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Abstract 

 

The optical properties of bulk Cu-(In1-xGax)-Se alloys grown by the Bridgman method 

are presented. The optical measurements were performed at room temperature in the photon 

energy range from 0.8 to 4.7eV using a variable-angle spectroscopic ellipsometer. The spec-

tral dependences of the complex dielectric function, the refractive index, the absorption coef-

ficient and the normal-incidence reflectivity were derived. The observed structures attributed 

to the interband transitions E0, E1A, and E1B were modelled using a modification of the Ada-

chi’s model. The model parameters were determined using the simulated annealing (SA) algo-

rithm. The values of E0 and E1A were found to increase linearly with Ga content.  

 

1. Introduction 

 

CuInSe2 and related chalcopyrite-type semiconductors are leading candidates for ab-

sorbers in high-efficiency heterojunction solar cells. Devices based on CuIn1-xGaxSe2 have 

demonstrated efficiencies up to 19.3% [1]. Recent studies have shown the existence of an In-

rich n-type material surface layer of Cu(In1-xGax)3Se5 on the absorber in some high efficiency 

thin-film cells. This layer, identified as an ordered defect compound (ODC) is expected to 

play an important role in the performance of the high-efficiency CuIn1-xGaxSe2–based solar 

cells [2, 3]. In a recent report of surface properties of CuGaSe2 thin films, evidences of band 

gap widening [4] together with deviations from stoichiometry pointing to formation of ODC-

related phases were also shown [5]. Therefore, a detailed study of the physical properties of 

these ODCs is important. However, the characteristics of ODC have not been yet well deter-

mined. Some optical measurements were carried out on Cu2In4Se7 (I247), CuGa3Se5 (G35), 

and CuGa5Se8 (G58) thin films and bulk samples and values of the fundamental band gap Eg 

were estimated [6-15]. Only absorption coefficients were determined for Cu(In1-xGax)3Se5 

[16, 17] and Cu(In1-xGax)2Se.3.5 [18] thin-film alloys by optical transmission data and the band 

gap values Eg were estimated. More recently the ellipsometric spectra of several 

Cu(In1-xGax)3Se5 polycrystalline alloys have been published [19]. Spectroscopic ellipsometry 

(SE) is an excellent technique to investigate the optical response of semiconductors, in par-

ticular, for determining the complex dielectric function 
1 2

( ) ( ) ( )iε ω ε ω ε ω= + . Accurate 

knowledge of the dielectric function over a wide range of wavelengths is indispensable for 

many applications [20]. In this work the optical properties of six Cu-(In1-xGax)-Se alloys 

grown by the Bridgman method are presented. The optical measurements were performed at 
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room temperature in the photon energy range from 0.8 to 4.7eV, at two incidence angles, 60° 

and 70°, using a variable-angle spectroscopic ellipsometer. A two-phase model (atmosphere-

sample) was used to analyze the ellipsometry spectra. The spectral dependence of the com-

plex dielectric functions was derived. The observed structure attributed to the interband tran-

sitions E0, E1A, and E1B have been modelled using a modification of the Adachi’s model. The 

model parameters, including the energies corresponding to the lowest direct gap and higher 

critical-points, have been determined using the simulated annealing (SA) algorithm. The de-

pendence on composition of E0 and E1A as a function of Ga content has been obtained. 
 

2. Theoretical model 
 

The Adachi’s model has been successfully applied to model the dielectric function as 

well as the optical constants of III-V and I-III-VI2 compounds [21-23]. The complex dielectric 

function as a function of energy E = ħω is described by the sum of terms corresponding to 

one-electron contributions at critical points E0α (α = A, B, C) and E1β (β = A, B), ε0(E) and 

ε1(E) respectively, plus an additive constant a 

ε(E)= ε0(E)+ ε1(E)+ a.          (1) 

The E0α (α = A, B, and C) transition in chalcopyrite crystals is assigned to the three-

dimensional (3D) M0 critical point. Assuming that the valence and conduction bands are para-

bolic and using the Kramers–Kronig transformation, the contribution of this transition to ε0(E) 

can be written as  
3/ 2

0 0 0 0

, ,

( ) ( ),
A B C

E A E f
α α α

α

ε χ
−

=

= ∑  with 

3/ 2 2 2 1/ 2 1/ 2

0 0 0 0 0 0 0
(4 / 3)(3 / 2 ) , ( ) [2 (1 ) (1 ) ],A P f

α α α α α α α
μ χ χ χ χ

−

= = − + − −    (2) 

0 0
( ) /E i E

α α
χ = + Γ  

In Eq. 2 μ0α is the combined density-of-states mass, P2
0α is the squared momentum-

matrix element, and Γ is the damping energy of the E0α transition. It is worth mentioning that 

normally one should calculate the separate contributions from E0α (α = A, B, and C) critical 

points according to Eq.2, but in our case, splitting among these critical points is not observed, 

and E0α has been treated as a single degenerate one. Contributions of the two-dimensional 

(2D) M0 critical points E1β are given in the Adachi’s model [22] by 
-2 2

1 1 1 1

,

1 11
,

( )=- B (1 ), with

) /(

A B

E Ln

E i E

β β β

β=

β ββ

ε χ − χ

+ Γχ =

∑
        (3) 

where B1β and Γ1β are the strengths and damping constants of the E1β transitions, respectively. 

Djurisic [23] et al. have proposed the acceptance-probability-controlled simulated anneal-

ing (APCSA) algorithm to obtain the model parameters. It is known that all fitting routines based 

on classical optimization algorithms, like Levenberg–Marqardt or simplex algorithms, require 

initial parameter values close to the final ones to provide a meaningful solution and it is usually 

hard to provide good initial values for adjustable parameters of the model. Therefore, to deter-

mine accurately the model parameters, one should employ a global optimization routine, such as 

a simulated annealing algorithm employed in [24]. In this work, the model parameters were de-

termined using the APCSA algorithm through minimizing the following objective function: 

1 2

expt expt

1 2

2N
( ) ( )

( ) ( )
i=1

1 1 ,( + )i i

i i

E E

E E

F
ε ε

ε ε

− −=∑       (4) 
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where the summation is performed over the available experimental points, and ε1
expt(Ei), ε1 

(Ei) ε2
expt(Ei), ε2 (Ei) are, respectively, the experimental and calculated values of the real and 

imaginary parts of complex dielectric function at point Ei.  
 

3. Experimental methods 
 

The Cu(In1-xGax)3Se5 crystals were synthesized from the individual elements with 

99.9999% purity in a vacuum sealed quartz tube. This ampoule was introduced in a rocking 

horizontal furnace that was gently heated to 1100ºC, avoiding overpressures, and cooled 

slowly, 5-10ºC/h. The energy dispersive X-ray microanalysis (EDAX) was used to measure 

the composition of the samples. The results of such analysis have been gathered in Table 1.  
 

Table 1. Compositional data of samples obtained by energy dispersive X- ray microanalysis (EDAX). 
 

Samples 
Cu 

at % 

In 

at % 

Ga 

at % 

Se 

at % 
(In+Ga)/Cu Se/Cu 

Cu2In4Se7 (I247) 16.6 31.1  52.3 1.9 3.1 

CuIn3Se5 (I35S) 11.2 30.9  57.9 2.76 5.17 

Cu (In0.58 Ga 0.41)2Se3.2 (IG1) 16.2 18.5 13.2 52.1 1.96 3.22 

Cu (In0.33Ga0.69)3Se4.8 (IG3) 11.3 11.3 23.3 54.1 3.06 4.79 

Cu1.2(In0.61Ga0.39)3Se4.8 (IG2) 13.3 20.3 12.7 53.7 2.48 4.04 

CuGa3Se5 (G35B) 13.1  34.5 52.4 2.63 4.0 

 

The structural analysis was performed by X-ray diffraction and it was found that the in-

gots were polycrystalline single phase, presenting tetragonal structures, as is shown in Fig. 1. 

According to References [17] and [18], the values of Eg are practically the same for 

Cu(In1-xGax)2Se3.5 and Cu(In1-xGax)3Se5 solid solutions, with a negligible dependence on the 

Cu and Se contents. This fact permitted us to analyze IG1 as a sample with properties similar 

to those of a film with the composition Cu1.5(In0.58Ga0.41)3Se4.8. In the following, the analysis 

has been performed considering all samples belonging to the Cu(In1-xGax)3Se5 solid solution, 

and the results have been analyzed as a function of the Ga content. 

 
 

 

 

 

 

Fig. 1. X ray powder dif-

fraction diagram of IG2 sample. 

The indexing is depicted for all 

reflections below 2θ=70º, for 

higher 2θ values most of index-

ing is omitted for clarity. 
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The optical measurements were performed with a variable-angle spectroscopic ellip-

someter at room temperature, in the photon energy range from 0.8 to 4.7 eV, at two incidence 

angles, Φ=60° and Φ=70° [25]. In order to remove undesired over layers formed on the sur-

face, the samples were specially prepared as described in Ref. [26]; hence, a two-phase model 

(atmosphere-sample) was used to analyze the ellipsometry spectra [26, 27]. The complex di-

electric functions have been determined following equation 1 of Ref. [28]. The features ob-

served in the complex dielectric function spectra ε = ε (ħω) have been described in terms of 

the interband transitions, using the previously explained Adachi’s model.  

 

4. Results and discussions 

 

The experimental pseudodielectric functions, ε (ω) = ε1(ω) +iε2(ω), of the samples 

I35S, IG1, IG2, IG3, and G35B are presented in Fig. 2. The line shapes of ε1 (ω) and, ε2 (ω) 

in all our samples are dominated by two dis-

tinct peaks. In the spectral range under con-

sideration, the line shape of the dielectric 

function is determined by the electronic band 

structure and the observed structures usually 

correspond to transitions at high–symmetry 

points or lines in the Brillouin zone. These 

CPs are characterized by a high joint density 

of states combined with nonvanishing transi-

tion matrix elements. The dielectric function 

is considered as a sum of the contributions 

from all allowed transitions at CPs. 

The Adachi’s model was applied to cal-

culate the dielectric function as well as the 

optical constants of the studied crystals. The 

resulting analytical lines in Fig. 3 have been 

obtained from the fits of the experimental data 

considering 3D-type CPs in the lowest energy 

region, E0, and 2D type in the intermediate 

and high energy region, E1. The A, B, E and Γ 

model parameters calculated using the SA 

algorithm are given in Table 2. The lowest E 

value observed in the region below 1.7 eV 
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Fig. 2. Real ε1 and imaginary ε2 parts of the

dielectric function vs. energy for Cu(In1-xGax)3Se5
alloys, I35S, IG1, IG2, IG3, and G35B samples. The

spectra corresponding to the ternary end compounds

are plotted with thicker lines (I35S and G35B). 

Fig. 3. Real ε1 and imaginary ε2 parts of the

dielectric function vs. energy for IG1, IG2, and IG3

samples. Solid squares, circles and triangles repre-

sent the experimental data, while the solid lines

correspond to the theoretical fits. 
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corresponds to the fundamental energy gap value, E0 = Eg, well distinguished for each studied 

sample (Figs. 2, 3). In addition, a second, E1A, and a third, E1B, energy threshold appear in the 

region 2.5-4.5 eV (Table 2). 

An excellent agreement between our calculations and the experimental data on ε1
expt(ω) 

and ε2
expt(ω) has been observed for all studied samples. The fit with the adjustable parameters 

given in Table 2 is shown in Fig. 3.  
 

Table 2. Model parameter values. 
 

Samples 
Parameters 

I247 I35S IG1 IG2 IG3 G35B 

A(eV1.5) 

E0(eV) 

Γ(eV) 

5.15 

1.125 

0.03 

4.20 

1.18 

0.005 

5.89 

1.40 

0.038 

6.02 

1.47 

0.031 

5.98 

1.64 

0.019 

7.40 

1.85 

0.043 

B1A(eV) 

E1A(eV) 

Γ1A(eV) 

α 

2.38 

2.55 

0.31 

0.88 

2.95 

2.63 

0.41 

0.03 

2.69 

2.73 

0.40 

0.12 

3.11 

2.77 

0.43 

- 

2.60 

2.90 

0.42 

0.20 

2.48 

2.90 

0.32 

0.25 

B1B(eV) 

E1B(eV) 

Γ1B(eV) 

3.28 

4.01 

0.73 

3.92 

4.13 

0.87 

3.97 

4.43 

0.69 

3.50 

4.22 

0.749 

3.99 

4.39 

0.64 

3.7 

4.24 

0.73 
 

Band structure calculations are not available for Cu(In1-xGax)3Se5; however, the struc-

ture of the fundamental absorption edge of chalcopyrites is well understood [29]. These crys-

tals are semiconductors with a direct fundamental gap at the Brillouin-zone center, Γ. Based 

on the band-structure calculations from Jaffe and Zunger [30] for the ternary end compounds 

and relating the observed transitions to those of the binary zinc-blend analogues, the main 

transitions that contribute to ε(ω) could be assigned to critical points at the Brillouin-zone 

center, Γ, and edge points, N and T. The labelling of these transitions is described in Ref. [31], 

and is related to the standard zinc-blend notation. 

The band structure calculations obtained for CuInSe2 (CIS) and CuGaSe2 (CGS) 

[20, 21] have also been used to identify the energy values observed in Cu(In1-xGax)3Se5. The 

energy threshold of the fundamental absorption edge, E0 = Eg, well identified in the spectra of 

studied materials (Figs. 2, 3), can be related to an electronic transition at the Г point. The es-

timated values of Eg at room temperature, 1.47 eV (x = 0.39), 1.4 eV (x = 0.41), and 1.64 eV 

(x = 0.69) for the samples belonging to the Cu(In1-xGax)3Se5 solid solution are in the range 

between those previously determined for 

the two ternary end compounds, CuIn3Se5 
[28] and CuGa3Se5 [25, 32]. In addition, 

these values are in an excellent agreement 

with those reported for Cu(In1-xGax)3Se5 
[17]

 
and Cu(In1-xGax)2Se3.5 [18] films with 

the same content on Ga (value of x), as is 

shown in Fig. 4. 

 
Fig. 4. Compositional dependence of the 

E0 and E1 (A) in Cu(In1-xGax)3Se5 alloys. Solid 

squares and circles represent data after this 

work, while open triangles correspond to data 

after Negami et al. [17]. 
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In the region between 2.5 and 4.5 eV, two transitions, named as E1A and E1B, have also 

been observed. We have assumed that they can be related to N- type transitions after refer-

ences 26 and 31, where ellipsometric data for CIS and CGS compounds were analyzed. The 

measured energy separation between these two transitions corresponds to the crystal-field 

splitting of the valence band at the N point in the Brillouin-zone. In the present work, the 

crystal-field splitting at the N point was found to lie between 1.5 - 1.7 eV, close to that 

(1.3 - 1.5 eV) estimated for CuGa3Se5 [25, 32] and CuIn3Se5 [28]. 

As it can be observed in Fig. 4, our results indicate a linearity in the compositional de-

pendence of E0 and E1A, as well as some scattering in the E1B values laying around 4.30 ± 

0.15 eV, from Table 2. The exact character of the variation of E1B vs. the Ga content cannot 

be easily determined because such variation is quite small (about ± 4%) and the accuracy in 

the determination of the E1B value is not high enough. 

Optical parameters, namely, the complex refractive index n*=n+ik, normal-incidence 

reflectivity R and the absorption coefficient α, can be obtained from the present study in the 

form of practical functions, since they are directly related to the complex dielectric function 

ε(E) = ε1(E) +iε2(E). 

The real refractive index n and the extinction coefficient k are given by  

[ ]
2/1

1

2/12

2

2

1

2

)()()(
)(

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛ ++
=

EEE
En

εεε

    (5)  
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=
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    (6) 

The absorption coefficient α and the normal-incidence reflectivity R can be written as 

)(
4

)( EkE
λ

π
α =

       (7) 

[ ]
[ ] 22

22

)(1)(

)(1)(
)(

EkEn

EkEn
ER

++

+−
=

      (8) 

where λ is the wavelength of light in the vacuum.  

The spectral dependences of α, R, the refractive index n, and the extinction coefficient k 

from the experimental data, as well as the ones calculated using the Adachi’s model and the 

SA algorithm, for the three intermediate samples are plotted in Figs. 5 and 6.  

 

 

 
Fig. 5. Spectral dependences of the 

absorption coefficient, α, and the normal-

incidence reflectivity, R, for IG1, IG2 and 

IG3 samples: experimental (solid squares, 

circles, and triangles) and theoretically cal-

culated using the Adachi’s model and the 

SA algorithm (solid lines). 
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Fig. 6. Spectral dependences of the real re-

fraction index, n, and the extinction coefficient, k 

for IG1, IG2 and IG3 samples: experimental (solid 

squares, circles, and triangles) and theoretically 

calculated using the Adachi’s model and the SA 

algorithm (solid lines). 

Fig. 7. Real refractive index n vs. photon 

energy for IG1, IG2, and IG3 samples. The 

solid line shows the calculated result after 

Eq. 9. Solid squares, circles, and triangles rep-

resent the experimental data. 

 

A good agreement is observed for all the studied samples and the obtained values of the 

interband CP parameters (strength, threshold energy, and broadening) given in Table 2. All 

these optical spectra were found to reveal distinct structures at these points. 

The experimental data of the refractive index n have also been analyzed in the non-

absorbing region using a simple theoretical model, namely the first-order Sellmeier’s equation 

[22, 25, 28] 

B
An

−

+=
2

2

2 )(
λ

λ
λ

         (9) 

where A and B are the fitting parameters. The solid line in Fig. 7 represents the fitting of Eq. (9) 

to the experimental data for the intermediate samples. The values of the fitting parameters A and 

B for all samples are gathered in Table 3, both values increase with the content on In.  
 

Table 3. Sellmeier’s equation fitting parameters and high-frequency dielectric constant values. 
 

Samples 
Parameters 

I247 I35S IG1 IG2 IG3 G35B

A 6.6 6.38 6.48 6.34 6.22 6.23 

B 0.61 0.63 0.46 0.43 0.34 0.29 

ε
∞
 7.7 7.38 7.48 7.34 7.22 7.23 

 

As λ → ∞, the electronic contribution to the dielectric function approaches the limiting 

value ε∞, i. e., the high-frequency dielectric constant. The value of ε∞ = n
2
 (λ → ∞) = A+1 be-

have as A, increasing with the content on In. 

 

5. Conclusions 

 

The optical properties of several Cu(In1-xGax)3Se5 samples have been studied by spec-

troscopic ellipsometry. The spectral dependence of the real and imaginary parts of the com-

plex dielectric function, as well as of the complex refractive index, extinction and absorption 
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coefficients, and the normal-incidence reflectivity for several Cu(In1-xGax)3Se5 samples with x 

in the 0-1 range are modelled in the 0.8-4.7 eV photon energy range using a modification of 

Adachi´s model for the complex dielectric function of semiconductors and the SA algorithm. 

An excellent agreement with the experimental data is obtained and the model parameters 

(strength, threshold energy, and broadening) have been determined. Both spectral depend-

ences of the optical functions and the critical point analysis are expected to be useful in stud-

ies of solar cells and other heterostructures that contain these materials. It has been shown that 

both the fundamental gap Eg and E1A values increase linearly with the Ga content. In addition, 

the high-frequency dielectric constant, ε∞, increases with the In content of sample. 
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