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We present bremsstrahlung-isochromat-spectroscopy and synchrotron-radiation photoemission-

spectroscopy studies of CdTe single crystals cleaved in situ.

The photoemission data, and

empirical-pseudopotential calculations of the band structure, were used to reevaluate the position of
valence and core spectral features. The bremsstrahlung-isochromat-spectroscopy results emphasize
structure in the conduction-band density of states at 4.1, 6.7, 9.6, 11.3, 12.5, and 15 eV above the
valence-band maximum. The calculations are found to reproduce the conduction-band structure
throughout a range of 18 eV above the valence-band maximum.

I. INTRODUCTION

The prototypical II-VI semiconductor CdTe has been
the focus of a number of pioneering photoemission-
spectroscopy investigations.! ”3 More recently a number
of proposed optoelectronic device applications have
stimulated strong interest in the properties of metal-CdTe
contacts,*”7 and CdTe-based II-VI heterojunction sys-
tems.> !> Most photoemission interface studies of this
type rely on the behavior of well-recognizable density-of-
states (DOS) features to extract information on CdTe
chemistry or electrostatics. However, no recent
comprehensive study of CdTe valence- and conduction-
band DOS features, vis-a-vis state-of-the-art calculations,
is available, to our knowledge. We study here the elec-
tronic structure of CdTe with special emphasis on the po-
sition of the major DOS features as determined both ex-
perimentally and theoretically. We employed a combina-
tion of synchrotron-radiation photoemission spectrosco-
py and inverse-photoemission spectroscopy'“!> in the
bremsstrahlung-isochromat-spectroscopy (BIS) mode on
CdTe(110) samples cleaved in situ, together with
empirical-pseudopotential calculations of the bulk band
structure.

Our photoemission data, including a deconvolution of
the shallow surface and bulk-related Cd 4d core levels as
a function of photon energy, indispensable to extract reli-
ably the Te 5s contribution, were compared with existing
semiempirical DOS calculations.!® Remarkably good
agreement was found between theoretical and experimen-
tal features, including the cation- and anion-derived s
features which had received comparatively little attention
in the past.

We employed BIS at 1486.6 eV to examine the total
density of states in the conduction bands within 18 eV of
the valence-band maximum E,. Comparison with the re-
sults of our semiempirical-pseudopotential calculations of
the conduction bands, obtained following the methodolo-
gy and extending the results of Chelikowsky and
Cohen,'® showed remarkable quantitative agreement.
The agreement is especially comforting in view of the
limited amount of experimental information about the
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optical gaps used for the empirical corrections to the
pseudopotential, and considering the predicted limita-
tions of the local-density approximation for describing
conduction-band states.

II. EXPERIMENTAL DETAILS

Bulk single-crystal samples of CdTe were placed in an
analysis chamber at operating pressures in the 107 'l-
Torr range. Atomically clean surfaces were obtained by
cleaving the samples in situ. The cleaved surfaces ranged
from stepped surface to flat mirrorlike (110) cleavage sur-
faces, but the results discussed here are all independent of
cleave quality and reflect bulklike electronic properties.'’

The photoemission measurements were performed by
positioning the cleaved surface at the common focus of a
monochromatic synchrotron-radiation beam and a com-
mercial hemispherical electron-energy analyzer. Syn-
chrotron radiation from the 800-MeV electron-storage
ring Aladdin at the Synchrotron Radiation Center of the
University of Wisconsin—Madison was dispersed with a
3-m  toroidal grating monochromator.  Energy-
distribution curves (EDC’s) were collected in the 15
eV =hv=120 eV photon-energy range. The overall ener-
gy resolution (electron plus photon) was 0.15 eV for the
lowest photon energies, and 0.45 eV for the largest values
of hv, as measured from the width dEy of the Fermi level
Ep of a thick metallic film (Mn or Pd) deposited in situ
onto the sample.'®

BIS studies of the unoccupied DOS were also per-
formed on surfaces cleaved in situ. A Pierce-type elec-
tron gun was used to form and focus onto the surface a
monochromatic electron beam with kinetic energies of
1480-1510 eV. As the electron kinetic energy was
varied, x-ray photons emitted with hv=1486.6 ¢V were
selected by means of a 0.5-m Rowland circle quartz grat-
ing monochromator and detected with a microchannel
plate. The resulting isochromat spectra were then aver-
aged for 18-20 different cleaves. Details of the experi-
mental system can be found in Ref. 19. The overall ener-
gy resolution of the BIS measurements was determined as
0.7 eV from the Fermi-level-energy width dE, (Ref. 18)
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in the isochromat spectra from thick Pd films deposited
in situ onto the samples.

III. RESULTS AND DISCUSSION

A. Valence-band density of states

High-resolution EDC’s for the valence-band emission
from CdTe are shown in Fig. 1. In Fig. 1(a) we show an
EDC at hv=60 eV (solid line) together with earlier x-ray
photoemission (XPS) results® for CdTe(111) (dashed
line). The binding energies are referred to the valence-
band maximum E,. We elected to compare our results
with those of Ref. 8 because of the highly accurate
method used to determine the position of the valence-
band maximum E,. Structure in the 8-12-eV range
reflects mostly the Cd 4d core emission. In Fig. 1(b)
(dash-dotted line) is the calculated DOS from Ref. 16,
and the same DOS convoluted with a Gaussian function
[full width at half maximum (FWHM) =0.4 eV, solid
line]. There is general agreement between the two experi-
mental spectra, although our higher-resolution results
seem to put the valence-band maximum some 0.25 eV
closer to valence and core emission features, and show a
well-defined shoulder on the low-binding-energy side of
the 4d cores in the 8—12-eV range. These differences are
the result of the improved energy resolution and higher
surface sensitivity of our data. We will show that the ap-
parent shift of the Cd 4d core levels, for example, is due
to the greater surface-related Cd 4d contribution in our
results, and that the low-binding-energy shoulder corre-
sponds to a Te 5s DOS feature which is visible in our
higher-resolution results.

Except for the different experimental resolution and
photon energy employed, the position of E, was deter-
mined with a similar procedure here and in Ref. 8. The
procedure involves a least-squares fit of the experimental
data to a suitable broadened theoretical density of states
in the region of the leading valence-band edge.!* The po-
sition of the theoretical DOS versus the experimental
spectrum and the location of E, was determined by
fitting within an energy window that includes the
valence-band edge.?°

For fitting windows extending more than about 1.0 eV
below the valence-band maximum, the position of E, is
independent of the Gaussian width within experimental
uncertainty (£0.05 eV). Thus as the fitting window in-
cludes more of the data, the choice of Gaussian FWHM
becomes less important. The average position of E, that
would be obtained from a linear extrapolation of the lead-
ing edge, a method often used during heterojunction
band-offset measurements, would be, instead, dependent
on the size of the fitting window and, in especially unfor-
tunate cases, could place the edge as much as 0.3 eV too
deep in the valence band. This could affect the calculated
value of a heterojunction valence-band offsets in those
cases in which the linear extrapolation method is em-
ployed, and the other semiconductor involved has a qual-
itatively different leading valence-band edge. A hetero-
junction such as HgTe-CdTe (Ref. 21), for example,
would be less likely to be affected than Si-CdTe,?? because
the DOS near E, is mostly Te p derived for both HgTe
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FIG. 1. (a) Photoelectron energy distribution curve (EDC)
for the valence band and shallow core emission from CdTe(110)
at hv=60 eV (solid line). The Cd 4d core levels (9—12 eV) are
shown in a reduced scale. The binding energy is referred to the
valence-band maximum E,. Superimposed on this spectrum is
an EDC for the valence-band emission obtained in Ref. 8
through x-ray photoemission (XPS) studies of molecular beam
epitaxy grown CdTe(111) (dashed line). (b) Theoretical elec-
tron density of states (DOS) for CdTe from the nonlocal pseudo-
potential calculations of Ref. 16 (dash-dotted line). To facilitate
comparison with the experimental EDC, we also show the
theoretical DOS convoluted (solid line) with a Gaussian func-
tion with full width at half maximum (FWHM)=0.4 eV.
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and CdTe. Schottky barrier measurements should not be
affected in those cases in which semiconductor core-level
shifts are used to monitor band bending and barrier for-
mation and the semiconductor is in flat-band conditions
prior to metal deposition.* A detailed exam of these in-
terface issues, however, is beyond the scope of this work,
which focuses on the comparison of experiment and
theory for the DOS of CdTe.?

Relative to the position of E,, major features in the
valence-band DOS include Te 5p —derived structure with
a maximum at 1.65+0.05 eV and extending 3.4 eV below
E,, structure at 0.90+0.05 eV corresponding to the
spin-orbit-split valence band at I', and a shoulder at 2.7
eV due to emission from states between K and T in the
Brillouin zone, all in good agreement with the calcula-
tions. The second experimental DOS feature at
4.50£0.05 eV corresponds to emission from Cds—-Tep
hybrid levels with L symmetry that the theory places at
4.710.1 eV. Previous XPS results in Fig. 1 (dashed line)
yielded a value of 4.3%+0.1 eV for this feature, possibly
due to the poorer experimental resolution, which tends to
broaden preferentially the spectral feature on the low-
binding-energy side because of the additional Te p contri-
bution.

The determination of the Te 5s contribution to the
bulk CdTe DOS is somewhat complicated by the partial
superposition with the Cd 4d core levels. An examina-
tion of the most recent literature on the subject reveals
contrasting results. In a study of sputter-cleaned
CdTe(100) John et al. reported’ the existence of two
surface-related Cd 4d doublets, one on either side of the
bulk-related Cd 4d doublet. The Te 5s contribution is
notably absent. Conversely, Prince et al.,?* in a study of
CdTe(110) cleaved in situ, published two spectra (for the
same photon energy of 50 eV and two different photoelec-
tron emission angles) in which the photoemission features
in the 8-12-eV range were decomposed in terms of a
bulk-related Cd 4d doublet, a surface-related 4d doublet,
and a Te 5s contribution.

In order to determine unambiguously the Te S5s contri-
bution to the DOS we performed systematic deconvolu-
tions of the spectral features of interest throughout the
40-95-eV photon energy range, examining the possible
existence of up to three Cd 4d doublets and a Te 5s con-
tribution. The best fits consistently showed the presence
of only two Cd 4d doublets. A representative deconvolu-
tion of the Cd 4d and Te 55 DOS features is shown in Fig.
2 for a photon energy of 50 eV. The data (solid circles)
are shown together with the results of a best fit of the
spectrum (solid line) in terms of three different contribu-
tions (also shown, dashed line). The component at the
center of Fig. 2 derives from bulk Cd 4d core emission,
with j =3 and j =2 spin-orbit-split subcomponents. To
the left of the bulk Cd 4d doublet is a surface-related 4d
doublet, and to the right a Te 55 DOS feature. The
secondary-electron background is also shown as a smooth
dashed line at the bottom. The deconvolution in Fig. 2
was obtained using Lorentzian line shapes convoluted
with a Gaussian function for each Cd 4d subcomponent
and the Te 5s feature (i.e., a total of five spectral features).
A least-squares fitting procedure was used to determine
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FIG. 2. EDC for CdTe(110) in the 8—13-eV binding energy
range below the valence-band maximum E,, at a photon energy
of 50 eV (solid circles). A best fit of the overall line shape (solid
line) was obtained through a least-squares procedure described
in the text. Three different components (dashed lines) corre-
spond to the dominant Cd 4d bulk core doublet, a surface-
related Cd 4d doublet shifted to higher binding energy by 0.22
eV, and a Te Ss-derived valence-band feature at 9.22 eV below
the valence-band maximum E,.

position, intensity, and Gaussian and Lorentzian width of
the different subcomponents. Typical values of the fitting
parameters at #v=50 eV are in good quantitative agree-
ment with those obtained by Prince et al.?* at the same
photon energy (Ref. 25). Representative values of the
fitting parameters throughout the 40 <hv <95 eV range
are listed in Ref. 26.

Our photon-energy-dependent results indicate that a
single surface-related Cd 4d doublet shifted by 0.22+0.03
eV to a higher binding energy relative to the bulk-related
doublet (bulk 4d5,, component at 10.10£0.05 eV) is ob-
served at all photon energies explored. The photon ener-
gy dependence of the photoemission cross section fully
supports the surface-related origin of this feature, and
from the relative intensity of the two doublets we can also
directly estimate the photoelectron escape depth in CdTe
as a function of photon energy (see Ref. 27). We note
that the bulk Cd 4d,, position at 10.10+£0.05 eV is con-
sistent with the position of the main 4d feature observed
in the XPS results of Ref. 8 (Fig. 1, dashed line) as ex-
pected because of the lower surface sensitivity of the XPS
data.

As a result of our deconvolution we consistently obtain
the Te 5s contribution as a Voigt-like line shape centered
at 9.22:+0.10 eV with a FWHM of about 1 eV and exhib-
iting relatively little dispersion with photon energy. This
is in remarkable quantitative agreement with the results
of the semiempirical calculations by Chelikowsky and
Cohen,'® which show a 5s-derived feature at 9.2 eV, with
a FWHM of 1.0 eV. Fairly good agreement is found with
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earlier Korringa-Kohn-Rostocker muffin-tin potential
calculations by Eckelt.?

B. Conduction-band density of states

Many first-principles calculation techniques encounter
difficulty when considering the unoccupied density of
states above the Fermi level in semiconductors. For in-
stance, attempts to treat exchange and correlation effects
in the local-density approximation typically result in
semiconductor band gaps that are 40—60 % too small.?®
In the semiempirical nonlocal pseudopotential method
these effects are corrected through comparison with ex-
perimental optical absorption data at critical points. We
have extended the calculations of Ref. 16 to a range of 18
eV above the valence-band maximum, in order to facili-
tate interpretation of our BIS measurements. The result-
ing band structure along the A and A directions in the
Brillouin zone is shown in Fig. 3(a). The corresponding
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FIG. 3. (a) Conduction bands for CdTe in the A and A direc-
tions of the Brillouin zone as calculated through the nonlocal
semiempirical pseudopotential method of Ref. 16. (b) The total
DOS for the conduction bands of CdTe as calculated from the
bands shown in (a) (solid line) is compared with earlier inverse
photoemission results for CdTe(110) (dash-dotted line, from
Ref. 30 at an incident electron energy of 16.25 eV). (c)
Bremsstrahlung-isochromat-spectroscopy (BIS) results for
CdTe, from this work. The dashed lines mark the position of
the major features in the theoretical DOS of (a).
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density of states is shown in Fig. 3(b) with zero of the
binding energy scale referred to the valence-band max-
imum E,.

Representative BIS data for cleaved CdTe are shown in
Fig. 3(c). DOS features give rise to structure in the spec-
trum superimposed on a smoothly increasing secondary
photon background resulting from the decay of inelasti-
cally scattered electrons. The spectrum in Fig. 3(c) was
obtained as the sum of several quantitatively consistent
spectra from different cleaves, and corresponds to a total
of some 150 h of data integration with a primary electron
beam current of approximately 200 uA. We observed no
electrostatic sample charging at such current levels. A
new cleave was prepared every six to eight hours to
prevent electron-beam-induced contamination. The ma-
jor experimental features in Fig. 3(c) have been aligned
with structure in the calculated DOS [Fig. 3(b)]. The re-
sulting rigid shift was <0.2 eV, so that the position of E,
in Fig. 3(c) is within 0.2 eV of the E, location obtained by
equating the Fermi-level position Ej in the BIS and pho-
toemission data (Ep—E,=0.47 eV in Fig. 1). The small
correction necessary for the alignment could in principle
be related to differences between the photoemission final
state and the optical absorption final state which inter-
venes in the determination of the semiempirical pseudo-
potential. However, a more likely explanation derives
from the experimental uncertainty in the relative position
of photoemission and BIS spectra. The combined uncer-
tainty is determined by the uncertainty in the position of
the photoemission- (dEr=0.3 eV) and BIS-determined
(dEr=0.7 eV) Fermi levels, and therefore exceeds the
rigid shift employed in Fig. 3 ( <0.2 eV).

Both the BIS spectrum and the calculated DOS in Fig.
3 indicate that the conduction-band minimum appears as
the end point of a “tailing” of states extending to about
1.5 eV (band gap E, =1.56 eV). The first peak in the BIS
data of CdTe appears at approximately 4.1 eV above E,,
and corresponds to the position of the first DOS feature
in our calculations. This feature originates form states in
the first two conduction bands along A and near X in the
Brillouin zone [Fig. 3(a)]. The second peak in the data
[Fig. 3(c)] appears centered at 6.710.3 eV above E,, and
the theoretical density of states exhibits a major DOS
feature at 6.5 eV. The calculation indicates that a major
contribution to this DOS feature derives from states in
low symmetry directions of the Brillouin zone. A double

emission feature in the BIS spectrum extends from ap-
proximately 8 to 10 eV with a maximum at 9.6 eV. The
calculated density of states exhibits a double structure in
this energy range (with a maximum at 9.5 eV), originat-
ing from states in the third conduction band at L (ap-
proximately 8.7 eV) and from a combination of states
from higher bands in the A direction (contributing to the
9.5-eV maximum). The BIS spectrum displays small
features on the smooth backgrounds at approximately
11.3 and 12.5 eV which also correspond to structure in
the theoretical DOS electron bands throughout k space
contribute to these high-energy features as the bands be-
come increasingly free-electron-like. A density-of-states
feature appearing in the calculation at approximately 15
eV corresponds to weak structure in the BIS spectrum,
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but the low intensity of this feature relative to the back-
ground prevents an unambiguous identification.

The only major theoretical DOS feature not clearly ob-
served in the BIS spectrum is at approximately 6 eV
above the valence band maximum [Fig. 3(b)] and was in-
stead observed in inverse photoemission studies of
CdTe(110) at ultraviolet photon energies.’® A spectrum
from that work at a primary-electron energy of 16.25 eV
is shown for comparison in Fig. 3(b) (dash-dotted line).
The ultraviolet spectrum also exhibits a dominant feature
at about 3 eV, ascribed®® to an unoccupied surface reso-
nance. Both the 3- and the 6-eV features decrease in in-
tensity with increasing electron energy and are absent in
our x-ray results. BIS matrix elements will have to be
calculated explicitly to explain this energy dependence.

The good agreement between the BIS data and the cal-
culations was expected for the lowest DOS features, since
the semiempirical pseudopotential method uses
reflectivity data to fix the lowest band energies at critical
points. However, the theory appears to go well beyond
such expectations and successfully reproduce all of the
observed inverse-photoemission features.

IV. CONCLUSIONS

We have reexamined the electronic density of states
of CdTe with a combination of high-resolution
synchrotron-radiation photoemission spectroscopy and
bremsstrahlung-isochromat spectroscopy. The position
of the valence-band maximum E, was determined
through a least-squares fit to a theoretical density of
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states. We found a bulk Cd 4d5,, binding energy of
10.10+0.05 eV (spin-orbit splitting 0.68+0.05 eV), and a
single Cd 4d surface doublet shifted 0.22+0.04 eV to
higher binding energy relative to the bulk Cd 4d core
emission. A deconvolution of the Cd 4d line shape yields
a valence-band density of states feature with Te 5s char-
acter 9.22+0.10 eV below E,. Agreement between ex-
periment and the results of semiempirical-nonlocal-
pseudopotential calculations is remarkably good, for both
the valence states and the conduction bands. In particu-
lar, BIS measurements are in good quantitative agree-
ment with theory throughout the 18-eV energy range ex-
plored, notwithstanding the relatively small amount of
experimental reflectivity information that was used in the
determination of the empirical pseudopotential.
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