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Abstract—Using the method of simultaneous sulfurization and selenization of intermetallic Cu—In—Ga layers,
single-phase thin films of the Cu(In,Ga)(S,Se), (CIGSS) alloys are obtained. On these films, rectifying photo-
sensitive surface—barrier structures In/p-CIGSS are obtained by vacuum thermal evaporation of pure In. The
photosensitivity spectra of the originally obtained structures are studied. The effect of the composition of the
alloy films and illumination conditions on the photoelectric parameters of new structures In/p-CIGSS is studied.
It is concluded that the obtained CIGSS films are promising for fabrication of high-efficiency thin-film photo-

converters.
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1. INTRODUCTION

Studies of ternary I-III-VI, compounds and their
alloys have led to the obtaining of high-efficiency radi-
ation-resistant and inexpensive thin-film solar cells,
which is the main problem of modern photoenergetics
[1, 2]. The development of Cu(In,Ga)Se, (CIGS) thin
films has allowed researchers to obtain radiation-resis-
tant solar cells with the efficiency of photoconversion
higher than 19% and to open pilot production based on
their moduli [3-6].

The main restriction in the technology of fabrication
of CIGS films is the Ga segregation near the rear con-
tact, which is determined by the difference of the reac-
tion coefficients of formation of binary selenides [7].
As a result, this circumstance hinders the development
of solar cells with the required gradient of the band gap
over the film thickness. Researchers have succeeded in
solving this problem by thermal treatment of the CIGS
films in the H,S atmosphere, which leads to substitu-
tion of Se by sulfur Se — S and to the synthesis of a
wide-gap Cu(In,Ga)(S,Se), (CIGSS) alloy in the near-
surface region of the film. Until now, the main technol-
ogy of obtaining thin single-phase CIGSS films has
been the method of vacuum coevaporation of Cu, In,
Ga, S, and Se. However, this method is unsuitable for
the commercial production of thin CIGSS films
because of its high cost and the complexity of control-

ling the technology parameters [6]. At present, the pos-
sibilities of processes of thermal treatment of thin metal
films Cu-In—Ga in the H,S and H,Se atmospheres are
studied as alternatives [6]. A serious obstacle for wide-
spread application of this technology is the high toxic-
ity of the H,S and H,Se gases.

The main aim of this study was to develop the
method of the synthesis of the CIGSS films of the
required composition without the use of highly toxic
gases and to fabricate the surface—barrier structures on
the basis of these films in order to carry out the photo-
electric monitoring of the development of high-effi-
ciency solar cells.

2. EXPERIMENTAL

The synthesis of thin CIGSS films consisted of two
technology stages, namely, the formation of the base
Cu-In—Ga layers and their subsequent sulfurization and
selenization in the S- and Se-containing inert atmo-
sphere. At the first technology stage, the Cu-In-Ga
base layers were deposited on glass substrates by the
ion—plasma coevaporation in vacuum (6.6 X 10~ Pa) at
100°C. At the second stage, the CIGSS alloy was syn-
thesized by the two-stage thermal treatment of the
Cu—In—Ga intermetallic film in the S and Se vapors.
The first stage of thermal treatment was carried out in
the temperature range 220-240°C. The second stage
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Fig. 1. Typical surface microprofile and transverse section
of the CIGSS films under magnification indicated.

was carried out at the temperatures 500-550°C, which
are optimal. The partial pressure of chalcogen vapors
(S and Se) was controlled by the temperature of their
solid-phase sources. The reaction diffusion of S and Se
was carried out in the inert gas medium (N,) during the
time providing the synthesis of the films of the CIGSS
alloy of the required composition and crystal structure.

The structural properties and the phase composition
of the obtained films were studied using the X-ray pow-
der diffraction analysis. The phases were identified by
comparison of experimentally determined interplanar
spacings with the JCPDS tables. The main result of
these investigations amounts to the conclusion that the
used technology process provided the formation of thin
films (d;, = 2-2.5 wm) with the crystal lattice of chal-
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copyrite, which is characteristic of the alloy studied,
and the band gap E, = 1.27-1.38 €V, which corresponds
to the optimal value for solar converters [8].

The microprofile of the film surface, the film micro-
structure, and the transverse cleavage were studied by
scanning electron microscopy using an H-800 micro-
scope (Hitachi, Japan) with the resolution ~0.2 nm.

The elemental composition of the obtained CIGSS
films was studied by X-ray dispersion spectroscopy
using a Stereoscan-360 system (Great Britain)
equipped with an AH 1000 EDX spectrometer (Link
Analytic, Great Britain) with the local resolution ~1 um
and sensitivity 0.1 at %. The quantitative and qualita-
tive analyses of the elemental composition over the
depth of the grown films was carried out on a PHI-660
scanning Auger microprobe (Perkin Elmer, USA) with
the local resolution ~0.1 um and sensitivity 0.1 at %
using an IMS-4F ion microprobe (Cameca). The quan-
titative analysis of the elemental composition of the
grown films was carried out by the method of pure stan-
dards, where the current of the Auger electrons is cor-
rected to the coefficient of elemental sensitivity.

3. RESULTS AND DISCUSSION

The study of the phase composition of the CIGSS
layers, which were obtained under optimal synthetic
conditions, showed that they contain only the structural
phase of chalcopyrite, which corresponds to the
Cu(In,Ga)(8S,Se), alloy. The positional ordering of the
atoms in the cationic sublattice is confirmed by the
existence of superstructural reflections (101), (103),
and splitting of doublets (116/312), (008/400), and
(228/424).

The study of the microstructure of the synthesized
layers shows that an increase in the recrystallization
temperature (high-temperature stage) leads to an
increase in the surface homogeneity without clearly
pronounced segregation of separate phases. The crys-
tallite growth takes place in the directions normal to the
substrate plain. An increase in the temperature to the
optimal value (500-550°C) leads to the formation of
CIGSS films with densely packed crystallites, which is
an important condition for decreasing the diffusion of
atoms of the buffer layer during fabrication of the bar-
rier structures. This type of morphology provides the
electric coupling of the grains, which is necessary for
the effective operation of heterostructures based on
polycrystalline films of these alloys. A typical micro-
profile and the transverse cleavage of the layers synthe-
sized are shown in Fig. 1. The distribution of the com-
ponents over the layer thickness, which is shown in
Fig. 2, indicates that it is possible to obtain by this
method thin films of CIGSS alloys with uniform distri-
bution of components.

In Tables 1 and 2, the elemental composition and the
properties of certain obtained films are given. The data
of Table 1 and 2 confirm that this method is promising
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for the synthesis of thin films of CIGSS alloys of the
specified composition with physical characteristics and

the band gap Ezpl = 1.27-1.38 eV necessary for high-
efficiency photoconversion of solar radiation.

It should also be noted that the variation in the con-
centration of elements in the grown films presented in
Table 1 relatively weakly affects their resistivity, which
equals p = 10> Q cm at T'= 300 K, and does not lead to
inversion of the conductivity type (all synthesized lay-
ers are of p-type conductivity). This circumstance
allows us to assume that, in the films obtained, the
ensemble of dominant lattice defects is not profoundly
affected by the observed variation in the composition of
the films (Table 1), and it can presumably be attributed
to the existence of vacancies in the Cu sublattice. It is
evident that all further studies dedicated to revealing
the effect of increasing the concentration of the Cu
atoms on the film resistance can be favorable to refine-
ment of the nature of the dominant intrinsic lattice
defects in the CIGSS films.

To study the photoelectric properties of the obtained
CIGSS films, we fabricated surface—barrier structures.
As the barrier material, we used pure In, which was
deposited on the surface of the obtained p-CIGSS films
by vacuum thermal evaporation similarly to [9, 10].

The measurements of the steady-state current—voltage
characteristics of the obtained film structures In/p-CIGSS
showed that they exhibit rectifying properties and the
photovoltaic effect. The ratio between the forward and
reverse currents for these films was at the level 2-5 at
bias voltages U = 2 V, which is presumably associated
with the imperfection of the In/p-CIGSS barrier inter-
face and its periphery region. The conducting direction
is realized at the negative polarity of the external bias at
the barrier contact. On illumination of such structures,
photovoltage emerges, which prevails if the barrier con-
tact of these structures is illuminated. In this case, the
photovoltage sign always corresponds to the rectifica-
tion direction. The photovoltage sign for all obtained
structures In/p-CIGSS is independent of the photon
energy, emission intensity, and location of the optical
probe (diameter ~0.3 mm) on the photoreceiving sur-
face of these structures. These regular features are the
background for the conclusion that the found photovol-

Table 1. Composition of the CIGSS films
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Fig. 2. Distribution of alloy components
no. 1X213S2) over the layer depth.

(sample

taic effect is determined by a single active region in the
structure, which emerges on thermal deposition of the
In film on the surface of the CIGSS alloy. The maxi-

mum voltaic photosensitivity S, of the obtained struc-

tures (Table 2) varies in a rather wide range. However,
we failed to reveal a clear interrelation of its value with
the atomic composition of the films.

Figure 3 shows the spectral dependences of the rel-
ative quantum efficiency of photoconversion n(2®) for
the series of the obtained structures. If the barrier-con-
tact side of these structures is illuminated (Fig. 3,
curves /—4), a broadband mode is always realized. The
maximum value of the total width of the spectra n(fw)
at their half-height 8, ,, (Table 2) for the structures under
consideration was found to be fairly large (almost 2 eV
for the best structures), which indicates that a highly
effective barrier is formed in these structures. The long
wavelength exponential growth of photosensitivity for
the structures under study starts at the photon energies
hw = 1 eV (Fig. 3, curves 1-4). The spectral depen-
dences of photosensitivity of the structures fabricated
have a similar form. The exponential growth of photo-
sensitivity of these structures is described by a fairly

Film compositions
Sample
number Molar fractions at %
of elements Cu In Ga S Se

1X213S2 CUO.821H1.22G30.04S1129860‘63 20.49 30.45 0.95 32.27 15.83
1X213S CuO.73In1.]8G30.0980'87sel'13 18.34 29.44 2.19 21.79 28.24
1X214S CUOVSSInl.lgGaO.Ogs1_45S60_43 21.17 29.71 2.15 36.25 10.71
2X214S Cu0.791n1.22Ga0.0251‘66360‘31 19.68 30.53 0.54 41.55 7.70
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Table 2. Physical properties of the CIGSS films and the structures In/p-CIGSS at 7= 300 K

S 1 m _

HSEE(; E;pt eV | d,um p.Qem | hw™ eV | eV | Sh,V/W | S eV Ei eV Oy, eV
1X213S2 ~1.29 2.2 88 1.6-2.2 1.95 65 25 1.35 1.01
1X213S ~1.27 2.2 150 1.6-2.5 1.76 55 33 1.29 1.07
1X214S ~1.31 2.5 150 1.5 1.13 25 23 1.31 1.12
2X214S ~1.38 2.3 99 1.5 0.97 11 23 1.32 1.20

large value of the slope S = 8(Inn)/8(hw) = 23-25 eV,
which allows us to attribute it to the direct band-to-band
transitions. The exponential growth of 1 in the obtained
structures is completed in the vicinity of the photon
energies 1.25-1.35 eV (Fig. 3, curves /—4).

If the side of the thin semiconductor film in the
obtained structures In/p-CIGSS is illuminated, the
spectra N(A) turn out to be of the narrow-band type

1M, arb. units
1.0F
| 1
1072
10_4 B 1 ,7\ 1 1
1 2 3
fiw, eV

Fig. 3. Spectral dependences of relative quantum efficiency
of photoconversion of the structures In/p-Cu(In,Ga)(S,Se),
at T = 300 K. The sample numbers: (/, I') 1X213S2,
(2) 1X2138S, (3) 1X214S, and (4) 2X2148S. (I-4) Illumina-
tion of the side of the barrier contact, and (/') illumination
of the side of the Cu(In,Ga)(S,Se), film.

(Fig. 3, curve '), and a clear short-wavelength falloff of
photosensitivity emerges at @ > 1.27 eV. This falloff
is associated with an abrupt increase in the optical
absorption and removal of the layer of photogenerated
pairs from the active region. On this basis, the clear
specificity of the m(Aw) spectra in the region A®w =
1.3 eV in the case of illumination of the barrier side
(Fig. 3, curves /—4) can be attributed to the emergence
of the direct band-to-band transitions in the alloy films,

which agrees with the estimation of E;pt from the
absorption spectra of the same films (Table 2).

It is also seen from Fig. 3 (curves /—4) that as the
photon energy increases further, at a®m > 1.3 eV, the
photosensitivity of the In/p-CIGSS structures continues
to increases and attains an absolute maximum at A =
1.5-1.6 eV. It should be noted that with an increase in
hw > 1.6 eV, for the best structures in a wide range of
photon energies 2™ (Table 2), photosensitivity does
not drop (Fig. 3, curves / and 2), while in the case of
other structures at i® > 1.5 eV in the n(A®) spectra, a
short-wavelength falloff appears. Consequently, we
have reason to assume that the first measurements of
photosensitivity spectra of the In/p-CIGSS structures
shows the capacity of this barrier to suppress the effect
of surface recombination. However, there is still no
clear basis for attributing this fact only to variations in
the atomic composition of the CIGSS alloys.

The analysis of the photosensitivity spectra of the
obtained structures on the basis of the theory of the
band-to-band absorption in semiconductors [11]
allowed us to reveal the linear portions in dependences
(Mhw)? = flhw), and, by their extrapolation to /iy —» 0,
to determine the values of the band gap in the electron

spectrum of alloys for direct Eg band-to-band transi-
tions (Fig. 4 and Table 2). It should be noted that these

estimates of the band gap from optical (E;" ) and pho-

toactive (Ei) absorption (Table 2) turned out to be very

close to each other and correspond to the known condi-
tion for obtaining the maximum photoconversion effi-
ciency [8].

It also follows from Fig. 4 that, for the barriers In/p-
CIGSS, the long-wavelength part of photosensitivity
corresponds to the Fowler law, which indicates the pho-
toemission of nonequilibrium charge carriers [11, 12].
Extrapolation of the dependence (MA®w)"? —= 0

SEMICONDUCTORS  Vol. 41

No. 10 2007



PHOTOSENSITIVITY OF THE STRUCTURES ON THE Cu(In,Ga)(S,Se), FILMS

10

MA®)%, MA®)'/2, arb. units
)]

O 1 1
1.0 1.5 1.0 1.5 1.0
hm, eV

Il
1.51.0

Fig. 4. Dependences (nﬁw)2 = f(ﬁw) (curves 1—4) and
(nﬁ(x))l/ 2= f(fiw) (curves 1'—4"). The numbers of the sam-
ples: (1, 1) 1X213S2, (2, 2') 1X213S, (3, 3') 1X214S, and
(4,4") 2X214S.

allowed us to estimate the height of the energy barrier @y,
which appears at the In contact with the alloy film
(Fig. 4, Table 2). One can see that the obtained values
of @, are in the range ¢, = 1-1.2 eV, while the observed
variations are apparently associated with the variation
in the composition of the GIGSS alloy.

4. CONCLUSIONS

The basis of the technology of obtaining the films of
the CIGSS alloys by the method of simultaneous sulfu-
rization/selenization of intermetallic Cu—In—-Ga layers
without the use of highly toxic compounds is devel-
oped. The single-phase films of the CIGSS solutions
~2.5 um thick with the uniform distribution of the com-
ponents over the layer thickness are synthesized, and
new structures In/p-CIGSS are obtained on the basis of
these films. The completed studies show the potential for
controlling the properties of photosensitive structures by
controlling the parameters of the technological process.

SEMICONDUCTORS  Vol. 41  No. 10 2007
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The suggested technology is suitable for the commercial
production of thin large-area CIGSS films, which can be
used in high-efficiency thin-film solar cells.
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