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Abstract

Spectroscopic ellipsometry measurements at room temperature were done on the system
Cu(In, Ga).Se, This allowed to determine the real and imaginary parts of the complex refractive
index N(hv), the real and imaginary parts of the complex dielectric function ¢(hv), the absorption
coefficient a(hv) and the reflectivity R(hv) for each studied composition. The value of the energy
gap E, for each composition was obtained from fitting the numerically obtained second derivative
spectra of the experimental data e(hv), d’(hv)/d(hv)®, to analytic critical-point line shapes. The
energy gap values of Culn_Se, and CuGa,Se,, thus obtained, are in good agreement with those re-
ported by other authors. The value of the high frequency dielectric constant ¢ for each composi-
tion was determined fitting the real refractive index n to the Sellmeier dispersion formula.

Key words: Ellipsometry; optical properties; ordered vacancy semiconductors.

Propiedades opticas de Cu(InixGax)sSes a partir
de medidas elipsométricas

Resumen

Medidas de elipsometria espectroscopica a temperatura ambiente se llevaron a cabo sobre
el sistema Cu(In, Ga ),Se,. Esto permiti6 determinar las partes real e imaginaria del indice de
refraccion complejo N(hv), las partes real e imaginaria de de la funcion dieléctrica compleja ¢ (hv),
el coeficiente de absorcion a(hv) y 1a reflectividad R(hv) para cada composiciéon estudiada. El va-
lor de la brecha de energia E, para cada composicion se obtuvo ajustando los espectros de la se-
gunda derivada de la data experimental ¢(hv), d’¢(hw) /d(hv)’, numéricamente obtenidos, a cur-
vas analiticas con puntos criticos. Los valores de la brecha de energia de Culn Se, y CuGa,Se,,
asi calculados, estan en buen acuerdo con los reportados por otros autores. El valor de la cons-
tante dieléctrica de alta frecuencia ¢, se obtuvo para cada composicién ajustando el indice de
refraccion real n a la formula de dispersion de Sellmeier.
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Introduction

Information about spectral depend-
ence of optical parameters such as dielectric
constant, refractive index, reflectivity and
absorption coefficient are essential in the
characterization of materials that are used
in the fabrication of opto-electronic devices
and also in the optimization of the efficiency
of thin films solar cells. One of the non-
destructive techniques that are being em-
ployed lately for the optical characterization
is spectroscopic ellipsometry (SE) (1-4).

The SE (5, 6) is an excellent technique
for measuring dielectric functions, since
these can be obtained without the need of
Kramers-Kronig transformations. This
technique measures the change in the po-
larization state of the light reflected from the
sample’s surface. In addition, its high sur-
face sensitivity allows surface conditions to
be assessed and optimized in real time.

The complex dielectric function
e = ¢, — je, of the sample, where ¢, and ¢, are
the real and imaginary parts, is calculated
from the ellipsometric data using the isotropic
two-phase model that involves the medium
and the sample (1). ¢ is related to the complex
refractive index N through the relation e= N°=
(n-ji9*. In this relation, nis the real part of the
refractive index and k the extinction coeffi-
cient. These parameters can be determined by
solving the following equations:
e, =n®> —Ik? (1]

&, =2nik [2]

The optical absorption coefficient « and
the normal incidence reflectivity R can be
calculated through the relations:

4l
=" 131
_(n=D*+kK*
T (n+ )%+ K2 4]

To our knowledge no SE data is avail-
able on Cu(ln, Ga),Se, alloys, even though
optical studies have been performed earlier
(7-10). In the present work, using SE, we re-
port on the spectral dependence at room
temperature, in the energy range between
0.7 and 5.2 eV, of the absorption coefficient,
the complex dielectric function, the complex
refractive index, the reflectivity and the high
frequency dielectric constant of
Cu(In, Ga)),Se, alloys.

Experimental Methods

Ingots of Cul(ln, Ga),Se, alloys with
x=0, 0.2, 0.4, 0.6, 0.8 and 1.0 were prepared
by direct fusion of the stoichiometric mix-
ture of constituent elements of at least 5N
purity in evacuated quartz ampoules. These
were previously coated with carbon. Details
related to the crystal growth have been re-
ported earlier (7, 8). The composition of each
resultant alloy was determined by atomic
emission spectroscopy performed on HNO,
solutions of the samples using an ICP Perkin
Elmer Optima 3200 RL. As shown in Table 1,
this was close to the ideal theoretical value of
the starting composition. As observed by a
thermal probe, samples cut from the ingots
showed n-type conductivity for x<0.4 and
p-type for x=0.6. The unit cell parameters a
and c for different composition x, obtained
from the analysis of x-ray powder diffraction
data using a Siemens D5005 diffractometer
with copper anode and Bragg-Brentano ge-
ometry, are also given in Table 1. These data
further confirm that a single phase with
tetragonal structure occurs for x=0.4,
whereas for x<0.4, tetragonal and hexagonal
phases coexist below about 850°C (7).

Ellipsometric measurements were
made, using a spectral ellipsometer SOPRA
ES4G equipped with rotating polarizer, on
samples that had surface area of about 4
mm’ and thickness of around 1 mm. To
minimize the contribution to the experimen-
tal data of thin films of oxide that are formed
on the sample surface due to oxidation and
also to reduce the effect of surface rough-
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Table 1
Stoichiometric composition and unit cell lattice parameters of Cu(In1-xGax)5Se8 alloys.
Cu In Ga Se a(A) cA)

CulnSe, 0.7 4.7 - 7.6 5.718(5) 11.62(3)

4.030(1)" 16.372(1)"
Cu(In,,Ga,,);Se, 0.6 3.9 0.8 7.6 5.6909(8) 11.3988(3)
Cu(In, Ga, ). Se, 0.8 3.0 1.6 7.5 5.6384(9) 11.2745(9)
Cu(ln,,Ga,)Se, 1.1 1.5 3.1 7.6 5.5809(4) 11.1336(7)
Cu(ln,,Ga, ) Se, 1.0 0.6 4.0 7.7 5.5262(7) 11.0361(7)
CuGa,Se 1.0 - 4.6 8.0 5.4810(4) 10.937(1)

Values in the parenthesis indicate standard deviation in the last digit.

"hexagonal structure, y=120°.

ness to which ellipsometry is very sensitive,
the samples were polished to attain optical
quality just before acquiring ellipsometric
data. The focused light spot on the sample
surface allowed locating the adequate point
to achieve the best response.

Results and Discussion

The variation of the refractive index n
and the extinction coefficient k as functions
of wavelength for the Cu(In, Ga).Se, sam-
ples are shown in Figures 1 and 2, respec-
tively. We observed that the real index spec-
tra have an overall similar behavior. This is
also valid for the imaginary index spectra. In
the spectral region of low absorption, accu-
racy of measurements with the used ellipso-
meter (without a compensator) is known to
be rather poor [1, 3]: we consider that meas-
ured values of k<0.1 are too imprecise and
inaccurate. It is worth emphasizing that the
measured values of nare not affected by this
problem.

In Figure 2, it is significant that all
samples display, in higher or lower degree,
absorption tails below the fundamental gap
edge. These tails result from several causes.
Besides intrinsic contributions such as al-
loy disorder, other causes such as grain
boundaries in polycrystalline material and

deviation from stoichiometry can give rise to
such tails (1).

From n and k, optical magnitudes of
interest are calculated easily. The absorp-
tion coefficient and the normal-incidence R
were calculated using the relations [3] and
[4]. As in other alloy systems (1, 3) the de-
pendence of the refraction index on compo-
sition at a fixed energy below the band gap
is a smooth curve. While n is quite depend-
ent on surface preparation, the value of Ris
much less sensitive to thin over-layers and
is thus a helpful quantity for characteriza-
tion purposes. A suitable working energy in
the present case is that of the near-infrared
(IR) He-Ne laser line, 4 = 1.523 um (0.814
eV). The values R(x) calculated from our
data are given in Figura 3. Our data are well
represented by the best-fit parabola.

R =022359 —002603x + 001072x> (097) [5]

The good fit implies that this is a valid
method to evaluate the composition of these
alloys. However, it is important to reveal that
values of R to x= 0.4 and 0.8 could not been
fitted, cause in the low energy range present
an untypical behavior, showing a slide devia-
tion due to superficial problems.

The dielectric function of a semicon-
ductor is closely linked to its electronic band
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Figure 1. Wavelength dependence of the re-
fractive index n of the samples
Cu(In, Ga).Se,.
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Figure 2. Wavelength dependence of the
extinction coefficient k of the samples
Cu(In, Ga,),Se,.

structure. The features observed in &(w) in
the optical range are related to interband
transitions originated by large or singular
values of the joint valence and conduction
density of states. These points of the band
structure are also denoted as van Hove sin-
gularities or critical points (CP’s) (11, 12).
Several CP’s are observed in the spectra of
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Figure 3. Reflectivity R of Cu(In, Ga,),Se,
calculated at the near infrared
wavelength of 1.523 um of the He-Ne
laser. R is well fitted as a quadratic

function of the alloys composition x.

Figure 1. They can be better resolved in their
numerical second derivatives. We calculated
derivatives using smoothing polynomials
and obtained critical point energies from fit-
ting to standard analytic line shapes (11-14).

The CP’s can be analyzed in terms of
this standard analytic line shapes:

tw) =C—Ae®(w—-E - jT)" [6]

The critical-point parameters, ampli-
tude A, energy threshold E, broadening I
and excitonic phase ¢ are determined by fit-
ting the numerically obtained second-
derivative spectra d’¢(w) / dw® of the experi-
mental data ¢(w) to the relations:

d’dw) -—n(n-NAe” (w—-E~-jN">* n=#0 7]
do® Ae*(w - E — jI)? n=0

The exponent n has the value -1/2 for
one-dimensional (1D), O for 2D and %% for 3D
CP’s. Discrete excitons with Lorentzian line
shape are represented by n= -1.

The fundamental band gap transitions
were fitted only to the real part spectra, and
the rest of structure were not considered in
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this work because the band structure of
these alloys have not been calculated yet in-
clusive the edges. This reason makes impos-
sible to figure out the meaning of the rest of
the structures. Thus, we fitted all composi-
tions following this scheme. For all the sam-
ples, the band gap features were best fitted
with three-dimensional critical points, ¢= 0
and A results positive, corresponding our
peaks to M1 CP’s (11). It is reported that
when ¢= 0, it represents a pure minimum
(14) and corresponds to a Lorentzian line
shape (12).

Figures 4-7 shows the second-
derivative spectra of the real part of ¢ for four
representative composition of the
Cu(ln, Ga)),Se, system. Table 2 lists the en-
ergy gap values measured by ellipsometry
(Eg) and by optical absorption (Eg,) (7) for all
studied compositions. The Eg values as a
function of x are shown in Figure 8. We ob-
served Eg, < Eg, for all compositions. It is
also observed that both Eg, and Eg, for the
end compositions are in good agreement
with the values reported by other authors (7,
8, 10, 15-17).

The Eg vs. x data in Figure 8 can be fit-
ted to the relations:

Eg,=1.17214 + 0.45179 x + 0.20536 x* (0.99) [8]

Eg=1.28064 + 0.58825 x + 0.11518 x* (0.99) [9]

Also, we report the dielectric constant
at high frequency ¢, for each composition.
They have been determined fitting the real
refractive index to the Sellmeier dispersion
formula at energies below the gap (18). The
Sellmeier formula is given by:

_ 14 (a® - D2)
n = W [101

/2

where ] is the wavelength and a = ¢,'/* and

b are the constants to be determined by the
fitting process. Table 2 shows the values of
¢, obtained by this method. Unlikely, it is

S

impossible to compare with other results be-
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Figure 4. Second-derivative, d’e (w)/dw’,of the
real part of e for Culn,Se,. Symbol
display experimental data and line the
results of the fit.
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Figure 5. Second-derivative, d’s (w)/dw’,of the
real part of ¢ for Cu(In,Ga,,).Se,.
Symbol display experimental data
and line the results of the fit.

cause these values are not reported until
now, so this is an initial proposal about the
system.

The optical absorption coefficient of
Cu(ln, Ga),Se, alloys for different values of
x, calculated from the equation [3], is shown
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Figure 6. Second-derivative, d’e (w)/dw’of the
real part of ¢ for Cu(In,Ga,,).Se,.
Symbol display experimental data
and line the results of the fit.

7,54

x X

5,0
254,07

0,0

d29 IdE2 (eV 2)

7,54

-10,0. T T
1,50 1,75 2,00 2,25 2,50

energy (eV)

Figure 7. Second-derivative, d’¢ (w)/dw’,of the
real part of e for CuGa.Se,. Symbol
display experimental data and line
the results of the fit.

Table 2
Energy gaps of the system Cu(In,,Ga,)5Se; measured by ellipsometry (Eg.) and optical absorption
(Egr) [7]. High frequency dielectric constant ¢,, also shown.

X Eg, (eV) Eg. (eV) &,
0] 1.17 1.28 7.1893
0.2 1.28 1.41 7.1799
0.4 1.38 1.54 6.7660
0.6 1.50 1.64 6.9542
0.8 1.69 1.86 7.7981
1.0 1.82 1.97 6.8543
as a function of photon energy in Figure 9. It
can be observed that a for Culn,Se, (x =0) is Conclusions

about 10" cm at roughly 1.18 eV, increases
softly with incident energy and is above
8-10° cm at 5 eV. Such a high value around
the fundamental absorption edge reflects
good quality of the samples used in the pres-
ent work. Similar behavior but with slightly
lower values of « can also be noted in Fig-
ure 9 near the band edge for other members
of the system that have higher x.

Optical properties at room temperature
for the Cu(In, Ga ). Se, alloys system, cover-
ing the whole composition range, are pre-
sented. Special attention has been paid to
the problem of minimizing surface effects on
the measurements of n and k, so that the re-
ported values are characteristic of the bulk.
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Figure 8. Variation of the energy gap as a
function of composition for the
Cu(In, Ga,),Se, system. Open squares
represent data obtained from optical
absorption and full squares represent
data from ellipsometry measu-
rements. The solid curves represent
the fit according to equations (8) and

).

From the analysis of the numerical sec-
ond derivatives of the real part of ¢w), we
have obtained the band gap energies for
each composition. The energy gap values are
in good agreement with those reported by
other authors. The calibration curve R(x) at
A =1523 wm can be applied to determine the
alloy composition, for instance, in thin films
of these materials, with all the advantages of
optical methods. We have reported the di-
electric constant at high frequency, ¢, for
each composition as an initial proposal. The
optical absorption coefficient a of
Cu(In, Ga).Se, alloys with different values

10°
:5:105__
5 ]
©
5
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9 5
g i
Ll g —=— x =0.2
5 ! ?‘%}D —<—x=0.4
P 2—x=0.6]
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hv

Figure 9. Optical absorption coefficient of
Cu(In, Ga,).Se, alloys as a function of
incident photon energy between
07 and 52 eV obtained from
ellipsometric data.

of x, calculated from the ellipsometric data
have shown a high value around the funda-
mental absorption edge reflecting good qual-
ity of the samples used in the present work.
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