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The valence band spectra of a vacuum cleaved CuInSe2 (011) surface were measured with
synchrotron radiation at photon energies between 16 and 95 eV. The strong dependence of the
photoionization cross section of atomic levels between 28 and 60 eV is used to divide the valence
band emissions into contributions from Se 4p and Cu 3d states in order to map the respective partial
density of states. The derived partial density of Cu 3d states to the total valence band density of
states is around 50% in the upper part of the valence band and about 75% at its maximum
corresponding to non-bonding Cu d states. © 1997 American Institute of Physics.
@S0021-8979~97!00212-0#
I. INTRODUCTION

The chalcopyrite semiconductors of types I–III–VI2 are
the ternary analogs of the II–VI binary compound semiconductors. The chalcopyrite crystal structure, I4̄2m, is a superlattice of the zinc blende structure, F4̄3m, with a nearly
doubled c axis. The lowest optical gap of the chalcopyrites,
however, is considerably smaller than that of the related
II–VI analogs, e.g., Eg~CuInSe2 )51.05 eV and Eg~CdSe!
51.7 eV. The band gap reduction is mainly attributed to the
hybridization of noble metal d states in the upper part of the
valence bands which are derived from the chalcogen p
states.1 A number of experimental and theoretical studies has
therefore been undertaken to derive the partial density of
noble metal d states at the top of the valence bands.1–5 The
experimental and theoretical results, however, do not agree;
for example in CuInS2 Cu 3d contributions of 45% ~electroreflectance! and 60% ~photoemission! were found experimentally and contrasted 24% from the band structure calculation. Respective data for CuInSe2 are 34% ~electroreflectance! and 22% ~band structure calculation!.
Photoionization cross sections of atomic levels depend
in a distinct manner upon the excitation energy. Cross sections of atomic levels over a wide photon energy range have
been calculated.6 The cross sections of chalcogen p states
decrease by an order of magnitude by increasing the excitation energy from 20 to 50 eV. By contrast the cross sections
of the noble metal d levels are almost constant over an energy region from 20 to 1500 eV. This effect was first used by
Braun et al.2 to divide the valence bands into contributions
from the noble metal d states and chalcogen p states in some
chalcopyrites. In these experiments no continuous light
source was available, only discontinuous gas discharge
lamps and x-ray tubes ~21.2 eV, 40.8 eV and 1486.6 eV!
were used to follow intensity changes in the emission features of the valence band. The valence band decomposition
was deduced by a subtracting spectra taken at different photon energies. Since not all of the required cross sections were
available at that time, estimates had to be made instead.
More recently an investigation of the valence states of
CuInSe2 by tuning the photon energy at a synchrotron radiaa!
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tion source was reported by Takarabe and coworkers.7 They
point out that the density of Cu d states is directly mapped by
taking valence band spectra at photon energies above 60 eV.
They assigned the observed emissions as bonding, antibonding and non-bonding Cu 3d states following the generic band
diagram given by Jaffe and Zunger.1 However, no quantitative analysis of the relative Cu d contribution compared to
that of Se p states at critical points in the valence bands was
given. The aim of this study is to make use of the drastic
relative changes in atomic photoionization cross sections of
the contributing atomic levels in the valence region at photon
energies between 30 and 60 eV to map the relative contributions of Cu 3d and Se 4p states in the valence bands by a
fitting procedure that has only a small number of fitting parameters.
II. EXPERIMENT

The experiments were performed at the TGM 7 beamline
at the BESSY synchrotron radiation source in Berlin, Germany. A commercial VG analyser chamber ~base pressure
3310211 mbar! equipped with an angular resolving spectrometer ~ADES 500! was connected to this beamline. The
combined resolution of the monochromator and the spectrometer is approximately DE/E51/300.
The CuInSe2 crystals were grown by chemical vapor
transport. The as-grown crystals were oriented parallel to the
~011! direction by x-ray diffraction, cut into pieces and
notched. Then they were fixed to the Cu-sample holders with
conducting silver epoxy glue. The crystals were cleaved in
the preparation chamber at a pressure of 1310210 mbar and
immediately transferred to the analyser chamber. The surface
structures were checked with a ~VG! three grid low-energy
electron diffraction ~LEED! optic. The crystals could only be
cleaved along the ~011! planes, which is a known cleavage
plane of chalcopyrites.8,9 In contrast to our experience the
~110! plane ~known as typical cleavage planes of zinc blende
compounds! and the polar ~112! plane have also been
claimed to be cleavage plane of CuInSe2 .10,11 The LEED
pattern of the cleaved ~011! surface is a rectangular centered
array of sharp spots, showing an a:b ratio of 1:2.25 which is
to be expected for the unreconstructed ~011! plane.
Unfortunately, none of the directions for which band
structure calculations has been performed, i.e., G→T or
^ 001& and G→N or ^ 110& ,1 are parallel to the surfaces in-
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FIG. 1. Valence band spectra taken with excitation energies between 15 and 95 eV. Due to the changes of photoionization cross sections emissions from Se
4p derived states are dominant in the lower photon energy regime. They fade out at excitation energies above 30 eV. The remaining emissions at excitation
energies above 60 eV are almost exclusively attributed to Cu 3d.

vestigated. Therefore band structure calculations cannot be
directly compared to experimental band mappings at this surface, which could be done in the directions G→X or
^ 100& . Thus we restricted our intensity analysis to valence
band states in normal emission.
III. RESULTS AND DISCUSSION

Figure 1 shows a series of photoelectron spectra taken at
different excitation energies between 15 and 95 eV. The
spectra are depicted as measured, i.e., the small but finite
distance between the zero of binding energy scale ~Fermi
level! and the onset of photoemission ~valence band maximum! reflect the p-type conductivity of the sample. Moreover, the spectra are normalized with respect to the incident
photon flux, determined from the photocurrent of the exit
mirror of the monochromator; due to the decreasing analyser
transmission for electrons with higher kinetic energy the
count rates of the spectra decrease with higher photon energy. Our spectra show more valence band features ~labelled
a,b,c . . . ! compared to previously published results.7 A detailed comparison of detected peaks in CuInSe2 valence
bands is given in Table I. The assignment of structures is
given according to the band structure1 and according to our
experimental results ~see below!. It is supported by the
changes in the emission intensity with the variation of photon energy.
In Fig. 2~a! the calculated photoionization cross sections
of Se 4p and Cu 3d valence states and of In 4d core states for
photon energies below 100 eV are shown.6 It is evident that
the spectral features ~compare Fig. 1! for excitation energies
below 20 eV are dominated by contributions from Se 4p
states. Between 20 and 30 eV emissions from Cu 3d and Se
4p contribute about same extent to the electron distribution
curve. Above 30 eV the emission intensities from Se states
fade out; the remaining emission spectra obtained with exciJ. Appl. Phys., Vol. 81, No. 12, 15 June 1997

tation energies above 60 eV mostly reflect the Cu 3d contributions to the valence band density of states.
Spectra of the In 4d core level, which due to its high
binding energy does not hybridize to the valence band states,
were also measured at excitation energies above 25 eV. The
In 4d count rate as function of the photon energy can be
directly compared with its respective cross section curve.
After background subtraction the peak intensities at different
excitation energies are theoretically described by2
I ~ h n ! 5A•L ~ h n 2E b ! •T ~ h n 2E b ! • s In 4d~ h n ! ,

~1!

where A is a spectrometer dependent normalization constant;
L is the escape depth of photoelectrons and T the spectrometer transmission function both of which are dependent on
the kinetic energy of the photoelectrons; s In 4d is the photoexcitation cross section. The possible effects of photoelectron diffraction12 were neglected in Eq. ~1!. The photon energy range and hence the kinetic energy of the outcoming

TABLE I. Resolved peaks in the valence band of CuInSe2 excited with
hn 521 eV. Binding energies ~BE! are given with respect to the valence
band maximum. According to Ref. 7 the peak labelled c is attributed to the
non-bonding Cu 3d states, peaks d–f are mainly Se 4p emissions, and g is
from the In-Se band.
This work

BE / eV

a

0.7

b

1.5

c
d
e
f
g

2.4
3.2
4.1
4.9
6.5

Ref. 7

BE / eV

S1

1.21

S2
S3
S4

1.95
2.55
3.35

S5

6.6

Löher et al.

7807

FIG. 3. Count rates in two energy channels ~binding energies 1.44 eV and
3.24 eV! vs excitation energies. The course of the count rate is fitted to
N~E,hn ) derived from Eq. ~5!. At a given energy E the only fit parameters
are the densities of states of r Cu~E! and r Se~E!.

FIG. 2. ~a! Variation of atomic photoionization cross sections of Cu 3d, Se
4p, and In 4d levels with excitation energy as given in Ref. 6. ~b! Comparison of the In 4d intensity IIn 4d with the In 4d cross section s In 4d~hn ). After
correction by the analyser transmission function and an appropriate normalization factor reasonable agreement is achieved. The corrected intensity behavior vs photon energy is given by I In 4d(h n )*0.16*(h n 227 eV!.

~no point source!. With these approximations the photoemission count rate at any binding energy in the valence band is2
N ~ E,h n ! 5A•T ~ h n 2E ! •

~2!

The transmission function of the analyser is approximated as being inversely proportional to the electron kinetic
energy ~hn -Eb).13 However, the binding energies of atomic
levels given in Ref. 6 differ considerably from experimental
values. We therefore corrected the kinetic energy term by
adding a constant, yielding T } (h n 2E b 1C) 21 . After multiplying the In 4d peak intensity by the kinetic energy of the
photoelectrons and an appropriate normalization constant we
get a reasonable resemblance of this curve with the photoemission cross section ~Fig. 2~b!!. The deviation of the experimental In 4d intensity curve from the cross section curve
s is less than 10% and may reflect photoelectron diffraction
effects, that seem to show up mainly at photon energies
above 60 eV.
In the upper valence band region, however, all emissions
are distinct superpositions of emissions from Se 4p and Cu
3d levels. In principle, band dispersion,14 resonance,15 and
diffraction effects,12 also must be considered in evaluating
the intensity of valence band photoemission lines. In order to
minimize these effects the analysis was restricted to the energy range between 28 and 60 eV, which gives the strongest
relative cross sectional variation and lies outside the range of
strong band dispersion ~compare Fig. 1! and of Cu 3p-3d
resonance. We also checked for p-d resonance enhancement
of the valence band features. However, no clear effect could
be identified ~compare Fig. 1!. The diffraction effects are
also considered to be small in this low kinetic energy range
due to the reduced coherence of valence state photoelectrons
7808
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i

D

s i~ h n !
r i~ E ! .
ni

~3!

By summing the electron densities over the hole valence
band the last term will yield the total of valence electrons
contributed by Cu 3d and Se 4p atomic electrons:

E

electrons is rather limited, therefore it is reasonable to assume a constant escape depth. Then ~1! reduces to
I ~ h n ! 5A•T ~ h n 2E b ! • s In 4d~ h n ! .

S(

Vb

r Cu ~ E ! dE510
~4!

and

E

Vb

r Se ~ E ! dE512

~note that there are two Se atoms in every formula unit of
CuInSe2 ).
The ansatz for the transmission function T is described
above. The constant C is inferred from the fit of In 4d to its
cross section curve s In 4d ~Fig. 2~b!!. In Eqs. ~2! and ~3! term
A still appears and accounts for the spectrometer normalization constant. To reduce fitting parameters we take the ratio
of Eqs. ~2! and ~3! to cancel A. Finally, the count rate of
valence band emissions relative to In 4d emission as function
of photon energy is given by
N ~ E,h n ! 5

S

s Cu~ h n !
s Se~ h n !
• r Cu~ E ! 1
• r Se ~ E !
10
6

s In 4d~ h n ! .

DY

~5!

The remaining unknown parameters are the respective densities of states r i~E! if known photoionization cross sections,
as e.g., those given in Ref. 6, can be applied.
Since the functions r Cu~hn ) and r Se~hn ) differ considerably in the photon energy range investigated, we can fit Eq.
~5! to the experimentally determined variation of the count
rate at a given binding energy as a function of photon energy. Two examples of binding energies 1.44 and 3.24 eV
are given in Fig. 3. The experimental curves show some
small oscillations around the fitted lines. These are most
likely related to the used approximations as, e.g., neglecting
Löher et al.

FIG. 4. Densities of states of Cu 3d and Se 4p per formula unit of
CuInSe2 . The contribution of Cu 3d states in the upper part of the valence
band is determined to be 50%.

sections in Eq. ~5!. It has been shown experimentally that
significant changes of s may occur especially for 4d metals
close to the Cooper minimum17 when different
environments—atoms, bulk metals, or compounds—are
compared.18,19 In principle, it cannot be excluded that the
photoionization cross sections of Cu and Se in CuInSe2 are
also different from their atomic values. But a pronounced
Cooper minimum is not reported for Se and Cu 3d states
which show only a smooth variation of s with hn .6 In addition, the strongest variations in s were reported when atoms
are compared to delocalized metallic states.18,19 For rather
localized states states in covalent compounds, a reasonable
agreement of s with atomic values is reported.18,20,21 We
therefore assume that atomic photoionization cross sections
can be applied as a reasonable approximation for excitation
processes involving the rather localized states of the
CuInSe2 valence band.
IV. SUMMARY

photoelectron diffraction. However, the overall agreement
between experimental and calculated values is surprisingly
good, considering that only two parameters ( r Cu and r Se) are
used for fitting to 22 experimental points in the photon energy range hn 528–60 eV. The fitting procedure was applied
to each energy channel (DE50.1 eV! of the valence band
energy distribution cure ~EDC!. This yields a set of r Cu and
r Se parameters connected to each binding energy in the valence band that reflect the shape of the respective density of
states. In order to obtain the quantitative density of states per
formula unit the parameter sets are normalized such as to
yield the total of valence electrons according to Eq. ~4!. The
final result of this procedure is presented in Fig. 4.
We can read directly from this graph the contribution of
d and p electrons at the respective energy channel. In the
binding energy regime between the valence band maximum
EV and the binding energy of 0.8 eV below EV the mean Cu
3d contribution to the valence band states varies to be 50
68% ~see Fig. 4!. The maximum contribution of Cu 3d electrons to the valence band density of states amounts to 75%
around 2.4 eV below the valence band maximum. It corresponds to non-bonding d states and is visible as the strongest
emission in the spectra with hn >40 eV and as structure c in
the spectrum taken with hn 521 eV ~see Fig. 1!. It is important to note that the shape of the Cu 3d density of state
distribution determined by our procedure is in very good
agreement with the spectra measured at photon energies
above 60 eV ~which are dominated by the Cu 3d states!. The
close correspondence of these two independent results is an
additional experimental proof of the validity of the procedure
applied.
Our determination of the contribution of Cu 3d states in
the upper part of the valence band of CuInSe2 agrees qualitatively with the result of Braun et al.2 obtained for CuInS2
~60% Cu 3d character!. There is evidently a strong hybridization of the Cu 3d states with the Se 4p states in the valence band that is evidently underestimated in the band structure calculations.1,16
There may be a systematic uncertainty in the applied
procedure due to the use of atomic photoionization cross

We have measured the valence band of CuInSe2 (011)
cleavage planes using photoelectron spectroscopy with varying excitation energy. The spectral features can be assigned
by using the energy dependence of photoionization cross
sections. In addition, the relative intensities are evaluated
using the In 4d core line as a reference to extract the Cu 3d
and Se 4p contributions to the partial density of states in the
valence band. Future investigations are planned to analyse
the valence band spectra of the chalcopyrite family to systematically deduce the role of group I-d/ group VI-p hybridization of the electronic structure.
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