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Abstract

Room temperature pseudodielectric function spectra e(w) = ¢1(w) + iz (w)
of the ordered defects compounds Cu,InsSe;, CuGaszSes and CuGasSes
have been measured by spectroscopic ellipsometry. The values of refractive
index n and extinction coefficient k are given. The structures observed in
¢(w) spectra have been analysed using different methods, including fitting
the numerically differentiated experimental spectrum (second derivative) to
analytical line shapes. As a result, the energies corresponding to the
fundamental gap (Ej) and higher critical points have been determined.

A linear correlation of the fundamental gap values with Ga/Cu atomic ratio

contents in CuGa,Se, samples is deduced.

1. Introduction

CulnSe, and related chalcopyrite-type semiconductors are
leading candidates for absorbers in high-efficiency hetero-
junction solar cells. Devices based on Culn;_,Ga,Se, have
demonstrated efficiencies up to 19.3% [1]. Recent studies
have shown the existence of an In-rich n-type material sur-
face layer of Cu(In;_,Ga,)3Ses on the absorber in some high-
efficiency thin films cells. This layer, identified as an ordered
defects compound (ODC) is expected to play an important
role in the performance of the high-efficiency Culn;_,Ga, Se;-
based solar cells [2,3]. In a recent report of surface proper-
ties of CuGaSe; thin films, evidence of band gap widening [4]
together with deviations from stoichiometry pointing to forma-
tion of ODC-related phases were also shown [5]. Therefore,
a detailed study of the physical properties of these ODCs is
essential. However, so far the characteristics of ODC have
not yet been well determined. Some optical measurements
were carried out on CuyIngSe;(1247), CuGasSes (G35) and
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CuGasSes(G58) thin films and bulk samples and values of the
fundamental band gap E, were estimated [6—15].

Spectroscopic ellipsometry (SE) is an excellent technique
for investigating the optical response of semiconductors, in
particular, for determining the complex dielectric function
e(w) = &1(w) +ie(w). Accurate knowledge of the dielectric
function over a wide range of wavelengths is indispensable for
many applications [16]. It should also be mentioned that this
function is related to the electronic band structure and can be
used as a powerful source of experimental information on the
latter [17].

In this work, the room temperature pseudodielectric
function spectra of six samples, whose composition is around
the three ODC, Cu,InsSe;, CuGasSes and CuGasSeg, have
been measured by SE. The energies corresponding to different
electronic transitions have been determined.

2. Experimental methods

CuyIngSe;, CuGazSes and CuGasSeg crystals belonging to
the family of ordered defects compounds have been grown

740


http://dx.doi.org/10.1088/0022-3727/40/3/008
mailto: maximo.leon@uam.es
http://stacks.iop.org/JPhysD/40/740

Dielectric functions and fundamental band gaps

Table 1. Data on compositional measurements of the studied samples carried out by energy dispersive x-ray microanalysis (EDAX).

Samples® Cu, at.% In(orGa), at.% Se,at.% In/Cu(or Ga/Cu) Se/Cu
Cu,InySe; (1247/B) 16.6 31.1 52.3 1.9 3.1
CuGa3Ses(G35T/B)  13.1 34.55 52.35 2.6 4.0
CuGa3Ses(G35B/B)  12.7 35.08 52.22 2.8 4.1
CuGasSeg(G58T/B)  6.29 39.6 54.11 6.3 8.6
CuGasSeg(G58B/B)  8.73 37.05 54.22 4.2 6.2
CuGasSeg(G58/SC)  6.37 39.31 54.32 6.2 8.5

2T and B indicate that the sample studied was cut from the middle part of ingot closer to its
top (T) or bottom (B) part. This explains some difference in composition between T/B and
B/B samples. Variation of composition along the ingot was also observed in Culn3Se5

as-grown ingot [27].

B and SC indicate the methods (Bridgman and solid crystallization technique) used to

grow ODC.

by the Bridgman method (B) and/or by the solid phase
crystallization technique (SC). Compositional measurements
were carried out by energy dispersive x-ray microanalysis
(EDAX). The results of such analysis have been included in
table 1. It is interesting to note that, in some cases, there are
important deviations from the nominal stoichiometry, being
specially remarkable for the nominal CuGasSeg samples, for
which compositions from CuGay;Ses, to CuGag 3Seg ¢ have
been obtained. This opens up the opportunity to study the
optical properties as a function of the composition. The
structural analysis was performed by x-ray measurements.
The ingots of 1247, G35 and G58 were polycrystalline
single phase, with tetragonal structures. The samples were
cut with plane-parallel faces, and polished with alumina
powder. It is well known that the most serious problem
in accurate determination of optical properties by SE is
caused by deviation of the real sample surfaces from the
ideal uncontaminated interfaces between measured materials
and the ambient medium [17]. That is the reason for
special attention being paid to the preparation of a good
quality ‘pure’ surface. Surface organic impurities were
eliminated using trichloroethylene, acetone, and ethanol in an
ultrasonic bath, and finally the samples were blown dry with
nitrogen. Immediately before performing the ellipsometry
measurements the samples were chemically polished with a
colloidal suspension (Buehler Mastermet) to eliminate oxide
layers on the surface, rinsed in ethanol (5 min), and blown dry
with nitrogen [18].

The complex dielectric functions, €(w) = €] (w) +iex(w),
of the ODC samples have been measured by SE at room temper-
ature in the photon energy range from 0.8 to 4.4 eV. The optical
measurements were performed with a commercial ellipsome-
ter (variable-angle spectroscopic ellipsometer J A Woollam)
with a rotating polarizer. The ellipsometric spectra were mea-
sured at angles of incidence of 55° and 65° to ensure a con-
sistent and accurate determination of the dielectric constant
of the material [18]. The effects of a surface oxide layer have
been diminished as previously explained, and the results can be
assumed to be representative of the bulk material. Thus the two
phase model (atmosphere sample) can be used to analyse the
ellipsometry spectra and determine the dielectric function [19].

3. Results

Figures 1(a) and (b) show the experimental spectra of the
imaginary &;(w) and real &;(w) components of the complex

—1247/B
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Figure 1. Real (¢;) and imaginary (g;) part of the dielectric function
versus energy for (a) Cu,InsSe; (1247/B) and CuGa;Ses (G35T/B)
crystals; (b) CuGasSeg (G58B/B, G58T/B and G58/SC)

crystals.

dielectric function &(w) of 1247/B, G35T/B, G35B/B and
G58T/B, G58B/B, GS58/SC samples, respectively.  For
convenience, numerical values of the refractive index n and
extinction coefficient k are listed in table 2 for all studied
samples. The real and imaginary refraction index n and k
are the fundamental properties. However, a device physicist,
who wants to assess the influence of the chalcopyrite optical
properties on the solar cell device properties, would prefer
to know the optical absorption coefficient . The spectral
dependence of ¢ (1) = (47 /A)k()), where X is the wavelength
of light in the vacuum, is presented in figure 2(a) for Cu,InySe7,
CuGasSes and CuGasSes crystals.
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Table 2. Values of the real refraction index n and the extinction coefficient k.

135/B G35B/B G35T/B G58T/B G58B/B G58/SC

E@€V) n k n k n k n k n k n k

0.8 2.811 0.045 2703 0.041 2710 0.035 2.661 0.038 2.670 0.029 2.678 0.045
0.9 2.840 0.049 2713 0.047 2722 0.041 2.657 0.038 2.678 0.033 2.687 0.051
1.0 2.886 0.058 2725 0.053 2732 0.047 2.666 0.043 2.689 0.039 2.695 0.057
1.1 2955 0.098 2739 0.060 2745 0.052 2.680 0.046 2701 0.044 2.707 0.062
1.2 2980 0.210 2755 0.063 2759 0.058 2.695 0.051 2717 0.046 2719 0.066
1.3 2945 0.266 2774 0.067 2777 0.061 2707 0.053 2.733 0.050 2.736 0.071
1.4 2919 0303 2796 0.071 2.798 0.065 2.723 0.055 2.752 0.051 2.755 0.076
1.5 2.897 0324 2825 0.080 2.825 0.070 2.743 0.060 2775 0.057 2.777 0.082
1.6 2.885 0.336 2862 0.092 2859 0.078 2.767 0.062 2.804 0.059 2.803 0.086
1.7 2.886 0.347 2902 0.109 2901 0.092 2796 0.067 2836 0.065 2.834 0.092
1.8 2.890 0356 2945 0.139 2949 0.120 2.833 0.073 2877 0.073 2.874 0.103
1.9 2911 0370 2984 0.186 2991 0.170 2.878 0.088 2934 0.101 2922 0.122
2.0 2931 0390 3.000 0.240 3.009 0.221 2925 0.119 2974 0.152 2969 0.161
2.1 2953 0416 3.009 0.280 3.018 0.264 2958 0.161 299 0.198 3.002 0.207
22 2992 0451 3.024 0313 3.033 0.297 2984 0200 3.015 0235 3.027 0.247
2.3 3.023 0503 3.046 0.341 3.053 0326 3.008 0.235 3.036 0.269 3.052 0.285
23 3.023 0503 3.046 0341 3.053 0326 3.008 0.235 3.036 0.269 3.052 0.285
24 3.049 0565 3.073 0377 3.082 0360 3.036 0.269 3.063 0301 3.081 0.321
2.5 3.067 0.639 3.104 0421 3.115 0402 3.069 0.307 3.096 0.339 3.116 0.361
2.6 3.064 0.731 3.137 0477 3.151 0454 3.106 0.353 3.133 0389 3.153 0410
2.7 3.034 0.818 3.168 0.543 3.184 0.523 3.143 0408 3.173 0.448 3.189 0472
2.8 2990 0.885 3.192 0.622 3205 0.604 3.174 0476 3204 0521 3.219 0.545
29 2946 0934 3203 0.711 3210 0.692 3.193 0.551 3219 0.605 3.237 0.624
3.0 2901 0971 3.191 0.800 3.199 0.780 3.199 0.630 3.218 0.692 3.241 0.704
3.1 2.859 0.999 3.160 0.884 3.172 0.859 3.195 0.706 3.202 0.772 3.234 0.781
32 2.829 1.013 3.117 0950 3.130 0925 3.183 0.776 3.174 0.841 3.219 0.851
33 2798 1.040 3.067 1.003 3.086 0.982 3.167 0.842 3.146 0904 3.200 0917
34 2769 1.069 3.018 1.048 3.045 1.030 3.149 0906 3.119 0963 3.180 0.982
35 2749  1.094 2976 1.088 3.009 1.074 3.131 0969 3.090 1.019 3.159 1.046
3.6 2719 1122 2944 1.125 2979 1.116 3.112 1.032 3.061 1.075 3.138 1.110
3.7 2693 1.154 2920 1.160 2954 1.156 3.091 1.093 3.035 1.132 3.114 1.173
3.8 2,675 1.185 2900 1.195 2933 1.194 3.068 1.153 3.011 1.186 3.086 1.235
39 2.656 1208 2879 1232 2911 1.232 3.041 1210 2988 1237 3.053 1.297
4.0 2.635 1.236 2.857 1271 2.887 1270 3.012 1.265 2961 1.283 3.017 1.357
4.1 2.619 1266 2832 1310 2858 1.309 2984 1315 2927 1326 2981 1415
4.2 2,606 1.305 2.809 1.348 2.832 1.350 2959 1363 2896 1.367 2949 1.471
4.3 2.589 1349 2790 1385 2810 1.391 2938 1408 2.869 1.407 2921 1.525
4.4 2556 1.395 2778 1.420 2798 1431 2924 1450 2852 1445 2902 1.574

The n values in the transparency region of the studied analytic line shapes [17]
samples decrease when increasing the wavelength A (table 2). )
The refractive index versus A can be fitted using a simple e(w) = C-Ae¥(w — E +iy)", (1

Cauchy dispersion relation with two coefficients, ny and C.
The first coefficient (n() can be found fitting the data to the
equation n = ng + (C/A?) or by plotting [1/(n*> — 1) versus
(1/A%)] (figure 2(b)) [20]. In the latter case, the values of n are
determined as the intercept at (1/A2) = 0. Both methods gave
the same n( values of about 2.69, 2.67 and 2.62 for Cu,InsSe5,
CuGazSes and CuGasSes, respectively. Our data on n are
close to those reported for CulnSe, and CuGaSe, [21, 22].
The Cauchy dispersion accurately fits the experimental values
of 1247/B, G35T/B and G58B/B for X higher than 1000 nm and
800 nm, respectively (figure 2(b)).

3.1. Theoretical models

The structures observed in the (w) spectra are attributed to
interband critical points (CPs), related to regions of the band
structure with large or singular point electronic density of
states. The structure can be analysed in terms of standard
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where A is the critical-point parameters amplitude, E is the
energy threshold, y is the broadening and ¢ is the phase
angle. In order to enhance the structure present in the &(w)
spectra and to obtain the CP parameters, the second derivative
spectra of the complex dielectric function, d?e(w)/dw?, from
our ¢ data was numerically calculated with the standard
technique of smoothing polynomials. Parameters A, E, y and
¢ are determined by fitting the numerically obtained second
derivative spectra of the experimental &(w) to equation (1).
The exponent m equals to —1/2 and 1/2 for one- (1D) and
three-dimensional (3D) CPs, respectively. In the case of two-
dimensional (2D) CPs, m=0 and then ¢(w) = C — Ael? In(w—
E +1y). Discrete excitons with a Lorentzian line shape (0D)
are represented by m = —1. 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) can be obtained, which
can be compared with band-structure calculations [17].
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Figure 2. (a) Spectral dependence of the absorption coefficient o
for Cu,IngSe; (1247/B), CuGasSes (G35T/B) and CuGasSeg
(G58B/B) crystals; (b) n versus A for CuyIngSe; (1247/B),
CuGajSes (G35T/B) and CuGasSeg (G58B/B) crystals. The solid
lines are a fit to n = ny + (C/A,). The inset displays 1/(n?> — 1)
versus 1/1% dependence.

The second-derivative of the complex dielectric function
(SD) can be written as [18]:
form # 0:

d%e

—E
Ao (m=2)/2 _ w
Jo? = A'(Q2) : cos |:(m 2) arccos ( oI > + (p]

.. w—E
+isin |:(m — 2) arccos <W) +¢]

with A’ = —m(m — DA, Q= (w—E)Y+y2 and (2a)
form = 0:
d%e . A ) w—E
@ = 5 COS | —Z arccos W +@
.. w—E
+1sin | —2 arccos o +¢| - (2b)

This method (we name it as SDM) was successfully
applied to different semiconducting materials to identify and
evaluate the energy of the electronic transitions [17, 18, 20]
However, SDM has five fitting parameters, which could be

decreased using the module of the first derivative of ¢ (w). Such
a module can be written as

de |? _ de,? . de,? 3)
do| ~— dw do ’
which for m # 0 is
de |? 22 2,.,2\m-1)
ol = A’m*((0—E)*+y*) ", (3a)
and form = 0 is
de |° A? 3b)
do|  (0— E)?+y?

The latter method (named MM in the paper) has four fitting
parameters.

Recently, Kawashima et al [16] have successfully used a
simplified model for interband transitions to analyse the SE
data of CuGaSe, and CulnSe, where the Ey, (@ = A, B, and
C) gaps in chalcopyrite crystals may be assigned to the 3D M,
critical point. Assuming that the valence and conduction bands
are parabolic and using the Kramers—Kronig transformation,
the contribution of these gaps to &(w) can be written as [16]

e(E)= Y AwwEg" f(Xoa) “)

a=A,B,C

with Aoy = §(3/1400)** Peyr f (X0a) = Xgo 12— (1 + x0a)'?
_(1 - XOa)l/z]’ Xoa = (E+ lF)/EO(x’ where M0 is
the combined density-of-states mass, PZ, is the squared
momentum-matrix element, and I' is the damping energy of
the Ey, gap.

The fundamental optical spectra of our ODC (figure 1)
as well as CuGaSe, and CulnSe; reveal CPs at energies
higher than the lowest direct gaps ( Eo,) which may correspond
to transitions at points N, T, etc in the Brillouin zone
(BZ). Assuming that these CPs can be considered as damped
harmonic oscillators (DHOs)

Cu

E)y= — "
#(E) (A=%D —ixavn

&)

with x, = E/E,, where C, and y, are, respectively, the
strength and non-dimensional broadening parameters of the
nth DHO and E, is the energy value of the CP. Note that the
DHO is a different representation of a 2D M; CP both with
and without the existence of the excitonic interaction [16].

On the basis of equations (4) and (5) and the Adachi model
[16], expressions for both the second derivative and the module
of the first derivative have been determined (see equations (4a)
and (4b) and (5a)—(5d) in the appendix) and applied to our
experimental data as a second derivative chalcopyrite method
(SDCM) and a module chalcopyrite method (MCM). In both
cases, the number of fitting parameters is equal to 3, lower than
that used in the cases of SDM and MM. It is worth mentioning
that one should normally calculate the separate contributions
from Ey, (¢ = A, B, and C) critical points according to
equation (4), but in our case splitting among these critical
points is not observed and hence Ej, has been treated as a
single degenerate one.
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Table 3. Fit parameters of the CPs for the samples studied.

Transitions Parameters SDM MM Parameters SDCM MCM
Sample 1247/B
EyTy—TY) EeV) 1.150(5) 1.140(5) Ey(eV) 1.133(2)  1.120(5)
y(eV) 0.103(6) 1.135(5) T'(eV) 0.048(7) 0.044(3)
E|(A) EeV) 2.60(2) 2.60(1) E4(eV) 2.56(1) 2.52(1)
Ni(Vi) — Ni(Cy)  y(EV) 0.30(2) 0.26(1) IigeV) 0.33(2) 0.29(1)
Sample G35T/B
EyTy—TY) E(eV) 1.88(1) 1.860(5) Eo.(eV) 1.855(6) 1.78(1)
y(eV) 0.26(2) 0.30(1) V) 0.11(1) 0.13(1)
E{(A) E(eV) 2.86(2) 2.94(1) E5(eV) 2.91(1) 2.830(5)
Ni(Vi) — N (Cy)  y(EV) 0.37(2) 0.37(1) IigeV) 0.36(2) 0.39(1)
E{(B) E(eV) 3.94(7) 4.12(3) E,(eV) 4.15(15) 4.3(1)
Ni(Vo) — Ni(Cy)  y(EV) 0.21(4) 0.56(4) y 0.26(12)  0.45(8)
Sample G35B/B
Eo(Ty —T) E(eV) 1.90(2) 1.86(1) Eo.(eV) 1.86(1) 1.77(2)
y(eV) 0.26(2) 0.34(2) V) 0.13(2) 0.15(2)
E|(A) E(eV) 2.95(2) 2.96(1) Ei4(eV) 2.91(1) 2.850(5)
Ni(Vy) — Ni(Cy)  y(EV) 0.34(2) 0.37(1) [igeV) 0.36(2) 0.39(1)
E,(B) E(eV) 3.9(1) 4.03(1) E,(eV) 4.05(6) 4.10(3)
Ni(V,) — Ni(Cy)  y(eV) 0.2(1) 0.44(3) y 0.10(5) 0.36(3)
Sample G58T/B
EyT4y—T)) E(eV) 1.94(2) Ey.(eV) 1.99(1)
y(eV) 0.29(2) 'eV) 0.12(2)
E|(A) E(eV) 2.80(2) Ei4(eV) 2.94(2)
E,(B) EeV) 3.96(14) E,(eV) 3.99(5)
Ni(Vo) — N1 (Cy)  y(EeV) 0.46(11) y 0.37(8)
Sample G58B/B
EyTy—TY) E(eV) 1.90(1) Ey,(eV) 1.92(1)
y(eV) 0.22(1) 'eV) 0.10(1)
E|(A) E(eV) 2.85(3) E4(eV) 2.91(2)
Ni(Vi) — Ni(Cy)  y(EV) 0.34(3) IigeV) 0.33(4)
E\(B) E(eV) 4.1(2) E,(eV) 4.0(1)
Ni(Vo) — Ni(Cy)  y(EV) 0.25(11) y 0.33(13)
Sample G58/SC
Eo(Ty—T) E(V) 1.93(5) Eo(eV) 1.97(1)
y(eV) 0.29(1) V) 0.12(2)
E{(A) E(eV) 2.85(3) E5(eV) 2.91(2)
Ni(Vi) — N (Cy)  y(EV) 0.37(2) [igeV) 0.38(4)
E{(B) E(eV) 4.0(2) E,(eV) 3.92(7)
Ni(V,) — Ni(Cy)  y(EV) 0.35(15) y 0.2909)

4. Discussion

The experimental spectra of the imaginary &;(w) and real
€1 (w) components of the complex dielectric function &(w)
of 1247/B, G35T/B, G35B/B and G58T/B, G58B/B, G58/SC
samples (figure 1(a) and (b)) show peaks that correspond to
CPs of energy transitions of the electronic band structure. In
the region below 2 eV, the fundamental energy gap Ey = E,
is well distinguished for each sample, and in the region below
4.4eV a second E{(A) and a third energy threshold E(B)
can be observed. The precise values of the E, and E; energy
thresholds have been determined by theoretical fitting of both
the second derivative and the module of the first derivative,
using the 4 models mentioned in the previous paragraph,
namely SDM, MM, SDCM and MCM. The sets of two mainly
obtained fitting parameters for the methods used are compiled
in table 3 for all the studied samples. The different values
given to the exponent m, used as a fixed parameter in SDM
and MM, are detailed further.
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In figures 3(a)-5(a) and 3(b)-5(b), the second derivative
with respect to the photon energy of the experimental real and
imaginary components of the dielectric function, d’s;/dw?
and d’e;/dw?, and the module of the first derivative are,
respectively, plotted. The theoretical fittings according to
SDM and MM for samples 1247/B, G35T/B (figures 3 and 4),
and SDCM and MCM for samples G58T/B and G58B/B
(figure 5) are also shown. These fittings have been obtained
considering CPs of three types: 0D (discrete exciton) in the
E, region for SDM and MM, with m = —1; 3D in the
E, region for SDCM and SCM, and 2D in the E; region
for all models, with m = 0. It is worth mentioning that
all applied models show reasonable agreement between the
experimental data and the calculated curves. SDM and
SDCM are widely used and suitable for the chalcopyrite
structure materials. MM and MCM models have not been
used earlier. Both methods are especially useful to apply if
the numerical derivation is inaccurate, introducing numeral
noise, etc.
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Figure 3. (a) Second numeral derivative spectra of the real (¢,) and
imaginary (g;) part of the dielectric function for Cu,InsSe; (1247/B)
and the theoretical fitting using the SDM method; (b) Module of the
first derivative spectra for Cu,InsSe; (1247/B) and the theoretical
fitting using the MM method.

The values of the interband CP parameters (strength,
threshold energy, broadening and phase angle) have been
derived from the applied models. It is worth mentioning
that both the fundamental energy gap value, E,, and the
broadening factor, y,, increase (figures 6(a) and (b) as the
gallium concentration increases (table 1). Averaged values
of E, determined using E, data estimated on the bases
of different models (see table 3) have been used to plot
E, versus Ga/Cu dependence (figure 6(b)). The linear
correlation of the fundamental gap values with the Ga/Cu
atomic ratio contents allows the prediction of the E, value by
just measuring the composition. The second result indicates
that the characteristic structures of the dielectric function
of CuGasSesand CuGasSeg crystals slowly vanish as the
concentration of gallium increases. A similar effect has been
observed in CulnSe, and GaAs [24]. Following [24], we
assume that the lattice structure of our ODC is damaged by the
higher defect concentration induced by the off-stoichiometry.

Band-structure calculations needed to perform identifica-
tions of the energy transitions observed are not available for our
compounds but well known for CulnSe; and CuGaSe;. Since
the latter are similar to our studied ODC, identifications of
the observed energy transitions have been made considering
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Figure 4. (a) Second numeral derivative spectra of the real (¢;) and
imaginary (&) part of the dielectric function for CuGazSes
(G35T/B) and the theoretical fitting using SDCM method; (b)
Module of the first derivative spectra for CuGazSes (G35T/B) and
the theoretical fitting using the MCM method.

the CIS and CGS band-structure calculations. As has been
established for these compounds, the main transitions con-
tributing to &(w) occur at the Brillouin zone (BZ) centre (fun-
damental gap at I') and BZ edge points N and T (predominant
upper transitions) [21,22].

The energy threshold of the fundamental absorption edge
Ey = E, is well identified in the spectrum of both the second
numerical derivative and module of the first derivative, and
can be related to an electronic transition of I' type. This
threshold corresponds to a direct transition from the valence
band maximum to the conduction band minimum, i.e. the
E, value. Our data about the room temperature values
of E, in the studied materials (1.12-1.16; 1.78-1.87 and
1.92-1.97eV for 1247, G35 and G358, respectively, table 3)
are in reasonable agreement with those (0.99-1.22 [6,7,9,11],
1.81-1.86 [10,13,25] and 1.85eV [14,25]) determined using
optical data. The variation in the reported values of the ODC
band gap can be attributed to compositional changes. Some
contribution could be also due to strain effects (especially in the
case of thin films) or temperature differences. When compared
with other semiconductor compounds, the chalcopyrites and
ODCs exhibit an unusually high tolerance to stoichiometric
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Figure 5. Second numeral derivative spectra of the real (¢,) and
imaginary (g,) part of the dielectric function and the theoretical
fitting using the SDM and SDCM methods for (a) CuGasSes
(G58T/B) and (b) CuGasSes (G58B/B).

deviations. In fact, CulnSe, shows band gap values ranging
from 0.94 to 1.04eV. Our CuGasSes samples show different
E, values (table 3) increasing with Se/Cu and Ga/Cu ratios
(figure 6), and similar behaviour has been observed in the
Culn;Ses and CulnsSeg samples [9, 26]. In the region of
2.5-4.4¢eV, one transition for I135/B and two transitions for
the remaining samples, named as E(A) and E;(B), have been
observed. We assume that they can be related to N-type
transitions following [21, 22], where ellipsometric data of
CulnSe, and CuGaSe, were analysed. The measured energy
separation between these two transitions corresponds to the
crystal-field splitting of the valence band at the N point. In
the studied materials, the distance between Nl(i,) and Nl(i) is
about 1-1.1eV and a close value (0.8 eV) was reported for the
CulnSe, and CuGaSe; crystals [21,22].

5. Conclusions

SE has been used to determine room temperature pseudodi-
electric function spectra of CulnSe and CuGaSe crystal com-
pounds grown by the Bridgman method and/or the solid phase
crystallisation technique. The measured €(w) spectra reveal
structures at the lowest direct gap (Ey) and higher energy CPs.
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Figure 6. (a) Ga/Cu dependence of the broadening parameters y of
critical points Eg, E1(A) and E;(B) for CuGasSeg crystals. The line
shows linear fits to the data, calculated using SDM. (b) Ga/Cu
dependence of the fundamental energy gap.

The structures observed have been analysed using four differ-
ent methods (SDM, MM, SDCM, and MCM). All models used
permit to get good enough fitting to our experimental data on
&(w) within the accuracy of the measurement. The values of the
interband CP parameters (strength, threshold energy, broaden-
ing and phase angle) have been derived from the applied mod-
els. The analysis of the dielectric function has allowed us to
identify and evaluate the energy of the electronic transitions
Ey, E1(A) and E;(B). The present results offer a valuable set
of data for CulnSe and CuGaSe compounds with stoichiom-
etry close to Culn,Ses, CuGasSes and CuGasSeg. We also
show that there is a dependence of the optical properties on the
composition, specially a linear correlation of the fundamental
gap values with the Ga/Cu atomic ratio, and thus it is found
that the data of this work can be useful for the design of solar
cells based on ODC.
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Appendix
Module IMCM) from &’ (w)of the 3D M, CP can be written as
below presented in equation (4a):
Mod[e(E)] = A, (T*+E*)*{ (9T + (4Eoq — 3E)) T,
—2(Ty T3)'*{(—16E, + (I + E?)) cos((Ty — T»)/2)
+8(EoeT1)'"*[(4Eoq — 3E) cos(T4/2) — 3T sin(T4/2)]
+24E T sin((Ty — T2)/2)} + T3{9T"° + (4Eoq + 3E)*
+64EooT) + 16(Eoe T1)'*[ — (4Eq + 3E) cos(T»/2)
—30sin(T>/2)]}}/ AT T 142,
with
Ty = [(Ego + E)* + T?]'%, Ty = acos((Eqa + E)/Th),
Ty = [(Eow — E)* + 712, Ty = —acos((Eoe — E)/T3),
Ts = (E* +T2)/2,

The second derivative (SDCM) from &(w) of the 3D M,
CP can be written as below presented in equation (4b):

dzsz(E)
dE?

—E(=30% + E?) sin(T»/2))] + 24(Eo, T3)** T}

x[ATE(I'? — E*) cos(T»/2) + (T*—6I? E2+E%) sin(T»/2)]

+(Eoo T3)*TS[2T E cos(3T2/2) + (—T'* + E*) sin(37>/2) ]

— Ao —8(E0oT3)* TS T (I = 3E?) cos(T2/2)

+T7 = 192E3, TE(T? — EN) T, + 8 Ege T2 T5[T (T2 —3E?)

x c0s(Ty/2) — E(—=3T% + E?)sin(Ty/2)] + 243 T}

x [AT E(I'? — E%) cos(T4/2) + (I —6I 2 E2+E*) sin(T4/2)]

+T5[2T'E cos(3Ty/2) + (—T*+E?) sin(3T4/2)|}}/

(4(Eqe Ty T5)**TY),

d%e (E) _
dE?

x[(=3T?E + E?) cos(T/2) + I (I*=3E?) sin(T»/2)

— Ao {—8(E o, 1) TS T,

+24(Eoe T3)*TE[(T*—6I*E*+E*) cos(T»/2) + 4T E
(—T2+E?) sin(T2/2) |+ (Eoo T3)* TS (M= E?) cos(3T>/2)
+2TE sin(3To /)T {48 E2 (T* —6T 2 E2+EY T3
+8E o TET3[(—3T2E + E*) cos(Ty/2) + T (M —3E?)

x sin(T4/2)] + 24(Eoo T3)*[(T*—6T > E*+E*) cos(T4/2)
+ATE(=T? + E?) sin(T3/2) |+Ti[(I'* — E?) cos(3T4/2)
+2TEsin(3T3}/2)1}/(4(Eou T1 T3)°TS),

with
Ti=[(Eq+E)*+T?]"?, To= acos((Eou+E)/T)),
T3=[(1 — E/Eo)*+(T'/Eo)*]""”,

Ty= —acos((1 — E/Ey,)/T5),

Ts= (E*+I'H)1/2,

Module (MCM) from ¢  (w) of damped harmonic oscillators
(DHOs) can be written as below presented in equation (5a):

Mod [¢(E)] = C*E(4E*+y*E,) | (E*—E})*+(E,y E)*)*.

The second derivative (SDCM) from e(w) of DHOs can be
written as below presented equation (5b):

d%e5(E)
(g = 2CEYE(E}(4 = 3y%) +Ely(~6+y ") E?
+E2(—12+ 5y E*+8E+2(E> — E*)T?)/ T,
d%e|(E)
d;zz = 2CEX—ESy?+ES(4 — 9y*43y*)E?
+EH =12+ 9y 4y E*+E2(124y?)E® — 4EB
+[EX-E2Q4y)EXEY T TS,
where

=[(E2-E»*+(E,yE)*]"”
The modified Adachi model
e(E)

= —Bgxi7Ln(l — x7y),

where
xig = (E+il'1g)/Eg,

and Bz and I'i4 are the strengths and damping constants of
the E 4 transitions, respectively.

Module (MCM) from &’(w) of the Adachi model can be
written as below presented equation (5¢):

Mod [e(E)] = 4Bi4(Tis + E*)*{(I'}; + (Eip — E)?)
x(Iy + E*)*(Tly + (Erpg+ E)?) +2E1, T [2E,T 14 ET;
_(Elﬂ(rlﬁ
+ESTH(TY + 2In T} /(E}, T} T,

— E*)+ (s + E*?)InT]

with
Ti=[(1+ T,
Ty= (T1+E)'?,
Ts= —acos((1+ (T}, —E*)/E35)/T)).

Second derivative (SDCM) from & (w) of Adachi model can be
written as below presented equation (5d):

2 1/2
—E%)/E},) +4ry, B2 (E )],

d?e,
5 =
+3E14(Efy + 2T 1, —2E) TV 1T +3E Y T1 (T}, —6T [, E*
+E )T3+41"]ﬁE(l"2 —E*)InTy|}/(ES,T}'TS),

d3e,

—2Bip{ — 2T\ E[4(E}, + 75 — EO) (7, + E?)?

I = —2Bip{ — [2(T}4 + E*)*(E}, + T}, — 6T, E+E*
+2E7, (T, —E?) + 3E{, (I, —6T' [, E* + E*
+Efy (T — EONTY|TH3ES T (4T, E + 4T 4 E) T

+ (Tl —6T 1, E>+EY) In T 1}/ (ED, T TY),
where

T\=[(1+ (T}, —E*)/E7,)*+4T 1, E*/E{,1'2,

Ty= (T{,+E)'?, Ty= —acos ((1+ (T,—E*)/E},) /T)).
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