measure
The sulfur spectra were also measured with 174-eV pho
excitation, an energy well above the sulfurL2,3 threshold, in
order to compare spectra excited by electrons and phot
Finally, for ZnS and CdS, spectra were excited for a range
energies near threshold in order to look for modifications
the spectra with near-threshold excitation.

For the threshold studies, spectra are normalized to
total number of incident photons taken to be equal to
incident x-ray flux ~I 0! times the exposure time (Dt). We
also obtain some data on the absorption near threshold
plotting the partial fluorescent yield determined
Y(E)}~spectral area!/(I 0Dt), as a function of photon energ
E. I 0 was taken as proportional to the current from t
photoemission flux monitor located in the incident light pa
of the ALS. The spectral area can be selected as a part o
valence band or as the entire recorded spectrum. It shoul
noted that this fluorescence yield does not provide an a
rate measure of the total absorption. Light is absorbed ab
an x-ray edge and emission occurs below it so that the e
sion depth is generally much greater than the absorp
depth, causing the yield to saturate at a nearly constant v
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rather than to decrease as expected above the absor
edge. However, the fluorescence yield provides a measu
the onset of absorption and permits the determination of
band gaps. They are also frequently useful for identifyi
new radiative emission channels when studying inelas
scattering phenomena near threshold.

III. RESULTS

A. Sulfur L 2,3 spectra of CdS and ZnS

We first present data obtained for the sulfurL2,3 spectra.
Figure 1 depicts these spectra for ZnS and CdS with 3-k
electron-beam excitation at NSLS. The spectra of CdS
ZnS are very similar, but with some difference in deta
Three spectral features are present that can be identified
large-scale valence-band features. The largest peaks a
lowest-energy position, which peak at 148.7 eV for ZnS a
148.6 eV for CdS, are derived from the sulfur 3s orbital and
are referred to as the lower valence band~LVB !. Measure-
ments on a variety of transition metal-sulfur compounds a
show a strong peak at nearly the same energy position.48 A
broad, weak peak centered at about 156 eV for ZnS and
eV for CdS is located at the position of the upper valen
band ~UVB! derived from the hybridization of S 3p and
Cd~Zn! s and p orbitals. Its presence in the spectra is e
dence of the covalent bonding that contributes to the sta
zation of the tetrahedral coordinated wurtzite and zin
blende structures.

The narrow peaks located at 151.4 eV in CdS and at 15
eV in ZnS are interesting features. These peaks are der
from the Zn 3d and Cd 4d orbitals that overlap onto the
sulfur site. Theoretical calculations agree that in these co
pounds, thed states form a narrow band lying in a valenc
band subband gap associated with the ionic potential of th
II-VI compounds.8,11 The location of thisd band as lying in
the gap between the two valence bands has also been
firmed from photoemission measurements for ZnS, CdS,
HgS.34 A low-energy satellite is observed about 9 eV belo
the LVB. It probably results from a ‘‘shakeup’’ process
which a valence-band to conduction-band electronic tra
tion reduces the energy of the radiated photon.37

FIG. 1. SL2,3 soft-x-ray spectra of CdS and ZnS with 3-ke
electron-beam excitation. The solid line is for CdS and the das
line is for ZnS. The inset shows the CdS spectrum at the valen
band maximum.
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5054 55ZHOU, CALLCOTT, JIA, EDERER, AND PERERA
The upper edge of the valence band@valence-band maxi-
mum ~VBM !# is determined as shown in the inset of Fig.
from the crossing point of the extrapolated spectral edge
the base line. This value of the VBM is properly associa
with theL2 edge, which lies above theL3 edge by the value
of the spin-orbit splitting of the sulfur 2p core levels. A
correction for this splitting must be made before compa
sons with theoretical densities of states are made.

Figures 2~a! and 2~b! exhibit sulfurL2,3 spectra from CdS
and ZnS excited by electrons~dots! and photons at the ALS
~solid line!. The most notable feature is that the photon e
cited spectra are greatly sharpened with respect to
electron-beam spectra. In the photon-excited spectra,
doubling of Cd~Zn! d bands due to the spin-orbit split cor
levels are clearly resolved. The sulfurs band is also signifi-
cantly broadened by the overlappingL2 andL3 spectra. We
present below~Figs. 3, 4, 6, and 8! spectra in which theL2
spectra are suppressed. Both the 1:2 intensity ratio of s
orbit split d bands and their separation of about 1.1 eV
consistent with the spin-orbit splitting of sulfur 2p core
level. The observed spectra can be interpreted in a stra
forward manner as the superposition of anL3 spectrum and
an L2 spectrum of half the intensity displaced to higher e
ergy by 1.15 eV. The energy positions of various features
these CdS and ZnS sulfurL spectra taken from electron
beam excitation at NSLS are summarized in Table I.

FIG. 2. Comparison of SL2,3 spectra for 3-keV electron-beam
and 174-eV photon excitation:~a! CdS and~b! ZnS.
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The L3 spectra can be obtained from a deconvolution
L2,3 spectra using anL2/L3 intensity ratio of 1/2 and a spin
orbit splitting of 1.15 eV. It is more accurate, however,
use the improved intensity and resolution of the ALS be
line to tune between theL2 and L3 thresholds in order to
excite theL3 spectrum alone. Spectra obtained in this w
are shown for CdS in Fig. 3 and ZnS in Fig. 4. Other spec
excited near threshold are presented in Sec. III C. Th
spectra are divided byE3 to remove extra frequency factor
that appear in the optical transition matrix elements, in or
to make them more directly comparable with calculated d
sities of states.

The L3 spectra show several important features that
obscured in theL2,3 spectra. Both the upper~UT! and lower
edges~UB! of the UVB and its broad structural features a
resolved. The peak of the LVB and identifiable features
thed bands~d1 andd3! and UVB ~U1, U2, and one more
U3 in ZnS! are identified and their energy positions tab
lated in Table II. Twod-band features are well separated
CdS and partially resolved in ZnS. Their relative ratio
about 0.4 for both materials. The weaker, low-energy feat
of the d bands in both materials was not observable in

TABLE I. Energy positions of major features in the SL2,3 spec-
tra of ZnS and CdS from 3-keV electron-beam excitation, all
units of eV. EB, electron-beam excitation; LVB, lower valen
band; UVB, upper valence band; VBM, valence-band maximum

Compound L2,3 ~EB! Refs. 30 and 34~EB! Ref. 28

ZnS
LVB peak 148.7 148.4
d1 152.1 152.0
d2 153.2 153.1
UVB peaks 156.5 157.8
VBM 161.5 161.5

CdS
LVB peak 148.6 148.4 148.1
d1 151.4 151.0 151.1
d2 152.6 152.2 152.2
UVB peak 157 156.7 156.4
VBM 161.5 162

FIG. 3. SL3 spectrum of CdS with excitation between theL2
andL3 thresholds.
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L2,3 spectrum and was revealed only by the suppressio
the LVB of theL2 spectrum. These results from theL3 spec-
tra of CdS and ZnS are listed in Table II along calcula
values of the identified spectral features. The remarkable
provement in resolution observed with photon excitation
compared with electron excitation is discussed further in S
IV.

B. Zinc M 2,3 spectra of ZnS and ZnS0.5Se0.5

In Fig. 5~a! we display zincM2,3 electron-excited spectr
for ZnS and ZnS0.5Se0.5 taken with electron-beam excitatio
at NSLS. The spectra are normalized to the peak at 74.1
This strong band peaking at 74.1 eV, which decrease
relative magnitude with decreasing S concentration, is
second-order sulfurL2,3 spectrum. The wider features ce
tered at 78.5 and 81.2 eV, which have a separation of 2.7
and the intensity ratio of 2:1, are doubled bands from the
zinc 3p core-level spin-orbit splitting. The peaks correspo
to transitions from thed bands to the 3p3/2 ~M3 spectrum!
and 3p1/2 ~M2 spectrum! core levels, respectively. The stru
ture extending to about 90 eV is derived from the upp

FIG. 4. SL3 spectrum of ZnS with excitation between theL2
andL3 thresholds.
of

d
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valence band. The peak at 93 eV is probably a third-or
carbonK spectrum associated with carbon contamination
the sample.

In Fig. 5~b!, two methods have been used to obtain t
zinc M2,3 spectra. In one, the first-order SL2,3 spectrum is

FIG. 5. Zn M2,3 spectra of ZnS and ZnS0.5Se0.5 with 3-keV
electron-beam excitation:~a! combined ZnM2,3 and second-order S
L2,3 spectra and~b! reduced ZnM2,3 spectra.
.
alc.,
TABLE II. Energy positions of principal features in the SL3 spectra of CdS and ZnS, all in units of eV
UT, upper edge of the UVB; UB, lower edge of the UVB; U1,U2,U3, peaks in the valence band; C
theory; Expt., our data.

Spectral feature CdS~Expt.! CdS ~Calc.!a ZnS ~Expt.! ZnS ~Calc.!b

UT 0.0 0.0 0.0 0.0
U1 21.8 21.1 21.9 22.0
U2 23.8 24.3 23.0 24.5
U3 24.7
UB 5.4 6.0
d1 29.0 27.8 28.4
d3 210.1 27.6,27.16 29.1
DE(d12d2) 1.05 ,0.6 0.6
Ratio (d1/d2) 0.40 0.41
DE ~2p spin splitting!c 1.15 1.18 1.18
S 3s 212.2 211.6 212.4 212.0

aReference 20.
bReference 16.
cFrom L2,3 spectra.
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5056 55ZHOU, CALLCOTT, JIA, EDERER, AND PERERA
halved in energy, normalized to the peak at 74.1 eV, a
subtracted from the ZnS spectrum in Fig. 5~a!. In the other,
the ZnS spectrum in Fig. 5~a! was subtracted from the
ZnS0.5Se0.5 spectrum. In both cases, the broadM2 andM3
spectra are resolved. Compared withd bands visible as over
lap spectra in the sulfurL2,3 spectra, these bands are mu
broader. The main contribution to this extra broadening
the M2,3 core-level lifetime broadening of about 2.0 eV.49

The energy position of band features derived from the z
M spectra are presented in Table III. Using the same met
described in Fig. 1, we estimate thed-band separation from
the VBM to be 8.7 eV from these spectra. Values deriv
from the sulfurL3 spectra are 8.4 eV with photon excitatio
and 8.3 eV with electron-beam excitation after subtraction
the spin-orbit splitting. The largerd band to VBM value
obtained from the zincM spectra may be attributed to th
large lifetime broadening~'2 eV! of the Zn 3p core levels,
which produces an apparent shift of the VBM to higher e
ergies. The lifetime broadening of the SL2,3 is nearly two
orders of magnitude smaller. We consider the value of
eV obtained from the selectively excited SL3 spectrum to
provide the best measurement of the positioning of thed
band with respect to the VBM in ZnS. The comparabled
band to VBM separation in CdS is 9.0 eV.

C. Threshold effects in CdS and ZnS

The emission spectra of ZnS and CdS were measured
threshold with photon excitation at NSLS and remeasure
ALS to gain better resolution. Figure 6 presents the res
obtained for ZnS and Fig. 8 for CdS.

Figure 6~a! taken with an excitation bandwidth of ap
proximately 2 eV at NSLS, are typical of SXF spectra o
tained at that facility. These spectra are normalized to
integrated excitation flux determined by multiplying th
beam current by excitation time. Two separate groups
spectra are seen clearly. The narrow high-energy peaks
produced by elastically scattered light from the incide
beam. The lower-energy spectra, which remain fixed in
ergy, are the fluorescence spectra. In Fig. 6~b!, spectra taken
near threshold with higher resolution at the ALS are p
sented. In Fig. 7, using the data of Fig. 6~a!, the energy shift
of the peak of the LVB near threshold and the intens
variation of various features of the fluorescence spectra
plotted as a function of incident energy. The curve mark
with VB is a plot of the integrated intensity of the emissio
spectrum as a function of the excitation energy and thus
vides a plot of fluorescence yield of ZnS near threshold. T
fluorescence of CdS obtained with near-threshold excita

TABLE III. Energy positions of the spectral feature in ZnM2,3
spectra of ZnS, all in units of eV. EB, data from ZnS0.5Se0.5 with
electron-beam excitation; 127 eV, data from photon excitation w
an energy of 127 eV.

M2,3 ~alloy, EB! M2,3 ~127 eV, ZnS!

d1 78.5 78.5
d2 81.2 81.3
peaks at UVB 86.6,88.9
VBM 89.9
d
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at the ALS are presented in Fig. 8~a!. Figure 8~b! is a fluo-
rescence yield curve of CdS measured at ALS by electro
cally integrating the total fluorescence yield between 145
160 eV as the incident energy is scanned and thus
higher-resolution version of absorption curve presented

h

FIG. 6. SL2,3 spectra of ZnS with the photon excitation ne
threshold.~a! NSLS data obtained with the 2-eV excitation ban
width. ~b! ALS data obtained with the 0.4-eV excitation bandwid
showing suppression of theL2 spectrum.

FIG. 7. Fluorescent yield of ZnS derived from Fig. 6~a!. The
solid line is the yield from the whole valence band and the das
line is the yield from thed bands.
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ZnS in Fig. 7. These absorption curves determine the c
level to conduction-band spacing and when combined w
emission spectra may be used for the determination of b
gaps.

It is also possible to obtain a measure of the position
the absorption threshold by monitoring the sample curr
produced by photoemission as a function of excitation
ergy. The photoemission current increases at threshold du
the opening of new Auger deexcitation channels. Thresho
derived from such measurements are in good agreement
those derived from the x-ray yields. Two papers repor
absorption experiments at the sulfurL2,3 edge for cubic ZnS
~Ref. 27! and CdS.27,28The onset of absorption and the low
est absorption peak that we observe at about 164 eV
consistent with these published results.

Two principal qualitative modifications are observed f
near-threshold excitation of spectra. Separate thresholds
visible for theL3 andL2 spectra. The higher-energyL2 spec-
trum is only observed with excitation above about 165
for ZnS and CdS. The second qualitative feature is that
excitation within about 2 eV of its threshold, there is
enhancement of theL2 spectrum relative to theL3 spectrum.
More striking modifications of spectra sometimes obser
in other materials with near-threshold excitation are not

FIG. 8. SL2,3 spectra of CdS with the photon excitation ne
threshold.~a! Emission spectra of CdS taken with the 0.4-eV ex
tation bandwidth showing suppression of theL2 spectrum.~b! Fluo-
rescent yield of CdS.
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served for the SL spectra of these materials. As will b
shown below, strong electronic resonance Raman effects
observed for the ZnM spectra.

A measure of the energy band gap is provided by
energy difference between the top edge of the UVB m
sured in the emission spectra and the bottom of the cond
tion band determined from the absorption spectrum. Nea
band edge, the density of states will vary as~E2E0!

1/2. In
order to determine the top of the valence band and the
tom of the conduction band, we plot the square of the sp
tral intensity versus energy. The band gaps are determ
by extrapolating straight lines fitted to the spectra to
baseline. To eliminate the influence of spin splitting on t
band-gap determinations, SXF spectra excited with phot
between theL3 and L2 edges were used to determine t
band gaps. Figure 9 shows the band gaps determined in
way for ZnS and CdS. The band gaps were determined
this way to be 2.7 eV for CdS and 3.6 eV for ZnS using AL
data and 2.6 eV for CdS and 3.6 eV for ZnS using NS
data.

D. Inelastic scattering near threshold in the ZnM 2,3 spectrum
of ZnS0.5Se0.5

Zn M2,3 spectra of ZnS and ZnS0.5Se0.5 spectra excited
near threshold show strong inelastic scattering effects

FIG. 9. Conduction- and valence-band edges and band gaps~a!
CdS and~b! ZnS.
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can be explained using a simple model and an inelastic s
tering theory based on second-order perturbation theory
noted previously, this scattering is often called electro
resonance Raman scattering.

For the sulfurL2,3 spectra, which were the principal focu
of the previous sections, the use of photon excitation n
threshold had value for sharpening the observed spectra
for separating theL2 andL3 spectra, but there is little evi
dence of the contribution of the one-step inelastic scatte
processes that have been observed near threshold in m
other materials. Consequently, our analysis was devoted
marily to a discussion of the traditional density of sta
information that can be obtained from SXE spectroscopy

The case is very different for the near-threshold excitat
of the ZnM2,3 spectra of ZnS and ZnS0.5Se0.5, which show
dramatic inelastic scattering effects, whose principal featu
can be understood with the inelastic scattering theory de
oped by Tulkki and A˚ berg.42 The data presented here are f
the most part taken with the ZnS0.5Se0.5 sample, for which
the most complete data set is available, but essentially
same features are observed for Zn spectra ZnS.

In Fig. 10 a photon-excited ZnM2,3 spectrum of ZnS is
plotted along with the electron-beam-excited spectrum p
sented previously in Fig. 5. The spectra excited with 1
and 148-eV photons are excited well above threshold h
the properties of ordinary SXE spectra and are dominated
the strongly broadened transitions from the Zn 3d levels in
the valence bands to the spin-orbit split Zn 3p core levels.

The effects of inelastic scattering are dramatically illu
trated by the ZnM spectra of ZnS0.5Se0.5 presented in Fig.
11. In this figure, the elastic and inelastic peaks are shown
the same energy scale for near-threshold excitation betw
89 and 98 eV and for an energy of 148 eV well above thre
old. The 148-eV spectrum is similar to those presented ab
for ZnS and is a normal fluorescence spectrum, in which
excitation and deexcitation processes are decoupled. The
row peak at 74 eV is the second order of the elastica
scattered incident beam.

The fluorescence spectra excited at photon energies
tween 89 and about 96 eV, however, show dramatic evide
of the one-step inelastic-scattering process. As the pho

FIG. 10. ZnM2,3 spectra of ZnS with electron-beam and phot
excitation.
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energy is increased within this range, a strong inelastic s
tering less than 2 eV wide moves through the normal flu
rescence spectrum. Several features of this peak are note
thy. First, within experimental resolutions and accuracy
exactly tracks the elastic peak at about 12.4 eV lower ene
as is evident from Table IV, which lists the positions of th
peaks taken from the experimental spectra. Second, the
is much narrower than the normal fluorescence spectrum
overall width of less than 2 eV is comparable to that o
served for thed-band peak in the sulfurL3 spectrum. Third,
its relative intensity as it moves through the normal fluor
cence spectrum is approximately proportional to the inten
of the ordinary fluorescence spectrum, reaching maxima
energies of about 78 and 81 eV, the peaks of the nor
fluorescence spectra. All of these features may be rea
understood using the ERR formalism discussed further
low.

IV. DISCUSSION

Our results are consistent with previous measureme
providing density-of-states information for CdS and ZnS.
comparison may be made with previously reported electr
beam-excited sulfurK and L2,3 spectra of CdS.27,28 These
measuredL spectra are in good agreement with our resu

FIG. 11. ZnM2,3 spectra of ZnS0.5Se0.5 excited near threshold

TABLE IV. Observed inelastic energy losses in x-ray scatter
near the ZnM2,3 edge.

E ~Elastic! E ~Inelastic! DDE ~center-center!

89.5 77.2 12.3
90.7 78.3 12.4
91.7 79.3 12.4
92.7 80.3 12.4
93.7 81.2 12.5
94.6 82.2 12.4
95.6 83.3 12.4
97.8 85.4 12.4

Average 12.4
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except for minor differences in the absolute energies
signed to spectral features, which result from different sp
trometer calibrations. TheL3 andK spectra can be compare
by aligning the spectra at the valence-band maximum
shown in Fig. 12. The major peak in theK spectrum, which
provides a measure of thep partial density of states, overlap
the weak upper valence band identified in our data, but
structure is present at the position of the lower valence ba
A similar comparison can also be made with XPS data
both ZnS and CdS.30 These spectra are dominated by the
3d and Cd 4d spectra, but also clearly resolve the upp
valence band. The XPS spectrum of CdS and a calcul
spectrum are also plotted in Fig. 12.

In Tables I and II, the locations of spectral features o
served with various spectroscopies are compared. Ene
are referenced to the valence-band maximum, which is
ficult to ascertain exactly, so that the accuracy of listed v
ues is limited to about 0.1 eV. Differences in spectral fe
tures, such as the determination of the spin-orbit splitting
the sulfurp levels, may be determined with greater accura

The results from all measurements are consistent with
general picture that the lower valence band iss-like and
derived almost entirely from the sulfur 3s orbital. The upper
valence band is derived primarily from the Cd~Zn! s andd
states and the sulfur 3p states with the small admixture o
sulfur s states that is characteristic of materials with partia
covalent bonding. The Zn~Cd! d states, which dominate th
XPS spectrum in Fig. 12 and the ZnM 2,3 spectra of Fig. 5,
appear in the sulfurK spectra as weak crossover transition
To facilitate comparisons with theory, experimental ene
separations of spectral features derived from the vari
spectroscopies are compared in Tables I and II. These
clude measures of the spin-orbit splitting of the sulfurL core
levels, the energy separations between the valence-b
maximum, and peaks identified in the upper and lower
lence bands and the Zn~Cd! d bands, and energy separatio
betweend-band and valence-band features. These ene
separations were taken from theL3 spectrum of Figs. 3 and
4, except that spin-orbit splitting ofd-band energies is take
from theL2,3 spectra.

In Table II, the energy separations are also compared w
theoretical calculations. The agreement is generally satis
tory, with the exception that calculations systematica

FIG. 12. Comparison of experimental and theoretical results
CdS.
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place thed bands too close to the upper valence band and
measured valence- to conduction-band gap is larger with
experimental spectroscopies than indicated by LDA calcu
tions. The best agreement is found with theGW ~Ref. 19!
and modified OPW~MOPW! calculations, which include ef-
fects of exchange and correlation.10,11 The widths of thed
bands and their positions with respect to the UVB are
good agreement with the photoemission data. Thed bands in
L3 spectra are about 2 eV wide and clearly show two co
ponents~d1 andd3! in Figs. 3 and 4. This doublet is als
observed in the photonemission data and was attributed
Ley et al.30 to the combined effect of spin-orbit interactio
and crystal-field interactions. The only calculation that
cludes thed band gives a width of about 1 eV.13 The photo-
emission results indicate ad splitting of about 0.8 eV for
CdS compared with our value of 1.1 eV. In ZnS, we o
served an extra shoulder, indicating the presence of a ba
resolved peakd3 split by 0.5 eV fromd1.

Important features of the spectra are the narrow ove
peaks from the Cd and Znd bands. The magnitude of thes
peaks in the sulfurL spectra provide a measure of the ove
lap of thed states onto the sulfur 2p cores. An experimenta
measure of the relative overlap is provided by the relat
magnitude of these peaks normalized to the sulfur 3s peak at
148 eV. Normalization to the sulfur 3s peak compensates fo
most of the experimental factors affecting this comparis
The experimental value of this ratio isI ~Zn 3d!/I ~Cd 4d!
50.36.

The decay of a core hole in a single x-ray-emission ch
nel is given by

Wfi}E
3z^f f utuf i& z2,

whereE is the energy of emitted x ray,t is the dipole op-
erator, andff and fi are the final- and initial-state wav
functions.50 Assuming that the dipole matrix elements a
approximately equal for these two very similar systems,
obtained a calculated estimate of this ratio by calculating
two-center overlap integral between the Cd~Zn! 4d(3d) or-
bital and the sulfur 2p states calculated using atom
orbitals51 and the Cd~Zn! S spacing of the two materials.52

This calculation yields a ratio of 0.74 or nearly twice th
experimental value. The large difference between the exp
mental value and the theoretical result suggests that a m
thorough theoretical treatment would be of interest.

In Figs. 2~a! and 2~b!, it is obvious that thed-band over-
lap peaks and other spectral features in photon excited s
tra are sharper than those excited by an energetic elec
beam. This sharpening of the spectra is most prominent
thed-band overlap peaks, but is also present for the sulfurs
peak. This sharpeningis not typical of theL spectra we have
observed in other light elements and light element co
pounds, where no difference is usually seen betw
electron-beam-excited spectra and spectra excited by pho
at energies well above threshold. Such broadening is
served, however, in theL spectra of transition metals such a
Fe and Cu and is attributed to excitation of spectator hole
the d bands of these metals and their compounds.53 We be-
lieve that spectator holes in the Cd and Znd bands may be
responsible for the excess broadening observed in
electron-excited spectra. More generally, charge trapping

r
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neighboring atoms resulting from a variety of mechanis
associated with intense electron bombardment might con
ute to the broadening of these levels.

The weak low-energy satellite centered at 139 eV is
terpreted as an inelastic shakeup deexcitation proces
which the energy of the emitted x ray is reduced by
energy required to excite one electron from the valence
conduction bands. These weak inelastic peaks have bee
served in many systems and have been carefully studie
Livins and Schnatterly for Si.54

An important source of broadening in emission spectra
the lifetime broadening of the valence hole that remains a
radiative recombination. Near the VBM in materials with
band gap, only electron-phonon scattering affects
valence-hole lifetime so that core-hole broadening is the
tor limiting spectral resolution. For energies more than ab
two gap widths below the VBM, electron-electron scatteri
provides the major broadening mechanism for the obser
spectra. It is possible to obtain an estimate of this electr
electron scattering lifetime by measuring the width of fe
tures in the emission spectra. We have obtained an estim
of this broadening by fitting a Gaussian function to the up
edge of the S 3s peak in Fig. 13. A fit to the lower edge o
the peak is not useful due to the presence of the inelastic
scattered electrons described in the preceding paragraph
instrumental broadening in this range is small~0.15 eV!. The
full width at half maximum~FWHM! widths attributable to
lifetime broadening are about 2.0 and 2.2 eV, respectiv
for CdS and ZnS. This translates to lifetimes of abo
3310216 sec for the valence holes deep in the band.

The Zn M2,3 SXF spectra show dramatic features w
near-threshold excitation. These features can be unders
using the second-order perturbation theory for scattering
sented in Ref. 42 and the energy-level model of Fig. 14. T
process producing the spectra is an elastic Resonant Ra
process in which the scattering occurs through a real in
mediate state. The electronic excitation producing the ene
loss of about 12.4 eV must be from the Znd bands located
between the upper and lower valence bands and a na
exciton state located near the conduction-band edge. We
that theory requires that the energy loss is equal to the en
difference between the electron and hole states in the
state of the second-order process, so that the narrow ex

FIG. 13. Gaussian fit to the S 3s band of the SL3 spectrum of
CdS to determine the valence hole lifetime.
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state is not a core exciton, but a valence exciton in whic
hole in thed band binds an electron in a localized orbita
Because the energy difference is associated with the fi
state of the scattering process, the width of the obser
spectra is not limited by the core-hole lifetime, which broa
ens the normal fluorescence spectrum. The influence of
core-hole lifetime in the intermediate state does, howev
influence the observed spectra by causing the inelastic p
to be modulated according to the intensity of the broad n
mal fluorescence spectrum. In essence, the energy un
tainly associated with the limited core-hole lifetime allow
the resonant inelastic scattering to occur over an ene
range consistent with the uncertainty principle.

Several additional features of this example of inelas
scattering deserve comment. The proposed explanation
quires that there be a localized exciton state associated
the hole in thed band. The results presented in Sec.
indicate that exciton effects are not observed in the sulfuL
spectrum. This is consistent with results obtained in ot
ionic systems, in which localized excitons are found to
associated with the positive-ion but not the negative-ion s
cies. As examples, strong exciton effects are observed in
boronK spectrum, but not the nitrogenK spectrum of BN,
and are observed in the metal but not the oxygenK spectra
of many oxides. The physical origin of this difference see
to be that the electron density in real space is greater nea
negative ion so that holes in inner shells are effectiv
screened and do not strongly bond local states near the n
tive ion in ionic solids. In addition to informing us about th
physics of coherent processes contributing to fluoresce
from solids near threshold, these inelastic-scattering p
cesses provide an alternative means of studying the low
energy electronic excitations in solids and especially of
effects of screening on the processes that occur when
additional charge, in the form of a core or valence hole
introduced into the system.
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T.

l.

em

,

ev

nd

d,

s

ev

.

D

it
.

ru

su

lid

.

-

,

H.

on,
hys.

.

.

r-
.

J.
ev.

p.

-
ds

T.

a,

is-

les

gy

t, R.
v.

55 5061SULFURL2,3 AND ZINC M2,3 SOFT-X-RAY . . .
1T. Taguchi, Y. Yamada, Y. Endoh, Y. Nozue, J. T. Mullins,
Ohno, Y. Masumoto, and S. Takada, Superlatt. Microstruct.10,
207 ~1991!.

2H. M. Yates, J. O. Williams, and D. J. Cole-Hamilton, App
Phys. Lett.59, 2835~1991!.

3A. Müller and B. Kebs, Stud. Inorg. Chem.5, 277 ~1984!.
4N. G. Stoffel, Phys. Rev. B28, 3306~1983!.
5N. Troullier and Jose´ Luı́s Martins, Phys. Rev. B43, 1993~1991!.
6J. E. Jaffe, R. Pandey, and M. J. Seel, Phys. Rev. B47, 6299

~1993!.
7J. S. Lin, A. Qteish, M. C. Payne, and V. Heine, Phys. Rev. B47,
4174 ~1993!.

8James E. Bernard and Alex Zunger, Phys. Rev. B36, 3199
~1987!.

9Sylvester N. Ekpenuma and Charles W. Myles, J. Phys. Ch
Solids51, 93 ~1990!.

10S. I. Kurganskii, O. V. Farberovich, and E´ . P. Domashevskaya
Sov. Phys. Semicond.14, 775 ~1980!; 14, 837 ~1980!.
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Nicholls, U. O. Karlsson, R. Engelhardt, and E. E. Koch, So
State Commun.55, 643 ~1985!.

30L. Ley, R. A. Pollak, F. R. McFeely, S. P. Kowalczyk, and D. A
Shirley, Phys. Rev. B9, 600 ~1974!.

31C. J. Vesely and D. W. Langer, Phys. Rev. B4, 451 ~1971!.
32C. J. Vesely, R. L. Hengehold, and D. W. Langer, Phys. Rev. B5,

2296 ~1972!.
33R. L. Hengenhold and F. L. Pedrotti, Phys. Rev. B6, 2262

~1972!.
.

.

.

.

B

.

t,

o

34A. V. Ivanov, L. D. Timakova, and V. N. Kupriyanov. Opt. Spec
trosc.31, 171 ~1971!; A. V. Ivanov, L. D. Timakova, and V. N.
Kupriyanov, Bull. Acad. Sci. USSR Phys. Ser.36, 251 ~1972!;
36, 255 ~1972!.

35G. Deroubaix and P. Marcus, Surf. Interface Anal.18, 39 ~1992!.
36W. L. O’Brien, J. Jia, Q. Y. Dong, T. A. Callcott, K. E. Miyano

D. L. Ederer, D. R. Mueller, and C. C. Kao, Phys. Rev. Lett.70,
238 ~1993!.

37J. E. Rubensson, D. Mueller, R. Shuker, D. L. Ederer, C.
Zhang, J. Jia, and T. A. Callcott, Phys Rev. Lett.64, 1047
~1990!.

38Y. Ma, N. Wassdahl, P. Skytt, J. Guo, J. Nordgren, P. D. Johns
J. E. Rubensson, T. Boske, W. Eberhardt, and S. Kevan, P
Rev. Lett. 69, 2598 ~1992!; Y. Ma, Phys. Rev. B49, 5799
~1994!.

39K. E. Miyano, D. L. Ederer, T. A. Callcott, W. L. O’Brien, J. J
Jia, L. Zhou, Q. Y. Dong, Y. Ma, D. C. Woicik, and D. R
Mueller, Phys. Rev. B48, 1918~1993!.

40J. J. Jia, T. A. Callcott, E. L. Shirley, J. A. Carligle, L. J. Te
minello, A. Asfaw, D. L. Ederer, F. J. Himpsel, and R. C. C
Perera, Phys. Rev. Lett.76, 4054~1996!.

41J. A. Carlisle, E. L. Shirley, L. J. Terminello, T. A. Callcott, J.
Jia, D. L. Ederer, R. C. C. Perera, and F. J. Himpsel, Phys. R
Lett. 74, 1234~1995!.

42J. Tulkki and T. Åberg, J. Phys. B13, 3341~1980!; T. Åberg, K.
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