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ABSTRACT 

At present, the time has come to start the active search for commercial ecologically safe 
technologies for growing large-area CulnGaSe films and obtaining the thin film 
heterophotoelements on the basis of these films [1-4], It is very benefitial task for new 
environmentally oriented European economics, We have long tenn experience with problem 
how to develop ecology safe heterophotoelements as high-efficiency photoconverters of solar 
radiation, First of all we have experiment with CulnSe2/green leafs heterojunctions [5-1 OJ, 
then we studied thin-film n-ZnO:Al/p-Cu(ln,Ga)Se2 heterojunctions which was fabricated by 
magnetron sputtering of an ZnO target, leading to a deposition of Cu(ln,Ga)Se2 films on the 
surface [ 11 ], This study is a continuation of the important line of research in modern 
photoenergy engineering and is concerned with development of the technology of cadmium­
free Cu(ln, Ga)Sei/ln2S3 thin film heterophotoelements, 
The method of heat treatment of metallic Cu-In-Ga layers in the N2 inert atmosphere in the 
presence of selenium and sulfur vapors was used to grow homogeneous films of Cu(ln, 
Ga)(S,Se)2 alloys onto which the CdS or ln2S3 films were deposited and, on the basis of these 
structures, the thin-film glass/Mo/p-Cu(ln, Ga) (S, Se)i/n-(ln2S3,CdS)/n-ZnO/Ni-AI 
photoelements were fabricated, The mechanisms of charge transport and the processes of 
photosensitivity in the obtained structures subjected to irradiation with natural and linearly 
polarized light are discussed, The broadband photosensitivity of thin-film 
heterophotoelements and the induced photopleochroism were detected; these findings indicate 
that there is an interference-related blooming of the structures obtained, 
It is concluded that it is possible to use ecologically safe cadmium-free thin-film 
heterostructures as high-efficiency photoconverters of solar radiation, 
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I RESULTS AND DISCUSSION 

I.I. Homogeneous CulnGaSe films were obtained using heat treatment of the starting Cu-In­
Ga layers with the component composition necessary for the synthesis of the required solid 
solution. The Cu-In-Ga films were deposited using ion-plasma evaporation of the target of 
these metals in vacuum ( -6x I 0--4 Pa) onto glass substrates ( either with a specially prepared 
surface or with a molybdenum sublayer) heated to I 00e° C. 
Heat treatment of the initial Cu-In-Ga films was carried out in the nitrogen inert atmosphere 
in the presence of selenium vapors in the temperature range of 250- 520°C. Physicochemical 
studies showed that these conditions of heat treatment ensured the synthesis of a quaternary 
solid solution with chalcopyrite structure [12, 13,14]. 
The duration of the process was chosen so as to satisfy the conditions for completion of the 
reaction of formation of homogeneous films of quaternary solid solution with the required 
composition. Studies of the films by the method of X-ray analysis using the CuKa radiation 
and a Ni filter showed that the developed technology results in the fon11ation of an 
equilibrium alloy with a chalcopyrite lattice whose parameters are consistent with Yegard's 
rule. 
An analysis of the elemental composition of the grown films was perfon11ed using a PHl-660 
scanning Auger microscope with spatial resolution of-0.1 µm and sensitivity of-0.1 at %. It 
is worth noting that the obtained CulnGaSe films were highly homogeneous over the surface. 
The combination of the performed studies of homogeneous p-Cu(ln, Ga)Se2 films also 
indicated that it is possible to control the atomic composition and distribution of the 
component over the cross section [ 12, 16]. The concentration of free holes at T= 300 K in the 
films under consideration was ~2x I 0e18 cm-3 and the hole mobility was about 70 cm2 v-'s-1• 
In order to obtain a TFHP, we used the method of vacuum thermal evaporation to deposit 
ln2S3 films with the thickness of ~40 nm onto the outer surface of the p-CulnGaSe films [8]. 

The method of magnetron sputtering was used 
to deposit first a high-resistivity ZnO film 
(d,:"20-40 nm, p ;=2.0 x I 07 Q cm) onto the 
surface of these films, followed by 
an aluminum-doped low-resistivity n-ZnO film 

3
(d :" 0.5 nm, p z 3x I 0- - 3x I 0--4Qcm, µ = 181 

2 1cm y-ls- , and n = 1.4x!020cm-3 at T=300 K). 
To conclude the process, we used the method of 
vacuum then11al evaporation through a mask to Figure 1. External appearance of a 
form Ni-Al current contacts on the surface of the thin-film glass/Molp-Cu(ln,Ca)Se2/n-
11-ZnO film. The thin-film glass/Mo/p­1112S3/11-ZnO/Ni-AI heterophotoelemenls 
Cu(ln,Ga)Sez/ln2S3/ZnO/Ni-AI photoconverterson the 
were formed on the substrates with thesubstrate with dimensions 25 x 75 mm. 
dimensions -2 x25x75 mm; the method of 
mechanical scribing was then used to form a 

number of elements with the area of-5 x IO mm 2, each of which was provided with a current 
contact; the Mo film with the thickness of 0.5-0.8µm deposited on the glass served as the 
common contact for all TFHPs. In Figure 1, we show the external view of this photoelement. 
We also obtained the glass/p-Cu(ln, Ga)(S,Se)z/CdS/11-ZnO/Ni-AI TFHPs in a similar way. 
The sulfur concentration in the p-Cu(ln, Ga)(S, Se)z(Culn-GaSSe) films was governed by the 
parameters of the sulfidizing process. 

1.2. Studies of the static current-voltage (1-V) characteristics showed that the obtained Mo/p­

Culn-GaSe/n-ln2S3 TFHPs exhibit pronounced rectification with the conducting direction 
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always observed at the negative polarity of external bias applied to the n-Jn2S3 film. The 
rectification factor in the obtained TFHPs was K=o3-25 at the bias voltages I{/ I := I V. A 
typical 1-V characteristic of one of the CulnGaSe/In2S3 elements is shown in Fig. 2. The 
initial portion of the forward J-V characteristic ( U < 0.5 V) for these structures is consistent 
with the well-known diode equation (Figure 2b, curve I) with the diode factor �:= 1.93. This 
value of� indicates that the forward current is caused by recombination of charge carriers in 
the active region of these TFHPs. At the same time, for the Culn- GaSSe/CdS TFHP, we have 
�:=4.25, which is much larger than in the case of the CulnGaSe/ln2S3 barriers. This 
circumstance is typically related to variations in the charge transport due to a decrease in the 
structural quality of the heterointerface and indicates that the forward current is governed by 
the tunnel-recombination mechanism [ 15). 
At the forward-bias voltages U > 0.5 V (Figure 2a), the 1-V characteristic of the structures 
based on ln2S3 and CdS starts to be linear, 

U-U
I =---o (I)

Ru 

where the cutoff voltage U0=0.3-0.4 V, while the residual resistance Ro for various structures 
varies in the range from I 00 to 200 Q. at T = 300 K. The reverse portions of the 1-V 
characteristics of the compared types of TFHPs are typically described bythe power-law 
dependence 1_1 I o:c I U I"', where the exponent 111 is found to be close to unity at I U I::; 0.3 V 
(Figure 2c), which may indicate that there is tunneling of charge carriers or limitation of the 
current by the space charge in the saturation mode [ I]. As the magnitude of the reverse-bias 
voltage is increased ( I U] > 0.4 V), the exponent attains a value of m ""1.6, which is consistent 
with the Childe-Langmuir law and is typically related to the currents limited by the space 
charge in the ballistic mode [17, 18]. 
Thus, the replacement of the CdS barrier layer by the ln2S3 layer in the obtained TFGPs does 
not bring about significant changes in their electrical properties but ensures the elimination of 
highly toxic cadmium from their composition. 

1.3 The photovoltaic effect caused by separation of photogenerated charge-carrier pairs in the 
active region of the Cu!nGaSe/ln2S3 structures is clearly and reproducibly observed in the 
TFHPs based on the CulnGaSe films grown by selenization of the base Cu-In-Ga layers in 
the N2 atmosphere and subjected to illumination. 
The dependence of the open-circuit photovoltage Uoc and the short-circuit current Jsc, in 
accordance with [ 1 OJ, on the optical-flux power, is described by the logarithmic and linear 
laws, respectively. Also the values of J,, and the saturation photovoltage U� of typical TFPEs 
with the ln2S3 and CdS barriers. It can be seen that, at the incident-radiation power L "" I  00 
mW/cm2 , the maximum value J,c"':=35 mA/cm2 is attained in a TFHP with the 
CulnGaSSe/CdS active region, which is close to the similar parameter in the conventionally 
used active region of the Culn- GaSSe/CdS structure. A similar situation for the TFHPs to be 
compared is also observed in relation to Uu close to the cutoff voltage Uo in the same 
structures and can be identified with the energybarrier height that was found to be almost 
identical for the used ba1Tier materials (CdS and ln2S3 ). 

It is worth noting that, in the TFHPs based on Culn-GaSe films and obtained by selenization, 
the saturation photovoltage U,,was found to be almost two times lower than that for TFHPs 
based on thin films with similar composition and grown by coevaporation of the alloy's 
components [ I 8). At the same time, our analysis makes it possible to conclude that a higher 
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quantum efficiency of photoconversion is attained if the barriers from ln2S3 films are used in 
TFHPs based on CulnGaSe layers, 

1.4. In Figure 3, we show typical spectra of relative quantum efficiency of photoconversion 
TJ(hw) for TFHPs obtained by deposition of the barrier films of ln2S3 (curves I, I') and CdS 
(curves 2, 2') onto the surface of the films Cu(ln, Ga)Se2 and Cu(ln, Ga)(S, Se)2, 
respectively, It can be seen that a high photosensitivity is observed in a wide spectral range 
from I to 3,8 eV, A steep long-wavelength rise ofephotosensitivity is observed at hep> 0,95 eV 
(Figure 3, curves I, 2). For both types of barriers, the dependences T](hw) are linearized in the 
representation (T]hw)2 = / (hw) (Figure 3, curves I', 2'). The extrapolation (T]hw)2 -> 0 on the 
basis of the theory of interband absorption in semiconductors [ 15] made it possible to 
detem1ine the band gap for direct interband transitions; the value of E'1G is in satisfactory 
agreement with the corresponding estimates based on the data on optical transmission of the 
same films, It is noteworthy that the spectral contour T](hw) and the value of detem1ined 1:,-<1G 
from the measurements of photosensitivity of the barriers under study were found to be quite 
reproducible over the entire area of the films. This finding is also consistent with the electron­
microscopy data on the high local homogeneity of the films grown in the processes of 
selenization and sulfurization of metallic Cu-In-Ga layers. 
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Figure2 .Static current-voltage characteristics (T = 300 K) of the heterophotoelements 
glass/Molp-Cu(Jn, Ga)Se2/n-ln2S3/n-ZnO/Ni-Al(sample MX20!-2, curves I and I ')and 
glass/Molp-Cu(Jn,Ga)(S,Se);ln-CdS/ln-ZnO/Ni-Al(sample IMXl78S, curves 2 and 2') in the 
representations (a) I= f(U), (b) In/I/= f (U), and (c). log/ I/= f( logU) 
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increased (h{t)>E:'1 G), the photosensitivity continues to increase in the spectra 11(hw) for 
photoelements based on different barrier materials (CdS and ln2S3 ); the photosensitivity 
nstarts to gradually decrease only at h(!)> 1,6 eV, As a result, the total width of the 17(hw) 
spectra at their half-height for the best structures based on the ln2S3 and CdS films was found 
to be as large as 8 112 ,=1.95 eY for both types of structures, This finding indicates that the 
quality of the interface is fairly high and is not worsened as a result of replacement CdS 
➔ln2S3, which is also corroborated by the close values of photocurrent Jsc in the TFHPs 
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Figure 5. Spectra P!(hw) of 
heterophotoelements glass/Molp-
C11(!11, Ca)Se2/11-!112S/11-Z11O/Ni-AI 
(sample IMX201-2, 
curve I) and glass/Molp-C11(!11, Ca)(S, 
Se) /CdS/11-ZnO/Ni-A I (sample 
IMXI 78S, rnrve 2) at T = 300 K 

by the square law [14, 15] 

P, =0' 

under comparison, The highest voltage 
sensitivity Su�'=400 Y/W is observed for a 
TFHP based on the CulnGaSe/In2S3 barrier; 
the highest quantum efficiency is also 
characteristic of this TFHP. 
2.5. Using irradiation of TFHPs with linearly 
polarized light (LPL), [ I 8, 19] established 
that there is no natural photopleochroism in 
these photoelernents, This feature is related 
to the fact that all layers of these TFHPs are 
polycrystalline. Under conditions of oblique 
incidence of LPL on the receiving ZnO 
plane, as soon as the angle of incidence 
(S)becomes nonzero, the TFHP starts to 
exhibit induced photopleochroism P > 0 1
[ 19), In Figure 4, we show the typical 
dependence of the induced-photopleochroisrn 
coefficient on the angle of incidence of LPL 
It follows from Figure 4 that this dependence 
is consistent with the theory and is described 

(2) 

for both types of TFHPs (curves I, 2). However, the coefficient of induced photopleochroism 
was found to be much smaller than the value estimated from the theory P := 30%, with rgw 1
refractive index of ZnO taken into account [ I 9, 20]. 
Typical P!(hw) spectra at a fixed angle of the LPL incidence 0= 70� for TFHPs with the ln2S3 

and CdS barrier fom1s are shown in Figure 5. It can be seen that the coefficient of induced 
photopleochroism depends only slightly on the photon energy and is extremely small in the 
entire range of photosensitivity. The value of this coefficient is about two times smaller than 
what is expected from the theory [19], We can state that the established trends of induced 
photopleochroism in the obtained TFHPs are indicative of the effect of interference- related 
bleaching of these photoelements in the entire spectral range of photoconversion as a result of 
deposition of thin ZnO films onto the outer plane of the CdS and ln2S3 barrier layers [14, 15), 
Evidently, the optimization of magnetron-assisted deposition of ZnO films would make it 
possible to increase the quantum efficiency of photoconversion in a TFHP, while the use of 
polarization photoelectric spectroscopy ensures the rapid monitoring of the processes of 
fonnation of antiretlection single-layer coatings from thin ZnO films, 
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2 CONCLUSIONS 

We used heat treatment of the base Cu-In-Ga layers in the N2 inert atmosphere in the 
presence of selenium and sulfur vapors to synthesize homogeneous films of Cu(ln, Ga)(S, 
Seh solid solutions; CdS or ln2S3 films were then deposited onto the solid-solution films and 
finally the glass/Mo/p-Cu(ln, Ga)(S, Se)i/n-(ln2S3 , CdS)/n-ZnO/Ni-AI were fom1ed. An 
analysis of the charge-transport mechanism showed that replacement of the barrier layer CdS 
by ln2S3 in the obtained TFHPs does not result in significant changes in the electrical 
properties of these photoelements, Observed broadband photosensitivity of thin-film 
heterophotoelements and induced photopleochroism are indicative of interference- related 
bleaching of the obtained structures, It is established that higher quantum efficiency of 
photoconversion in the heterophotoelements based on Cu(ln,Ga)(S,Seh is attained if thin 
ln2S3 films are used as barriers, 
Thus, as a result of the carried-out physicotechnological study, we established that ln2S3 films 
can be introduced into TFHP structure as barriers. This technology can be used in the 
fabrication of high-efficiency and ecologically safe cadmium-free next-generation TFHPs, 
while the use of polarization photoelectric spectroscopy can ensure the monitoring of the 
widerange blooming of these photoelements, 
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