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Spectroscopic ellipsometry has been used to characterize the dielectric functions of bulk
Cu�In1−xGax�5Se8 crystals. Spectra were measured at room temperature over the energy range
0.74–5.2 eV. The dielectric functions as well as the complex refractive index, the absorption
coefficient, and the normal-incidence reflectivity have been modeled using a modification of the
Adachi model. The results are in a good agreement with the experimental data over the entire range
of photon energies. The model parameters �strength, threshold energy, and broadening� have been
determined using the simulated annealing algorithm. The transition energies E0 and E1A are found
to shift linearly to higher energies as the gallium content increases.
© 2010 American Institute of Physics. �doi:10.1063/1.3298499�

I. INTRODUCTION

CuInSe2 �CIS�, CuGaSe2 �CGS�, and their alloys �CIGS�
are prototypes of chalcopyrite semiconductors, which are
key materials for nowadays thin-film solar cell applications.
CIS-based cells currently hold the world-record energy con-
version efficiency �19.9%, AM 1.5 G, 100 mW /cm2� for
thin-film technologies.1 CIS is structurally stable within a
large range of off-stoichiometry and the extreme limit of
such off-stoichiometry is manifested by the existence of a
series of Cu-poor compounds2 derived from CIS. The forma-
tion of these compounds can be understood from the study of
the defect physics of CIS by Zhang et al.3 They have shown
that the donor–acceptor defect pairs �2VCu

− +InCu
2+�0 and

�2CuIn
2−+InCu

2+�2− in this ternary compound have, under certain
conditions, particularly low formation energies. Using these
facts, they have established that the formation and stability
of CuIn5Se8, CuIn3Se5, Cu2In4Se7, and Cu3In5Se9 com-
pounds originate from the repetition of a single unit of
�2VCu

− +InCu
2+� in n=4, 5, 7, and 9 units of CIS, respectively.

Hence, these are called ordered defect compounds �ODC�.
Several studies showed up the existence of an ODC surface
layer onto the CIS absorber in some high-efficiency thin-film
cells. This layer is expected to play an important role in the
performance of the high efficiency CIGS-based solar
cells.4–6 Therefore, a detailed study of the physical properties
of quaternary ODCs is important. However, very little is
known so far about the quaternary CIGS ODC-based solid
solutions. Some optical measurements were carried out in
Cu�In1−xGax�5Se8,7 Cu�In1−xGax�3Se5,8 and
Cu�In1−xGax�2Se3.5 �Ref. 9� thin-film alloys and the band-gap
values Eg were estimated.

One of the decisive factors in determining the efficiency
of photovoltaic devices are the optical properties of the ab-

sorber material. Spectroscopic ellipsometry �SE� is an excel-
lent technique to determine the optical functions of interest.
It was previously applied to study the optical functions of
CIS and CGS single crystals10 as well as polycrystalline bulk
CIGS alloys.11–13 Recently, SE studies have been done on the
ternary compounds CuIn2Se3.5,

14,15 CuGa3Se5,14–16

CuGa5Se8,15–17,19 CuIn3Se5,16,20 and CuIn5Se8 �Refs. 18 and
19� and in the quaternary compound Cu�In1−xGax�3Se5 �Ref.
20� and Cu�In1−xGax�5Se8.21

In the present study, the room temperature complex di-
electric function spectra of Cu�In1−xGax�5Se8 alloys �x=0,
0.2, 0.4, 0.6, 0.8, and 1� have been measured by SE. Their
optical constants have been modeled, from which values for
interband transition energies have been obtained and com-
pared with those of the ternary end-point compounds.14–19

The dependence of the interband transition energies on com-
position x has been derived.

II. EXPERIMENTAL METHODS AND ANALYSIS
METODOLOGY

Ingots of Cu�In1−xGax�5Se8 alloys �x=0, 0.2, 0.4, 0.6,
0.8, and 1� were prepared by direct fusion of stoichiometric
mixtures of the constituent elements of at least 5N purity in
evacuated quartz ampoules.19 The composition measure-
ments were done by atomic emission spectroscopy using an
ICP PerkinElmer Optima 3200 RL on HNO3 solutions.

Suitable sample surfaces were prepared for ellipsometric
measurements by polishing to optical quality and using an
alkaline colloidal silica suspension for a chemomechanical
finish. Subsequently, spectra were obtained with the sample
under dry N2 flux at room temperature in the range from 0.74
to 5.2 eV, using a spectral ellipsometer SOPRA ES4G with
rotating polarizer. We checked that the optical response of
these samples was isotropic and the presented spectra were
collected at an angle of incidence of �=70° and analyzera�Electronic mail: maximo.leon@uam.es.
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angle of 15°. The careful surface preparation minimized the
contribution to the experimental data of thin films of oxide
that are formed on the sample surface, and also reduced the
effect of surface roughness to which ellipsometry is very
sensitive,22 in this way the measured spectra were represen-
tative of the dielectric function of the bulk materials.

The real and imaginary parts of the dielectric function �
���=�1���+ i�2��� can thus be obtained from Eq. �1� de-
duced by a two-phase �substrate-ambient� model23

� = sin2 ��1 + tan2 ��1 − �

1 + �
�2� , �1�

where � is the incidence angle of the photon beam and � is
the complex ratio of the Fresnel coefficients explained in
Ref. 22.

The features observed in the complex dielectric function
spectra �=����� have been described in terms of the inter-
band transitions, using the Adachi model. This model com-
bines the merit of the standard critical point �CP� and
damped harmonic oscillator models24–26 and it has been suc-
cessfully applied to model the dielectric function of several
III-V, I-III-VI2, and ODC compounds, as well as their optical
constants.14–21,24–28 The use of adjustable line broadening in-
stead of the conventional Lorentzian one leads to the im-
provement in the modeling of the dielectric function.27,28

This modified Adachi model has been extensively explained
in our previous work of Ref. 17, and the complex dielectric
function as a function of energy, E=��, can be described by
the sum of three terms, �0�E� and �1�E�, corresponding to the
one-electron contributions at the E0� and E1� CPs, respec-
tively, where �=a ,b ,c refers to the triple valence band split-
ting level in chalcopyrites and �=A ,B refers to different
energy transitions after the main one and an additional con-
stant �1�

��E� = 	
�=A,B,C

C0�E0�
−3/2f�	0�� + 	

�=A,B
− D1�	1�

−2Ln�1

− 	1�
2 � + �1�, �2�

with f�	0��=	0�
−2�2− �1+	0��1/2− �1−	0��1/2�, 	0�= �E

+ i
0�� /E0�, and 	1�= �E+ i
1�� /E1�, where C0��D1�� and

0��
1�� are the strengths and damping constants of the
E0��E1�� transitions. The damping constant 
1� in the Eq. �2�
is replaced for E1� transitions by the frequency-dependent
damping constant 
1�� with the energy dependent expression


1�� �E� = 
1� exp�− �1��E − E1�


1�
�2� , �3�

where �1� and 
1� are the adjustable model parameters,
while E1� is the energy of the CP at which the transition
occurs. The adjustable model parameter �1� permits to get
intermediate types of broadening of the interband transitions
and lead to better agreement between the calculated and ex-
perimental data.27,28

In the polycrystalline material the observed � is close to
the ordinary component of the effective dielectric function
tensor,11 which means that only two of the three transitions
would be observed. However, in our case no splitting among
the E0 CPs is obvious and they have been treated as a single
degenerate one.

In addition, the simulated annealing �SA� algorithm has
been used27–29 to obtain the model parameters through the
minimization of the following objective function:

F = 	
i=1

N �
 �1��i�
�1

expt��i�
− 1
 + 
 �2��i�

�2
expt��i�

− 1
�2

, �4�

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 of the real
and imaginary parts of the complex dielectric function at the
�i point.

III. RESULTS AND DISCUSSIONS

The composition verified by atomic emission spectros-
copy using an ICP PerkinElmer Optima 3200 RL on HNO3

solutions of each compound was close to the ideal theoretical
value of the starting composition �Table I�. These values con-
firm that the system can be expressed as Cu�In1−xGax�5Se8,
given that the Cu/III ratio takes values between 0.11–0.22, as
established by Kohara et al.30 for the layered structure
CuIn5Se8 whose molar percentage of In2Se3 is located in the
range 82%–90%.

The experimental spectra of the imaginary �2��� and
real �1��� components of the complex dielectric function
����=�1���+ i�2��� of the Cu�In1−xGax�5Se8 alloy samples
as well as the ternary end compounds show distinct peaks
�Fig. 1�. The features observed in ���� in the spectral range
under consideration are related to interband transitions origi-
nated by large or singular values of the joint valence and
conduction density of states. These points of the band struc-

TABLE I. Compositional data of the studied samples carried out by atomic emission spectroscopy.

Cu In Ga Se Cu/III Se/metalic atoms

CuIn5Se8 0.7 4.7 ¯ 7.6 0.15 1.41
Cu�In0.8Ga0.2�5Se8 0.6 3.9 0.8 7.6 0.13 1.43
Cu�In0.6Ga0.4�5Se8 0.8 3.0 1.6 7.5 0.17 1.39
Cu�In0.4Ga0.6�5Se8 1.1 1.5 3.1 7.6 0.24 1.33
Cu�In0.2Ga0.8�5Se8 1.0 0.6 4.0 7.7 0.22 1.38
CuGa5Se8 1.0 ¯ 4.6 8.0 0.22 1.43

033502-2 Levcenko et al. J. Appl. Phys. 107, 033502 �2010�

Downloaded 09 Feb 2010 to 161.111.180.191. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



ture are also known as van Hove singularities or CPs of
energy transitions of the electronic band structure. The di-
electric function is considered as a sum of contributions from
all allowed transitions at CPs.31,32 From the fact that CPs are
directly related to regions of large or singular joint electronic
density of states, direct information on the energy separation
of valence and conduction bands �interband gaps� is ob-
tained, which can be compared with band-structure
calculations.31 The method was successfully applied to dif-
ferent semiconducting materials to identify and evaluate the
energy of the electronic transitions.10,11,20,24,31

The precise values of the energy thresholds have been

determined by theoretical fitting performed using the modi-
fied Adachi model applied to calculate the dielectric function
as well as the optical constants of the studied crystals. The
resulting analytical lines from the fits of the experimental
data in Fig. 2 have been obtained considering 3D-type CPs
in the Eg region and 2D-type in the E1 region. The values of
the interband critical-point parameters �strength �C ,D1��,
threshold energy �E0 ,E1��, and broadening �
 ,
1��� have
been derived by simultaneously fitting both real and imagi-
nary parts using the SA algorithm. Due to the small accuracy
in the determination of the �2��� in the regions of small
absorption10 in the calculation the values lower than 0.2–0.15
lying below the beginning of the absorption onset were omit-
ted. A set of the obtained fitting parameters is given in Table
II for the studied samples. The lowest E value observed in
the region below 2.0 eV corresponds to the fundamental en-
ergy gap value, E0=Eg, well distinguished for each sample
�Figs. 1�a� and 1�b��. A second, E1A, and a third, E1B, energy
thresholds appear in the region between 2.7 and 5.2 eV
�Table II�.

Good agreement between our calculations and the ex-
perimental data can be observed for all samples �Fig. 2�. As
an indication of the accuracy of our calculations with respect

ε
ε

FIG. 1. Real ��1� and imaginary ��2� parts of the dielectric function vs
energy for Cu�In1−xGax�5Se8 alloys. The spectra that correspond to the ter-
nary end compounds are plotted with thicker lines. The spectra are shifted in
the value specified on the left of each curve.

ε

ε

ε

ε
2

FIG. 2. Real ��1� and imaginary ��2� parts of the dielectric function vs
energy for x=0.2 and x=0.8 samples. Closed squares and open circles rep-
resent the experimental data while the solid lines correspond to the theoret-
ical fits of these data.

TABLE II. Model parameter values and the average value of the relative errors over the whole �1 or �2 spectrum.

Parameters

X

0 0.2 0.4 0.6 0.8 1

C�eV1.5� 3.90 4.80 2.80 5.27 4.85 5.40
E0�eV� 1.12 1.38 1.54 1.62 1.79 1.94

�eV� 0.056 0.030 0.001 0.031 0.001 0.001
D1A 3.04 2.75 2.18 2.31 2.72 2.03
E1A�eV� 2.69 2.77 2.85 2.84 2.93 2.97

1A�eV� 0.43 0.40 0.38 0.40 0.41 0.35
�1A 0.07 0.05 0.11 0.11 0.16 0.15
D1B 3.28 3.90 4.07 3.64 3.70 4.74
E1B�eV� 4.18 4.18 4.10 4.04 4.22 4.33

1B�eV� 0.68 0.81 0.75 0.74 0.65 0.74
�1B 0.04 ¯ 0.05 0.02 0.08 0.12
�1� 0.75 0.34 0.72 0.67 0.79 ¯

Error �1 �2 �1 �2 �1 �2 �1 �2 �1 �2 �1 �2

2.8 3.8 2.0 3.1 2.6 3,2 1.9 2.1 2.2 2.8 3.4 3.0
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to the experimental values, the average value of the relative
errors over the whole �1 and �2 spectrum have been calcu-
lated and were under 3.4% and 3.8% for the real and the
imaginary parts, respectively �Table II�.

Band structure calculations, which are necessary in order
to perform identifications of the observed energy transitions,
are not available for the analyzed compounds but well
known for CIS and CGS.33,34 These two compounds are
similar to the ternary ODCs studied previously, then the
identification of the energy transitions observed in the ter-
nary ODCs has been done taking into account the CIS and
CGS band structure calculations. As established for the ter-
nary compounds, the main transitions contributing to ����
occur at the Brillouin zone �BZ� center �fundamental gap at

� and BZ edge points N and T �predominant upper
transitions�.10,34 We use a similar approach to our quaternary
ODCs. The labeling of the transitions is described in refer-
ence 10 and is related to the standard zincblende notation.

The energy threshold of the fundamental absorption
edge, E0=Eg, �Figs. 1�a� and 1�b��, can be related to an elec-
tronic transition at the 
 point, corresponding to a direct
transition from the valence band maximum to the conduction
band minimum. The deduced values of Eg, �Table II�, at
room temperature, 1.38 �x=0.2�, 1.54 �x=0.4�, 1.62 �x
=0.6�, and 1.79 �x=0.8� eV for the solid solution samples of
Cu�In1−xGax�5Se8 are in the range between those previously
determined for the two ternary end points, CuIn5Se8 �Refs.
18 and 19� and CuGa5Se8 �Refs. 15–17 and 19� and in sat-
isfactory agreement with the Eg data of Durán et al.7 deduced
from reflectance and transmittance measurements �Fig. 3�
and the data of Leon et al.21 deduced from ellipsometric
measurements. On the contrary, the energy gap value deter-
mined for CuIn5Se8, 1.12 eV is in disagreement with the
reported value19 obtained by second derivative of the
�1���,equal to 1.26 eV. The disagreement of the values of Eg

for x=0 could be attributed to the inappropriate choice of the
objective function27 in the minimization of discrepancies be-
tween the calculated and experimental data in the reference
19. In this work we employed a global optimization routine
to minimize the discrepancies for both the real and imaginary
parts of the dielectric function at the same time �Eq. �4��. In
contrast, the calculated value19 of Eg for x=1 determined by
second derivative of the �1��� and SA are in good agree-
ment. On the other hand, the band-gap dependence on the

composition can be described with the expression Eg=1.18
+0.77x, which fits well our Eg deduced values for the
Cu�In1−xGax�5Se8 alloys.

In the region between 2.5–5.2 eV, two transitions, named
as E1A and E1B, have been also observed. We assume that
they can be related to N-type transitions following the analy-
sis of ellipsometric data for the CIS and CGS compounds by
Alonso et al.10,13 A linear behavior is observed for E1A as the
gallium content increases �Fig. 3� while E1B �Table II� seems
to stay constant for the quaternaries in opposite to the linear
behavior of CuIn1−xGaxSe2 alloys.13 The variation in E1A

with compositions is well described with E1A=2.70
+0.28x eV.

The optical parameters of interest, namely the complex
refractive index, n�, the normal-incidence reflectivity, R, and
the absorption coefficient, �, can be readily computed using
well-known mathematical expressions, see Eqs. �5�–�7� in
Ref. 14. The experimental spectral dependences of � and R,
n and k, as well as the calculated ones using the Adachi
model and the SA algorithm, are presented for our samples in
Figs. 4 and 5, respectively. A good agreement is observed for
all the studied samples.

The experimental n data have also been analyzed using a
first-order Sellmeier equation14

n2��� = G +
�2

�2 − H
, �5�

where G and H are the fitting parameters. The solid line in
Fig. 6 represents the fitting of Eq. �5� to the experimental

FIG. 3. Compositional dependence of the E0 and E1A interband transitions in
Cu�In1−xGax�5Se8 alloys. Closed squares, triangles and open circles repre-
sent our data and data taken from Ref. 7, respectively.

α

α

FIG. 4. Experimental �closed squares and open circles� and theoretically
calculated using the modified Adachi model and the SA algorithm �solid
lines� spectral dependence of the absorption coefficient ���, and normal-
incidence reflectivity �R� for x=0,2 and x=0,8 samples.

FIG. 5. Experimental �closed squares and open circles� and theoretically
calculated using the modified Adachi model and the SA algorithm �solid
lines� spectral dependence of the real refraction index �n� and extinction
coefficient �k� for x=0.2 and x=0.8 samples.
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data. For more clarity data of x=0.6 and x=0.8 were not
included in Fig. 6. The values of the fitting parameters G and
H are collected in Table III.

As �→�, the electronic contribution to the dielectric
function approaches the limiting value ��, i.e., the high-
frequency dielectric constant. The values of ��=n2 ��→��
=G+1 decrease almost linearly with increasing galium
amount in the region x=0–0.6 from 7.45 to 6.96. The
sample with x=0.8 has a relatively large value of ��=7.91
which may be due to either some imperfections of the crystal
or composition effects.17,18 The obtained values for end-point
samples of the alloys are in good agreement with reported
values for CuIn5Se8 and CuGa5Se8 which are ��=7.45 and
6.91.17–19

In addition, the high-frequency dielectric constant could
be evaluated using the determined values of the parameters
of the modified Adachi model through the Eq. �2�. However,
it can be more easily calculated with a high precision from
the approximation formulae ���C / �4E0

1.5�+D1A+D1B+�1�

obtained from Eqs. �2� and �3� for the case �→�. Also,
according to the above formula it can be seen that the con-
tribution of the energy transitions after the main one to the
high-frequency dielectric constant is determined by the D1�

strengths parameters of E1� transitions and the �1� param-
eter. The obtained value for this contribution is about 90%–
95% for Cu�In1−xGax�5Se8 crystals. The values for the ��

deduced from the modified Adachi model are in good agree-
ment with the semiempirical Sellmeier model with errors
less than or equal to 5%.

IV. CONCLUSIONS

We have reported the pseudodielectric functions mea-
sured at room temperature on Cu�In1−xGax�5Se8 mixed poly-
crystalline bulk samples. The spectral dependence of the real
and imaginary parts of the complex dielectric function as
well as of the complex refractive index, and the absorption

coefficient for Cu�In1−xGax�5Se8 crystals are modeled in the
0.74–5.2 eV photon energy range using a modification of
Adachi model for optical properties of semiconductors and
the SA algorithm. A good agreement with the experimental
data is obtained and the model parameters �strength, thresh-
old energy, and broadening� have been determined. From the
analysis of the data we have obtained the energies of CPs E0,
E1A, and E1B as a function of composition. A linear behavior
was observed for the two first gaps E0 and E1A. These ener-
gies have been assigned to certain electronic interband tran-
sitions by analogy with the previous assignments in the ter-
nary end-point compounds. Using the Sellmeier equation the
high-frequency dielectric constant �� value has been deter-
mined for each Cu�In1−xGax�5Se8 crystal. The values for the
�� predicted by the modified Adachi model are in good
agreement with the semiempirical Sellmeier model with er-
rors less than or equal to 5%. Both spectral dependences of
the optical functions and the critical-point analysis are ex-
pected to be useful in studies of solar cells and other hetero-
structures that contain these materials.
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