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The complex dielectric functions, ����=�1���+ i�2���, of CuIn3Se5 and CuIn5Se8 crystals with
different Cu contents have been determined in the 0.8–4.7 eV photon energy range by using
spectroscopic ellipsometry. The spectral dependence of the real, �1���, and imaginary, �2���, parts
of ����, as well as the complex refractive index, the absorption coefficient, and the
normal-incidence reflectivity, has been modeled by using a modification of Adachi’s model. The
results are in excellent agreement with the experimental data over the entire range of photon
energies. The model parameters, including the energies corresponding to the lowest direct gap, E0,
and to higher critical points, have been determined by using the simulated annealing algorithm.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2921865�

I. INTRODUCTION

CuInSe2 and related chalcopyrite-type semiconductors
are leading candidates as absorbers in high-efficiency hetero-
junction solar cells. Devices based on CuIn1−xGaxSe2 have
demonstrated efficiencies up to 19.3%.1 Several studies
showed the existence of an ordered-defect-compound �ODC�
surface layer, with stoichiometries close to that of CuIn3Se5,
on the CuInSe2 absorber in some high-efficiency thin film
cells. This surface layer is expected to play an important role
in the performance of high-efficiency CuIn1−xGaxSe2-based
solar cells.2–4 Therefore, a detailed study of the physical
properties of CuIn3Se5 and CuIn5Se8 ODCs seems to be es-
sential to control such performance; so far their characteris-
tics have not yet been well determined. Some optical mea-
surements were carried out in CuIn3Se5 �Refs. 4–8� and
CuIn5Se8 �Refs. 8–14� both thin films and bulk samples and
the band gap values Eg were estimated.

Spectroscopic ellipsometry is a nondestructive and pow-
erful technique to investigate the optical response of semi-
conductors. This response is determined by the frequency-
dependent complex dielectric function and, in addition, the
main features of the band structure, such as interband transi-
tions, can be derived from the analysis of the complex di-
electric function and its derivatives.

Recently, Han et al.14 reported the optical functions of
thin polycrystalline �4CuInSe2�y�CuIn5Se8�1−y films with dif-
ferent Cu contents derived from spectroscopic ellipsometry
measurements. In the same work, the authors described the
changes in the optical functions with the Cu-deficiency de-
gree. However, among the studied films, no compositions
close to CuIn3Se5 �Cu: 11.11 at. %� or CuIn5Se8 �Cu:
7.14 at. %� were included.

In the present study, the complex dielectric function
spectra of several samples with different deviations from the
CuIn3Se5 and CuIn5Se8 stoichiometries have been measured
by spectroscopic ellipsometry at room temperature and their

optical constants have been modeled. A comparison of the
optical properties between nearly stoichiometric and Cu-poor
crystals has also been performed.

II. EXPERIMENTAL METHODS AND ANALYSIS
METHODOLOGY

CuIn3Se5 and CuIn5Se8 crystals were grown by the
Bridgman method. Energy dispersive x-ray microanalysis
�EDAX� was used to measure the composition of the
samples. The results of such analysis are shown in Table I.
For each nominal composition, two kinds of samples were
used in the optical study: the nearly stoichiometric samples,
I35S and I58S �Table I�, and the samples showing some de-
viations from the nominal composition, I35N and I58N
�Table I�. The structural analysis was performed by x-ray
diffraction and it was found that the ingots of I35 and I58
were of polycrystalline single phase, which presents tetrago-
nal and hexagonal structures, respectively.

The optical measurements were performed at room tem-
perature in the photon energy range from 0.8 to 4.7 eV at two
incidence angles �, 55° and 65°, by using a variable-angle
spectroscopic ellipsometer.15 In order to remove the surface
undesired overlayers, the samples were prepared as described
in Ref. 16 and, hence, a two phase model �atmosphere-
sample� was used to analyze the ellipsometry spectra. The
complex dielectric functions have been determined as
follows:16,17

TABLE I. Compositional data of the samples resulting from EDAX.

Samples
Cu

�at. %�
In

�at. %�
Se

�at. %� In/Cu Se/Cu

CuIn3Se5�I35S� 11.2 30.9 57.9 2.8 5.2
CuIn3Se5�I35N� 9.5 31.4 59.1 3.3 6.2
CuIn5Se8�I58S� 7.1 32.8 60.1 4.6 8.5
CuIn5Se8�I58N� 6.5 33.1 60.4 5.1 9.3
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� = sin2 ��1 + tan2 ��1 − �

1 + �
�2� , �1�

where �=rp /rs is the complex reflectance ratio, and rp and rs

refer to the electric field reflection coefficients for parallel
�p� and perpendicular �s� polarizations of the light beam de-
fined with respect to the incidence plane.

The features observed in the complex dielectric function
spectra �=����� of a semiconductor are related to interband
transitions originated by large or singular values of the joint
valence and conduction density of states �DOS�. In order to
analyze in detail the observed structure of the �=����� spec-
tra, a modification of Adachi’s model has been used in this
work. This model combines the merit of the standard critical
point �CP� and damped harmonic oscillator models18 and it
has been successfully applied to model the dielectric func-
tions of several III-V, I-III-VI2, and ODC compounds as well
as their optical constants.19–23 In this model, which has also
been extensively explained in a previous work,23 the com-
plex dielectric function is described as a function of energy,
E=�� by the sum of two terms, �0�E� and �1�E�, which
correspond respectively to the one-electron contributions at
the E0� and E1� CPs, where �=a ,b ,c refers to the triple
valence band �VB� splitting level in chalcopyrites, and �
=A ,B refers to different energy transitions after the main
one. It is worth mentioning that, in our case, the triple VB
splitting at the E0 CPs has not been observed and has been
treated as a single degenerate one. Following after Djurisic
and co-workers21,22 in the case of the E1A transition model,
the damping constant � has been replaced by the frequency-
dependent damping constant.23 The replacement permits us
to get a better agreement between the calculated and the
experimental data.

On the other hand, the simulated annealing �SA� algo-
rithm has been used to obtain Adachi’s model parameters
through the minimization of the following objective
function:21,22,24

F = 	
i=1

N

�
 �1��i�
�1

expt��i�
− 1
 + 
 �2��i�

�2
expt��i�

− 1
�2
, �2�

where the summation is performed over the available range
of experimental points, and �1

expt��i�, �1��i�, �2
expt��i�, and

�2��i� are the experimental and calculated values, respec-
tively, of the real and imaginary parts of the complex dielec-
tric function at the �i point. Such algorithm has shown good
agreement with the experimental data for III-V materials and
ODC compounds.19–23

III. RESULTS AND DISCUSSIONS

Figures 1�a� and 1�b� show the real �1��� and imaginary
�2��� parts of the pseudodielectric function ����=�1���
+ i�2��� for I35 and I58 samples, respectively. The spectra
exhibit several CP structures and so Adachi’s model has been
applied to calculate the dielectric function and the optical
constants of the studied crystals. The resulting analytical
lines from the fits of the experimental data in Fig. 1 have
been obtained considering three-dimensional-type CPs in the
Eg region and two-dimensional type in the E1 region. The A,

B, E, and � model parameters calculated by using the SA
algorithm are included in Table II. The lowest E value ob-
served in the region below 1.5 eV corresponds to the funda-
mental energy gap value, E0=Eg, well distinguished for each
studied sample �Fig. 1�. A second, E1A, and a third, E1B,
energy threshold appear in the region between 2.5 and 4.5 eV
�Table II�. An excellent agreement between our calculations
and the experimental data can be observed for both nearly
stoichiometric crystals and also for those with stoichiometric
deviations �Figs. 1�a� and 1�b��. As an indication of the ac-
curacy with respect to the experimental values, the relative
errors have been calculated, lying in the 1%–2.3% and
2.4%–5.2% ranges for the real and imaginary parts, respec-
tively, for the studied compounds �Table II�. In order to com-
pare with the standard method, the values of E0 and E1 have
been calculated by fitting the numerically differentiated ex-
perimental spectrum to analytical line shapes and are shown
in Table II. A good agreement with the values calculated by
using the SA algorithm can be observed.

Since band structure calculations are not available for
CuIn3Se5 and CuIn5Se8 compounds, the ones obtained for
CuInSe2 �CIS� �Ref. 25� and �4CuInSe2�y�CuIn5Se8�1−y �Ref.
14� have been used to identify the observed energy values. It
is well established that the main transitions contributing to
��E� in CuInSe2 occur at the Brillouin zone �BZ� center, �,
and at the BZ edge points, N and T �predominant upper
transitions�.16 As mentioned above, the energy threshold of
the fundamental absorption edge, E0=Eg, can be well iden-
tified in the I35 and I58 spectra �Figs. 1�a� and 1�b�� and can
be related to an electronic transition at the � point, corre-
sponding to a direct transition from the VB maximum

FIG. 1. Real ��1� and imaginary ��2� parts of the dielectric function vs
energy for �a� I35 and �b� I58 samples. Experimental data �triangles, circles,
and squares� and fits of these data to Adachi’s model using Eq. �2� �solid
lines� are also presented.
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�VBM� to the conduction band minimum �CBM�. The de-
duced values of Eg at room temperature, 1.18–1.32 eV for
I35 and 1.21–1.24 eV for I58 �Table II�, are in reasonable
agreement with those4–14 previously determined by using op-
tical absorption spectra data as well as with the theoretically
calculated value of Eg=1.34–1.35 eV for I58.26

In the region between 2.5 and 4.5 eV, two transitions,
named E1A and E1B, have been observed for all I35 and I58
samples. We have assumed that they can be related to N type
transitions after Refs. 16 and 27, where ellipsometric data for
CuInSe2 were analyzed. The measured energy gap between
these two transitions corresponds to the crystal-field splitting
of the valence band at the N point in the BZ and, hence, in
the present work, the crystal-field splitting at the N point was
found to be about 1.5 and 1.3 eV for the I35 and I58 samples,
respectively, close to that �1.2–1.3 eV� estimated for
CuGa3Se5

23 and CuGa5Se8.28 A value at around 0.8 eV was
reported for CuGaxIni−xSe2�0	x	1� alloys.16,19,27

On the other hand, the variation in the observed band
gap values of the presently studied samples can be attributed
to compositional changes in the ODC materials. As a matter
of fact, the effect of Cu deficiency on the optical functions of
CuInSe2, �4CuInSe2�y�CuIn5Se8�1−y, and CuIn1−xGaxSe2

�CIGS� thin films was recently reported and discussed.14,29,30

In those works, a reduction in the absorption strength in the
spectral region between 1 and 3 eV for Cu-poor samples was
found, and it was explained in terms of the Cu 3d states
DOS. Cu-poor CIS and CIGS materials show an increase in
the band gap due to the reduction in repulsion between the
Cu 3d and Se 4p states in the valence band and an increase
in the perturbation potential due to a lattice deformation.29–31

Besides, according to the theoretical calculations of Jaffe and
Zunger,25 the upper valence band of Cu-III-VI2 chalcopyrites
is exclusively formed by the p-d hybridization of Cu 3d and
VI 4p atomic levels. The strength of this �15�d�−�15�p� in-
teraction inversely depends on the energy separation between
such levels. This repulsive interaction pushes the antibonding
p-d states to higher energies; as a consequence, this effect
produces a decrease in the band gap value.14 In the case of
Cu-poor CIS, the p-d repulsive interaction is expected to be

smaller, lowering the VBM and inducing a smaller lowering
in the CBM,25,31 and hence, increasing the band gap value.
On the other hand, our results show an increase in the band
gap values of the Cu-poor samples compared to the stoichi-
ometric ones, in both I35 and I58 series �Table II�. After Han
et al.14,29,30 and according to the previous explanations, these
results could be explained by the reduction in the p-d inter-
action.

The optical parameters of interest, namely, the complex
refractive index n�=n+ ik, the normal-incidence reflectivity
R, and the absorption coefficient �, can be readily computed
from well known equations.15,23

Theoretical calculations of the electronic band structure

FIG. 2. Spectral dependence of the absorption coefficient ��� and normal-
incidence reflectivity �R� for �a� I35 and �b� I58 samples. Experimental
�triangles, circles, and squares� and theoretically calculated data using
Adachi’s model and the SA algorithm �solid lines� are also presented.

TABLE II. Model parameter values.

Samples

Parameters I35S I35N I58S I58N

A �eV1.5� 4.20 5.77 2.27 3.63
E0 �eV� 1.18 �1.19�a 1.32 �1.32� 1.21 �1.20� 1.24 �1.25�
� �eV� 0.005 0.033 0.015 0.045
B1A �eV� 2.95 2.51 3.83 3.60
E1A �eV� 2.63 �2.57� 2.72 �2.64� 2.72 �2.70� 2.85 �2.77�
�1A �eV� 0.41 0.39 0.66 0.60
� 0.03 0.14 0.17
B1B �eV� 3.92 4.01 3.47 3.07
E1B �eV� 4.13 4.23 3.95 4.19
�1B �eV� 0.87 0.80 0.71 0.76
Error �1 �2 �1 �2 �1 �2 �1 �2

2.2% 4.2% 2.2% 5.2% 1% 2.4% 2.3% 3.0%

aValues of E0 and E1 calculated by fitting the numerically differentiated experimental spectrum to analytical line
shapes are in brackets.
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and the DOS for CuInSe2 and �4CuInSe2�y�CuIn5Se8�1−y

compounds show a reduction in the DOS within the 3–4 eV
region from the VBM.14,25,26,32 In addition, a reduction in the
Cu 3d DOS near the VBM due to a Cu deficiency results in
a decrease in the amplitude of the absorption coefficient �
for CIS.14 Therefore, a reduction in the experimental � val-
ues in Cu-deficient samples should be expected. The calcu-
lated and observed absorption coefficient spectra � are de-
picted in Fig. 2. The Cu-deficient CuIn5Se8 sample shows a
depression of the absorption coefficient in the spectral region
between 1 and 3 eV, which is in agreement with that ob-
served in �4CuInSe2�y�CuIn5Se8�1−y films.14

The experimental spectral dependences of n and k, as
well as the calculated ones using Adachi’s model and the SA
algorithm, are presented in Figs. 3�a� and 3�b� for CuIn3Se5

and CuIn5Se8 samples, respectively. A good agreement is ob-
served for all of the studied samples, and the obtained values
of the interband CP parameters �strength, threshold energy,
and broadening� are given in Table II. All of these optical
spectra were found to reveal distinct structures at these
points.

The experimental n data have also been analyzed by us-
ing a simple theoretical model, namely, the first-order Sell-
meier’s equation as follows:23

n2�
� = A +

2


2 − B
, �3�

where A and B are the fitting parameters, and 
 is the wave-
length of light in vacuum. The solid line in Fig. 4 represents
the fitting of Eq. �3� to the experimental data. The values of
the fitting parameters A, B are equal to 6.38, 0.63 and 6.45,

0.52 for I35S and I58S nearly stoichiometric samples, re-
spectively. The nonstoichiometric samples present the A, B
values of 6.28, 0.53 and 6.11, 0.53 for I35N and I58N, re-
spectively.

As 
→�, the electronic contribution to the dielectric
function approaches the limiting value ��, i.e., the high-
frequency dielectric constant. The value of ��=n2 �
→��
=A+1 is about 7.38–7.28 for CuIn3Se5 and 7.45–7.11 for
CuIn5Se8. The reported values for CuInSe2 and CuGaSe2

ranged between 6 and 6.9 and between 4.2 and 5.1,
respectively,33,34 and that for CuGa3Se5 and CuGa5Se8 in the
��=7–7.2 range.23,28

IV. CONCLUSIONS

The spectral dependence of the real, �1���, and imagi-
nary, �2���, parts of the complex dielectric function, ����, as
well as of the complex refractive index, extinction and ab-
sorption coefficients, and the normal-incidence reflectivity
for CuIn3Se5 and CuIn5Se8 crystals, is modeled in the 0.8–
4.4 eV photon energy range by using a modification of Ada-
chi’s model for the optical properties of semiconductors and
the SA algorithm. An excellent agreement with the experi-
mental data has been obtained and the model parameters
�strength, threshold energy, and broadening� have been deter-
mined. It has also been found that Cu-poor CuIn3Se5 and
CuIn5Se8 samples show an increase in the band gap value
probably due to a reduction in the p-d interaction at the
valence band maximum. The present results offer a valuable
set of optical-constant data for CuIn3Se5 and CuIn5Se8 that
could be useful for the design of solar cells based on these
compounds.
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