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The dielectric function«svd of polycrystalline bulk samples of the quaternary chalcopyrite
semiconductors Ag1−xCuxInSe2 with x=0.0,0.2,0.4,0.6,0.8,1.0 has been determined by
spectroscopic ellipsometry in the energy range from 0.5 to 4.7 eV at room temperature. Accurate
values of refractive indicesn and extinction coefficientsk representative of bulk materials are
obtained from the data. The value of the main energy gap is very sensitive to the composition and
varies from 1.225 to 1.009 eV asx increasessCu contentd. The structures observed in«svd have
been analyzed by fitting the numerically differentiated experimental spectrumssecond derivatived to
analytical line shapes. As a result, the energies corresponding to different electronic transitions have
been determined as a function of the composition, and they have been identified within the
electronic band structure of chalcopyrites. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1899243g

I. INTRODUCTION

For photovoltaic energy generation the choice of the ab-
sorber material is the key factor that ultimately determines
the final efficiency that can be reached by a solar cell. In
particular the accurate knowledge of the optical properties of
the system is essential for the appropriate design of a high
efficiency photovoltaic system. Polycrystalline thin-film so-
lar cells based on CuInSe2 and the related quaternary alloys
show remarkable physical qualities, including, among others,
a high absorption coefficient and the possibility ofp or n
doping. Specifically laboratory solar cells with efficiencies as
high as 19% have been demonstratedsZn0/CdS/
CuInGaSe2d.1–3 Quaternary alloys show the advantage of a
large degree of variation of their properties as a function of
the composition, which enables the tailoring of the material
properties.

In this work we will focus on the quaternary system
Ag1−xCuxInSe2. This system is located between the ternary
semiconducting chalcopyrite compounds CuInSe2 sCISd3–8

and AgInSe2 sAISd.9–11 Both compounds have a high optical
absorption coefficient, which is an important factor for the
manufacture of devices, direct energy gap with valuesEg

<1.00 and 1.22 eV respectively, and belong to the space

groupI4̄2d. The CIS can be obtained withp- or n-type con-
ductivity, whereas the AIS is obtained mainly withn-type
conductivity.

Reports on Ag1−xCuxInSe2
12–19 and similar systems

as AgInSxSe1−x
18–20 Cu1−xAgxGaSe2,

20,21 and AgxCu1−x

GaS2
22,23 have been mainly dedicated to the analysis of the

structural parameters as a function of the composition, and a
few have been focused on the electrical and optical proper-
ties. In the latter case previous studies provided the values of
the band gap energies for some alloys using optical absorp-
tion deduced from reflection and transmission measurements
in thin film configuration.12,13,23 Nevertheless the optical
properties of Ag1−xCuxInSe2 by spectroscopic ellipsometry
have not been studied.

In this work the complex dielectric function«svd of
polycrystalline bulk Ag1−xCuxInSe2 with x=0.0, 0.2, 0.4, 0.6,
0.8, and 1.0 has been determined by variable angle spectro-
scopic ellipsometry measurements24 in the range of energies
from 0.5 to 4.7 eV, at room temperature. As a result the
structures observed in the dielectric function have been ana-
lyzed and related to the electronic band structures of these
polycrystalline chalcopyrites. Finally the variation of the
electronic transitions as a function of the composition has
been analyzed.

II. SAMPLE PREPARATION

The ingots of the semiconducting system Ag1−xCuxInSe2

with x=0.0, 0.2, 0.4, 0.6, 0.8, and 1.0, have been synthesized
in vacuums1310−6 Torrd in quartz capsules, by direct fu-
sion of the constituent elementssAg, Cu, Ind previously
mixed in the desired stoichiometric proportion. The compo-
sition analysis was performed by means of three different
techniques: sweeping electronic microscopysSEM-EDAXd,
inductive coupling plasma mass spectrometry, and x-ray
fluorescence. The composition average is in good agreement
with the nominal composition of the initial mixture.
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Conductivity type of the samples has been determined
by means of the Seebeck effect thermal test. The ingots25

with xø0.4 haven-type conductivity, whereas the ingots
with xù0.6 havep-type conductivity.

The structural analysis was performed by x-ray measure-
ments. The ingots were polycrystalline single phase, with
chalcopyrite structure in all the studied ranges of composi-
tion. Detailed studies of structure, composition, differential
thermal analysis, and electrical properties of the samples
used in the present work will be the object of a separate
publication.25

The samples were cut with plane-parallel faces, of area
0.5–0.8 cm2, and thickness 0.4–0.8 mm. The samples were
polished with alumina powder using three sizes of grain 1.0,
0.5, and 0.3mm in decreasing sequential order. Surface or-
ganic impurities were eliminated just before collecting the
data using sequence solventsstricloroetilen, acetone, and eth-
anold in an ultrasonic bath, and finally the samples were
blown dry with nitrogen.

Ellipsometry studies have demonstrated that the treat-
ment of bulk semiconducting samples with mechanical–
chemical polishing in an alkaline solution efficiently elimi-
nates oxide layers on the surface, allowing enough time for
measurements to be performed before the layer forms
again.26–30 This procedure replaces the corrections that are
made with numerical models to eliminate the effects due to
the oxide overlayers.30,31 Therefore for our experiments, im-
mediately before performing the ellipsometry measurements
the samples were chemically polished with a colloidal sus-
pensionsBuehler Mastermetd,26–30 rinsed in ethanols5 mind,
and blown dry with nitrogen.

III. OPTICAL MEASUREMENTS AND ANALYSIS
METHODOLOGY

The optical measurements were performed with a com-
mercial ellipsometersvariable-angle spectroscopic ellipsom-
eter J. A. Woollamd24 with a rotating polarizer, and an auto-
retarder that allows us to measure ellipsometric angle
between 0° and 360°, and thus to obtain accurate measure-
ments in the spectral regions of small absorption. The ellip-
sometric spectra were measured at angles of incidence of 55°
and 65° to ensure a consistent and accurate determination of
the dielectric constant of the material. In order to assure an
optimal signal, each sample was carefully aligned before per-
forming each measurement.

In the present work the effects of a surface oxide layer
have been diminished as previously explained, and the re-
sults can be assumed to be representative of the bulk mate-
rial. Thus the two phase modelsatmosphere sampled31 can be
used to analyze the ellipsometry spectra and to determine the
dielectric function.

According to the two phase model the optical parameters
are related by the following expressions:

r = rp/rs = stanCdseiDd, s1d

«svd = «aFS1 − r

1 + r
D2

sin2 f tan2 f + sin2 fG
= sn2 − k2d + is2nkd, s2d

wherer is the complex ratio of the Fresnel reflection coeffi-
cients rp and rs, C, and D are the ellipsometric angles, re-
lated to the amplitude and the difference of phase between
the components parallels and perpendicularp to the electric
field of the polarized wave.«svd=«1svd+ i«2svd is the com-
plex dielectric function of the sample, and«a;n0

2 is the di-
electric function or the square refractive index of the atmo-
sphere,f is the incidence angle,n is the complex refractive
index, andk is the extinction coefficient. The spectroscopic
ellipsometric system measures the anglesf, C, D thus al-
lowing us to calculate the optical properties«1 and «2, or
equivalentlyn andk.

The critical pointssPCsd of the complex dielectric func-
tion «svd are analyzed by means of the numerical calculation
of the second derivativesd2«1/dv2 andd2«2/dv2d from the
experimental spectrum of the real«1 and imaginary«2 com-
ponents. The first principal energyEg and the interband tran-
sitions for hn@Eg were determined using a conventional
analysis method29,30,32,33that allows us to improve the reso-
lution. The method consists of fitting the second derivative to
standard analytic functions. These analytic expressions and
the corresponding theoretical derivatives are given by

«svd = C − Aeiusv − E + igdm s3d

for mÞ0, and

d2«

dv2 = − msm− 1dAeiusv − E + igdm−2. s4d

For m=0, the dielectric function is

«svd = C − Aeiu lnsv − E + igd s5d

and

d2«

dv2 = Aeiusv − E + igd−2, s6d

whereA is the amplitude,E it is the threshold energy,g is
the broadening, andu is the excitonic phase angle. These
parameters are determined by fitting the numerically ob-
tained second derivative spectra of the experimental dielec-
tric function. According to the value of exponentm in these
expressions, the PCs are of the type:29 one-dimensionals1Dd
for m=−1

2, two-dimensional s2Dd for m=0, three-
dimensionals3Dd for m= 1

2, and for the case of discrete ex-
citonsm=−1.

In order to apply numerically the Eqs.s4d and s6d it is
necessary to express these in terms of its real and imaginary
components as follows:

For mÞ0
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d2«

dv2 = A8sVdsm−2d/2HcosFsm− 2dar cosSv − E

V1/2 D + uG
+ i sinFsm− 2dar cosSv − E

V1/2 D + uGJ , s7d

whereA8=−msm−1dA; V=sv−Ed2+g2.
For m=0

d2«

dv2 =
A

V
HcosF− 2ar cosSv − E

V1/2 D + uG
+ i sinF− 2ar cosSv − E

V1/2 D + uGJ . s8d

The symmetry and structure of the electronic bands of
some ternary semiconductors chalcopyritesIsCud–III sGa, Al,
Ind–VI2d have been calculated by Jaffe and Zunger.34 In the
simplest approach where only symmetric differences are
considered, the electronic structure of I–III–VI2 chalcopy-
rites can be derived from that of zinc blendesZBd.35,36 In
other works, according to the selection rules, it has been
proposed, for a system similar to the one studied here, a
scheme of energy levels and interband transitionssG, N and
Td deduced from the dielectric function spectrum«svd.25–28

It has been established that in the electronic band structure,
transitionsG are at center of the first Brillouin zonesZBd,
within these included the first energy gapEg. TransitionsN
andT belong to the edges of the zonesZBd34 and therefore in
the dielectric function spectrum these transitions are ob-
served at energies higher thanEg. For this work in the fol-
lowing it will be assumed that the symmetries and ordering
of the transitions of the system Ag1−xCuxInSe2 are in agree-
ment with the above described structure.

IV. RESULTS AND DISCUSSION

Table I contains a summary of the experimental values,
obtained in the present work, of the refractive indexsnd and
extinction coefficientskd in the energy interval 0.9–4.6 eV.
The refractive indices values of CuInSe2 are in very good
agreementsbetter than 5%d with the values reported by
Alonso et al.28 for a single crystal. In the same way our
extinction coefficient values agree with thek' values of
Alonso et al.

Figures 1 and 2 show, respectively, experimental spectra
of the imaginary«2svd and real«1svd components of the
complex dielectric function«svd. Each spectrum is separated
in two regions of energy in order to better observe the struc-
ture of these components, the near infraredsNIRd region
0.9–1.4 eV and the 1.4–4.6 eV region that includes the vis-
ible and near ultravioletsNUVd. These curves show edges
and peaks that correspond to critical pointssCPsd of energy
transitions of the electronic band structure.26–33 In the NIR
region the fundamental energy gapE0=Eg is distinguished
for each sample, and in the regions1.4–4.6d eV appears a
second energy thresholdE1. In addition to the main energy
thresholdssEg,E1d, it is also possible to observe other small
edges and peaks, with lower intensity and less definition, that
correspond to other energy transitions. The precise values of
the Eg and E1 energy thresholds and the energies for the
transitionsG, N, andT have been determined by theoretical
fitting of the second derivative with the expressionss7d and
s8d as explained in Sec. III.

Figures 3 and 4 show the experimental spectrum of the
second derivative with respect to the photon energy from the
experimental components of the dielectric function
sd2«2/dv2 and d2«1/dv2d. The theoretical fitting as deter-
mined by expressionss7d ands8d is also shown. The scale of
energy has been divided into three regions. In the region of
0.9–1.25 eV is found the energy threshold of the fundamen-

FIG. 1. Imaginary part of the dielectric functionse2d for Ag1−xCuxInSe2 with
x=0.0, 0.2, 0.4, 0.6, 0.8, and 1.0.

FIG. 2. Real part of the dielectric functionse1d for Ag1−xCuxInSe2 with x
=0.0, 0.2, 0.4, 0.6, 0.8, and 1.0.
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tal absorption edgeE0=Eg. This energy is identified in the
spectrum of the second numerical derivative by a sharp and
intense peak, and is related to an electronic transition ofG
type. This thresholdEg corresponds to direct transition from
the valence band maximum to the conduction band mini-
mum. In the region of 2.5–4.6 eV a second energy threshold
E1 that has been related to aN type transition appears. In the
same region but with very low intensity other possible tran-
sitions of T type were observed. In the intermediate region
s1.25–2.40d eV appear a series of peaks very close one to
each other, which have been attributed to transitions of theG
andN types. The intensity of these peaks is very low, so they
are difficult to evaluate in the second derivative spectra due

to the high intensity of the transitions withE0 andE1 ener-
gies. Thus it has been necessary to separate the intermediate
scale and to magnify it by a factor of 10 with respect to that
of the other regions.

The fits of Figs. 3 and 4 have been obtained considering
CPs of the three-dimensional type 3D in theEg regionsNIRd,
with values ofm=1/2,A.0, andf.0, and in theE1 region
sNUVd with PCs of the type 2D with valuesm=−1/2, A
.0, andf.0.

Table II contains the average values of the electronic
transitionsEg, E1, G, N, and T obtained from the second
derivative, for the compositions studied. These results are in
good agreement with those reported for CIS26,27,37sx=1d and

TABLE I. Selected experimental values of the refractive indexn and extinction coefficientk in the energy intervals0.9–4.6d eV for the Agx−1CuxInSe2

system, withx=0.0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0.

hvseVd

Compositionx

0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0

N K

4.592 2.342 2.386 2.455 2.438 2.654 2.592 1.549 1.320 1.445 1.509 1.396 1.255
4.428 2.389 2.411 2.492 2.486 2.845 2.570 1.543 1.296 1.348 1.434 1.316 1.218
4.275 2.502 2.435 2.489 2.532 2.826 2.558 1.516 1.271 1.261 1.374 1.210 1.189
4.133 2.615 2.461 2.466 2.559 2.779 2.555 1.421 1.246 1.197 1.300 1.158 1.166
3.999 2.663 2.479 2.454 2.581 2.738 2.558 1.299 1.226 1.175 1.247 1.129 1.150
3.874 2.647 2.497 2.456 2.600 2.726 2.567 1.239 1.222 1.169 1.203 1.104 1.139
3.757 2.652 2.524 2.479 2.594 2.732 2.579 1.185 1.225 1.166 1.164 1.095 1.129
3.647 2.716 2.559 2.501 2.617 2.727 2.592 1.116 1.238 1.160 1.133 1.068 1.123
3.542 2.617 2.625 2.523 2.617 2.749 2.606 1.178 1.238 1.150 1.098 1.078 1.122
3.444 2.656 2.689 2.545 2.619 2.759 2.623 1.222 1.243 1.145 1.089 1.075 1.126
3.351 2.749 2.768 2.577 2.613 2.776 2.647 1.272 1.221 1.144 1.100 1.070 1.135
3.263 2.900 2.836 2.625 2.643 2.802 2.678 1.238 1.179 1.132 1.112 1.060 1.145
3.179 2.996 2.889 2.652 2.674 2.818 2.719 1.163 1.120 1.133 1.148 1.066 1.150
3.100 3.063 2.931 2.691 2.730 2.858 2.768 1.065 1.055 1.135 1.175 1.058 1.146
3.024 3.087 2.959 2.741 2.810 2.893 2.820 0.966 0.992 1.124 1.186 1.051 1.131
2.883 3.086 2.978 2.839 2.984 2.970 2.919 0.815 0.874 1.070 1.110 1.021 1.065
2.818 3.082 2.978 2.883 3.050 3.009 2.956 0.754 0.826 1.029 1.031 0.987 1.020
2.695 3.051 2.968 2.942 3.095 3.069 3.002 0.657 0.737 0.933 0.869 0.906 0.922
2.638 3.037 2.961 2.958 3.091 3.086 3.011 0.619 0.701 0.887 0.805 0.864 0.875
2.583 3.022 2.950 2.968 3.083 3.099 3.016 0.583 0.670 0.838 0.747 0.816 0.831
2.530 3.008 2.939 2.971 3.070 3.107 3.017 0.554 0.644 0.795 0.700 0.772 0.792
2.480 2.992 2.930 2.969 3.055 3.109 3.014 0.525 0.619 0.756 0.663 0.731 0.757
2.384 2.963 2.911 2.959 3.026 3.104 3.001 0.489 0.580 0.693 0.603 0.658 0.699
2.296 2.941 2.892 2.943 3.000 3.084 2.985 0.451 0.549 0.643 0.561 0.608 0.652
2.214 2.919 2.878 2.929 2.978 3.068 2.968 0.429 0.525 0.605 0.528 0.555 0.616
2.101 2.894 2.862 2.907 2.953 3.034 2.949 0.401 0.497 0.564 0.493 0.514 0.575
2.000 2.877 2.852 2.891 2.936 3.010 2.932 0.378 0.476 0.534 0.466 0.476 0.546
1.907 2.868 2.847 2.880 2.924 2.987 2.920 0.362 0.458 0.515 0.446 0.455 0.525
1.797 2.859 2.847 2.875 2.918 2.968 2.911 0.345 0.436 0.492 0.424 0.434 0.505
1.698 2.860 2.852 2.876 2.916 2.957 2.907 0.324 0.417 0.475 0.403 0.420 0.490
1.610 2.861 2.860 2.882 2.918 2.953 2.909 0.307 0.397 0.456 0.386 0.408 0.479
1.590 2.856 2.863 2.884 2.920 2.954 2.910 0.309 0.392 0.453 0.383 0.407 0.476
1.494 2.869 2.882 2.896 2.928 2.955 2.920 0.284 0.360 0.436 0.363 0.403 0.463
1.409 2.879 2.891 2.920 2.941 2.964 2.934 0.264 0.326 0.410 0.340 0.390 0.452
1.305 2.912 2.903 2.946 2.960 2.979 2.963 0.253 0.289 0.365 0.308 0.378 0.438
1.204 2.989 2.937 2.960 2.975 3.002 2.998 0.089 0.217 0.315 0.263 0.354 0.402
1.107 2.872 2.887 3.002 2.997 3.025 3.029 0.024 0.110 0.235 0.215 0.319 0.363
1.097 2.863 2.879 3.002 3.001 3.027 3.033 0.020 0.103 0.218 0.207 0.319 0.361
1.000 2.795 2.818 2.927 2.985 3.068 3.102 0.012 0.078 0.116 0.090 0.261 0.264
0.905 2.761 2.777 2.865 2.910 3.058 3.046 0.006 0.065 0.090 0.057 0.159 0.150
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with theEg value reported for AIS9–11,38,37sx=0d. Following
the notation of the energy levels of Table II, Fig. 5 shows a
schematic representation of the energy levels and the transi-
tions G, N, andT, that contribute to the measured dielectric
function for the semiconductor system Ag1−xCuxInSe2.

In Fig. 6 the transition energies of Table IIsG, N, T, E0,
andE1d have been plotted as a function of the compositionx.
Is worth noting that for all the transitions studied there are
two regions as a function of the composition that show a
different behavior. Forxø0.4 there is a clear decrease of the
energy asx increases, and forxù0.6 the energy variation is
weaker.

In order to better analyze the behavior of the main en-
ergy thresholds, the energiesEg=E0 andE1 have been plot-
ted as a function of the compositionx in Fig. 7. In both
curves are observed two different behaviors. Forxø0.4, the
nearest region to the dominion ofn-AIS, the E0 andE1 en-

ergies decrease remarkably withx, according to the expres-
sions sEg=−0.33x+1.228d and sE1=−5.425x2+x+3.214d.
While for to xù0.6, the nearest region to the dominion of
p-CIS the energies decrease smoothly according to the poly-
nomials sEg=0.225x2−0.415x+1.199d and sE1=1.95x2

−3.23x+4.101d. These analytical expressions provide a suit-
able tool to evaluate the band-gap energies of Ag1−xCuxInSe2

polycrystalline alloys withxø0.4 andxù0.6.
The behavior of the energy band gapEg=E0 values as a

function of the atomic compositionx reported by Basewicz
et al.15 using photoconductivity measurementssEg=0.305x2

−0.571x+1.278d for polycrystalline Ag1−xCuxInSe2 alloys,
agree well with our results forx.0.6, but show significant
discrepancies forx,0.4. Furthermore, forx=0 they find for
the main energy gapEg=1.278 eV, which is far from the
value determined in this work and also far from the energy
gap usually reported of AIS.9–11,38,37It is also interesting to
note that in the case of thin films, values of the energy gaps
have been reported for the compositionp-Ag0.5Cu0.5InSe2.

13

FIG. 3. Second numerical derivative from the imaginary component of the
dielectric functione2 and the theoretical fitting in the energy regions ofEg

and El. For clarity the scale of the central plot has been magnified by a
factor of 10.

FIG. 4. Second numerical derivative from the real componente2 and the
theoretical fitting in the energy regions ofEg andEl. For clarity the scale of
the central plot has been magnified by a factor of 10.

TABLE II. Transition energies for the Agx−1CuxInSe2 system:Eg=E0=G4V→G1C E1=N1V
s1d→N1C

s2d

Energy
transitionsseVd

Compositionx

0.0 0.2 0.4 0.6 0.8 1.0

G4V→G1C 1.225 1.168 1.093 1.031 1.011 1.009

G5V
s1d→G1CsBd 1.474 1.329 1.241 1.203 1.221 1.192

G5V
s1d→G1CsCd 1.647 1.546 1.435 1.440 1.374 1.368

G4V
s1d→G3C 1.797 1.772 1.600 1.634 1.573 1.550

G5V
s1d→G3C 1.969 1.957 1.843 1.861 1.734 1.708

N1V
s1d→N1V

s1d 2.138 2.175 2.103 2.032 1.923 1.937

G5V
s2d→G1C 2.318 2.450 2.296 2.175 2.102 2.214

N1V
s1d→N1C

s2d 3.214 3.197 2.746 2.865 2.765 2.821

TV→TC 4.428 4.352 3.999 4.510 3.878 4.500
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The values have been determined using optical absorption
and are in good agreement with our results of Table II, for
0.4,x,0.6.

The lattice symmetry influences the electronic bands of
the ternary chalcopyrite systems I–III–VI2, so the deviations
of the lattice parameters from its tetragonal ideal values in-
duce the splitting in the upper edges of the valence band.34

Thed levels that the metals IsCu, Agd bring to the chalcopy-
rite structure build the valence bandsG, and the proximity of
these cations with the anions VIsSed also modify the split-
ting of these bands. In the present work, the tetragonal
deviation25,37h−1 of AIS sh;c/2a=0.959d is larger than in
CIS sh=1.004d, and as a consequence this fact produces
higher crystalline fieldDcr and thus the hybridization ofd
levels in AIS will be greater than in CIS. This aspect con-
tributes to explaining the different behaviors found in the
transition energies from the system Ag1−xCuxInSe2, whose
properties are described according to compositionx either in
the dominion ofn-AIS, or of p-CIS.

V. CONCLUSIONS

The dielectric function has been determined for the
whole composition rangex of the Ag1−xCuxInSe2 system.
The analysis of the dielectric function has allowed us to
identify and evaluate the energy of the electronic transitions
G, N, T, E0, andE1. The value of the fundamental energy gap
Eg in the system changes from 1.225 to 1.009 eV when the
material is transformed fromn-AIS to p-CIS, by means of
the ordered substitution of Ag by Cu in the cation lattice.

The behavior of the transition energies as a function of
the compositionx shows two clear differentiated regimes: for
xø0.4 and forxù0.6. In the first gapEg for xø0.4 decays
linearly and forxù0.6 the evolution is weaker and can be
approximately fitted by a second order polynomial. The ori-
gin of these different behaviors has been discussed in terms
of the different structural properties ofn-AIS andp-CIS ma-
terials. The present results offer a valuable set of data over a
large range of compositions that can be useful for the design
of high efficiency solar cells based in the Ag1−xCuxInSe2

system.
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