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PHOTOELECTRICAL PROPERTIES OF p-Si/Cd1-xZnxS(Se)1-ySe(Te)y 

HETEROJUNCTIONS 

H. M. MAMMADOV, M. A. JAFAROV
*
, E. F.NASIROV, D. PIRIYEVA

Baku State University, Baku, Azerbaijan

In this paper the photoelectrical properties of p-Si/Cd1-xZnxS(Se)1-ySe(Te)y type thin film 

heterojunctions in a wide range of wavelengths (300 - 1400 nm) were characterized 

depending on the quantitative composition (0≤x≤1 and 0≤y≤1) of Cd1-xZnxS(Se)1-ySe(Te)y 

type films, electrochemical deposition potential, mode and medium of heat treatment 

(HT). In order to clarify the effect of these factors on the photoelectric properties and basic 

parameters of heterojunctions with different composition, the spectral distribution of 

photoconductivity, volt-ampere characteristics (I-U characteristics), amper-light 

characteristics were studied.  
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1. Introduction

The photovoltaic heterojunction based on A
II
B

VI
 type compounds has been found to be 

candidate for inexpensive and high performance alternative to the homojunction photovoltaic 

device [1-8]. Many methods were used to prepare films of A
II
B

VI
 type compounds e.g. vacuum 

evaporation, sputtering, spray pyrolysis, chemical bath deposition etc. [9-15]. It shown, t ha t  

properties of A
II
B

VI
 type films such as electrical, optical, and structural are depends strongly on 

the preparation method. One of the promising method for producing of large areas of 

inexpensive A
II
B

VI
 type films for photovoltaic applications is electrochemical deposition and 

here we are followed this method to prepare Cd1-xZnxS(Se)1-ySe(Te)y films. Electrochemical 

deposition has advantages over other methods such as: simple, inexpensive, possibility of large 

area deposition does not need high vacuum apparatus, and stoichiometry preservation. 

Furthermore, the properties of grown film can be varied and controlled by proper 

optimization of deposition conditions. 

In the present work, the effect of electrochemical deposition potential, chemical and 

composition of the films and heat treatment regimens on the photoelectrical properties of p-

Si/Cd1-xZnxS(Se)1-ySe(Te)y heterojunction deposited by electrochemical deposition from aqueous 

solution was investigated. 

2. Materials and methods

The thickness and resistivity of the monocrystalline p-Si substrates were 0.4 mm and 0.2 

Ωcm, respectively. Films of Cd1-xZnxS(Se)1-ySe(Te)y and heterojunctions on their basis with 

different composition were manufactured and characterized via the same methods as reported in our 

previous work [4,13,16,17]. 
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3. Result and discussion 
 

The photovoltaic effect is observed in all types of heterojunctions just after the deposition. 

Thus, the photosensitivity is strongly dependent on the electrochemical deposition potential 

(cathode potential). Fig. 1 shows the graphs of the relative photosensitivity (values of wavelength 

corresponding to the maximum photo-sensitivity for each sample in 1 sm
2 

area and
 
100 mVt/sm

2
 

illuminations) for heterojunctions of different compositions. As can be seen from the figures, the 

maximum photosensitivity is observed at a specific value of the cathode potential and takes 

different values for different components. 

 

      
 

      
 

     
  

Fig. 1. Dependence of the relative photosensitivity (values of wavelength corresponding to the maximum 

photosensitivity for each sample in 1 cm
2
 area and 100 mW / cm

2
 illumination) for p-Si/ Cd1-xZnxS(Se)1-

ySe(Te)y  heterojunctions of different composition just after deposition. 

 

 

Photosensitivity is oscillating at cathode potentials where relative photoresistivity is weak. 

We think that this is due to the fact that the thin layers deposited at these values of the cathode 

potential are not yet fully formed. The oscillation of the photocurrent can be explained by the 

presence of a small CdS-ZnS-ZnSe(Te)-CdSe(Te) mixed system or a metal/chalcogenide excess in 

the thin layer matrix. However, at optimal values of the deposition potential for films of a given 

composition, the photosensitivity in the short-wavelength range of the spectrum increases sharply, 
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and the oscillations of the photocurrent disappear and heterojunctions exhibit maximum 

photosensitivity. With a further increase in the cathode potential  (U – 1.0 V) the photosensitivity 

of the heterojunctions in the short-wavelength region of the spectrum become worse again. Such 

non-monotonous variation of photosensitivity depending on the deposition potential proves once 

again that the stoichiometric composition of films Cd1-xZnxS(Se)1-ySe(Te)y type solid solutions can 

be obtained only at an optimal value of the potential. Thus, at high and little values of cathode 

potential, the violation of thermodynamic equilibrium on the cathode surface and the sharp 

difference in the electrochemical activity of ions (Cd
+
, Zn

+
, S

+
, Se

+
, Te

+
) lead to excess metal or 

chalcogenide that causes the formation of a system consisting of mixtures. 

The photosensitivity of heterojunctions is determined not only by the cathode potential but 

also by the thickness of the layer. It is well known that one of the ways to further reduce the cost 

of electricity generated by solar photovoltaic cells is to minimize the thickness of the 

semiconductor layer from which the working element is made. This, on the other hand, reduces 

material consumption and, most importantly, reduces the series resistance of the solar cell. 

However, reducing the thickness of the layer also creates certain problems – reducing the thickness 

will lead to an increase in the internal electric field in the junction region, and this additional field 

will contribute to the separation of light-generated carriers, i.e, at the end, efficiency will increase. 

According to investigations, by depositing nano-dimensional metal electrodes on the surface of 

nanometer-thick layers, it is possible to achieve the absorption of the entire spectrum of solar 

radiation due to surface polarization. In other words, maximum efficiency can be achieved by 

depositing an extra thin films. According to theoretical data, if the electron-hole pair is generated 

in the order of diffusion lengths Lp and Ln calculated from the junction boundary under the 

influence of light, they can be successfully separated. That is, in principle, the active thickness can 

be defined as the d = Lp + Ln + width of the bulk region (WBR). If we assume that the sum Lp + 

Ln is close to zero, the active thickness is determined only by the width of the bulk region. Since 

there is a relationship d 1/ between the absorption coefficient (α) and the thickness of the thin 

layer, it can be concluded that for a material with a very high absorption coefficient, d~(WBR) and 

for them the photocurrent is too large. In general, the absorption coefficient of Cd1-xZnxS(Se)1-

ySe(Te)y
 
type thin films is not too large.        

Therefore, for maximum efficiency, an optimal thickness must be selected for the specific 

material. 

Figure 2 shows the graphs of the relative photosensitivity dependence on the thickness of 

films just after deposition for heterojunctions deposited at the optimal value of cathode potential 

(cathode deposition potential corresponding to the maximum photosensitivity of heterojunctions 

according to Figure 1). As can be seen from the graphs, the dependence of photosensitivity on the 

thickness of the layer is extreme. At small thicknesses, the photosensitivity decreases sharply and 

is oscillating. The oscillation nature of the photosensitivity can be explained as follows: since 

films under study are polycrystalline, the total photosensitivity of the layer is determined by the 

photosensitivity of the individual islets. Because the resistance of each part is different, the 

absorption of light and generation of electron-hole pairs also take place in different ways. Since 

the difference between the islets at small thicknesses is significant, the photosensitivity of the 

heterojunction also depends non-monotonously on the change in thickness. As the thickness 

increases, the boundaries of the islets overlap and these oscillations decrease. As can be seen from 

the figure, the oscillations are weak in the thin films based on the four-component compounds 

containing S-Te and Se-Te. This once again proves that tellurium compounds are more durable, 

and on their basis it is possible to make flexible, durable solar elements. At greater thicknesses, 

photosensitivity is decreases because most of the radiation is absorbed in thin layers. Based on the 

graphs, the optimal thickness was selected to determine the maximum photosensitivity for each 

composition of heterojunction, and the spectral distribution of the photocurrent, ampere-light 

characteristics, light I-U characteristics just after deposition and depending on the environment and 

mode of HT were studied. 
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Fig. 2. Dependence of the relative photosensitivity (values of wavelength corresponding to the maximum 

photosensitivity for each sample in 1 cm2 area and 100 mW/cm2 illumination) for p-Si/ Cd1-xZnxS(Se)1-

ySe(Te)y heterojunctions of different composition after deposition. 

 

Fig. 3 shows the spectral distribution curves of short-circuit current density at 100 

mW/cm
2
 illumination after direct deposition in thin-layer heterojunctions deposited at the optimal 

value of the cathode potential and optimal thickness. As can be seen from the figure, the short-

wavelength range of the spectrum for all composite heterojunctions is determined by the width of 

the band gaps of thin films Cd1-xZnxS(Se)1-ySe(Te)y, and the long-wavelenght range boundary is 

determined by the band gap of Si (Eg = 1.12 eV) wafers.  

Despite the choice of the optimal thickness of the thin films and the optimal value of the 

cathode deposition potential, the low sensitivity in the short-wavelength region of the spectrum 

and the oscillation of the photocurrent in all composite heterojunctions indicate that the thin films 

deposited by electrochemical deposition at low temperature are not fully formed. Thus, the 

absorption of oxygen molecules to the surface during direct exposure to the open air, the presence 

of various complexes on the surface during the reaction, as well as the unreacted 

metal/semiconductor excess can cause poor photosensitivity and oscillations.  

As can be seen from the figure, as the composition of the thin films changes, the 

maximum in the region of the short-wavelength shifts to the longer wavelengths with the 

increasing of the amount of Se and Te and the shifts in the direction of the shorter waves as the 

amount of Zn increases. This once again proves that thin films of double, three-component and 

four-component compounds with stoichiometric composition are deposited from an aqueous 
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solution by electrochemical deposition. Our experimental studies have shown that, regardless of 

the environment in which it is carried out, HT changes the photosensitivity of all composite 

heterojunctions quantitatively and qualitatively. 

Figure 4 illustrates the spectral distribution and ampere-light curves of the short-circuit 

current before HT of heterojunctions and in optimal HT modes in different environments. As can 

be seen from the figure, after the HT not only increase the photosensitivity in the short-wavelength 

region, but also expand their spectrum towards the shorter wavelength range. 

 

 
 

Fig. 3. Spectral distribution of short-circuit current density at 100mW/cm2 illumination just after 

deposition for heterojunctions p-Si/Cd1-xZnxS(Se)1-ySe(Te)y deposited at the optimal value of the 

cathode potential and the optimal thickness. 

 

 

    
 

    

 

      

 

p-Si/CdS 

200 400 600 800 1000 1200 1400 1600 1800
0

20

40

60

80

100

%  (1)

J q
q
 (

n
is

.v
a

h
.)

 

 

 (nm)

0 20 40 60 80 100
0

20

40

60

80

100

 

 

J q
q
 (

n
is

.v
a
h
.)

W (mVt/sm
2
)

Before TP 
Argon, 3400C, 11 min 
Air, 3400C, 11 min 
Oxygen, 3400C, 11 min 
Oxygen, 4100C, 11 min 

200 400 600 800 1000 1200 1400 1600 1800
0

20

40

60

80

100

%  (1)

J q
q
 (

n
is

.v
a

h
.)

 

 

 (nm)

0 20 40 60 80 100
0

20

40

60

80

100

 

 

J q
q
 (

n
is

.v
a
h
.)

W (mVt/sm
2
)

Before TP 
Argon, 3800C, 11 min 
Air, 3800C, 11 min 
Oxygen, 3800C, 11min 
Oxygen, 4100C, 11 min 

p-Si/CdS0.2Se0.8 

 

J s
c a

rb
.u

ni
ts

 

J s
c a

rb
.u

ni
ts

 
J s

c a
rb

.u
ni

ts
 

J s
c a

rb
.u

ni
ts

 

 

p-Si/CdS 

200 400 600 800 1000 1200 1400 1600 1800
0

20

40

60

80

100

%  (1)
J q

q
 (

n
is

.v
a

h
.)

 

 

 (nm)

0 20 40 60 80 100
0

20

40

60

80

100

 

 

J q
q
 (

n
is

.v
a
h
.)

W (mVt/sm
2
)

Before TP 
Argon, 3400C, 11 min 
Air, 3400C, 11 min 
Oxygen, 3400C, 11 min 
Oxygen, 4100C, 11 min 

200 400 600 800 1000 1200 1400 1600 1800
0

20

40

60

80

100

%  (1)

J q
q
 (

n
is

.v
a

h
.)

 

 

 (nm)

0 20 40 60 80 100
0

20

40

60

80

100

 

 

J q
q
 (

n
is

.v
a
h
.)

W (mVt/sm
2
)

Before TP 
Argon, 3800C, 11 min 
Air, 3800C, 11 min 
Oxygen, 3800C, 11min 
Oxygen, 4100C, 11 min 

p-Si/CdS0.2Se0.8 

 

J s
c a

rb
.u

ni
ts

 

J s
c a

rb
.u

ni
ts

 
J s

c a
rb

.u
ni

ts
 

J s
c a

rb
.u

ni
ts

 

      

 

p-Si/CdS 

200 400 600 800 1000 1200 1400 1600 1800
0

20

40

60

80

100

%  (1)

J q
q
 (

n
is

.v
a

h
.)

 

 

 (nm)

0 20 40 60 80 100
0

20

40

60

80

100

 

 

J q
q
 (

n
is

.v
a
h
.)

W (mVt/sm
2
)

Before TP 
Argon, 3400C, 11 min 
Air, 3400C, 11 min 
Oxygen, 3400C, 11 min 
Oxygen, 4100C, 11 min 

200 400 600 800 1000 1200 1400 1600 1800
0

20

40

60

80

100

%  (1)

J q
q
 (

n
is

.v
a

h
.)

 

 

 (nm)

0 20 40 60 80 100
0

20

40

60

80

100

 

 

J q
q
 (

n
is

.v
a
h
.)

W (mVt/sm
2
)

Before TP 
Argon, 3800C, 11 min 
Air, 3800C, 11 min 
Oxygen, 3800C, 11min 
Oxygen, 4100C, 11 min 

p-Si/CdS0.2Se0.8 

 

J s
c a

rb
.u

ni
ts

 

J s
c a

rb
.u

ni
ts

 
J s

c a
rb

.u
ni

ts
 

J s
c a

rb
.u

ni
ts

 

 

p-Si/CdS 

200 400 600 800 1000 1200 1400 1600 1800
0

20

40

60

80

100

%  (1)
J q

q
 (

n
is

.v
a

h
.)

 

 

 (nm)

0 20 40 60 80 100
0

20

40

60

80

100

 

 

J q
q
 (

n
is

.v
a
h
.)

W (mVt/sm
2
)

Before TP 
Argon, 3400C, 11 min 
Air, 3400C, 11 min 
Oxygen, 3400C, 11 min 
Oxygen, 4100C, 11 min 

200 400 600 800 1000 1200 1400 1600 1800
0

20

40

60

80

100

%  (1)

J q
q
 (

n
is

.v
a

h
.)

 

 

 (nm)

0 20 40 60 80 100
0

20

40

60

80

100

 

 

J q
q
 (

n
is

.v
a
h
.)

W (mVt/sm
2
)

Before TP 
Argon, 3800C, 11 min 
Air, 3800C, 11 min 
Oxygen, 3800C, 11min 
Oxygen, 4100C, 11 min 

p-Si/CdS0.2Se0.8 

 

J s
c a

rb
.u

ni
ts

 

J s
c a

rb
.u

ni
ts

 
J s

c a
rb

.u
ni

ts
 

J s
c a

rb
.u

ni
ts

 

 

200 400 600 800 1000 1200 1400 1600 1800
0

20

40

60

80

100

%  (1)

J q
q
 (

n
is

.v
a

h
.)

 

 

 (nm)

0 20 40 60 80 100
0

20

40

60

80

100

 

 

J q
q
 (

n
is

.v
a
h
.)

W (mVt/sm
2
)

Before TP 
əvvəl Argon, 3600C, 11 min 
Air, 360

0
C, 11min 

Oxygen, 3600C,11 min 
Oxygen, 410

0
C,11 min 

200 400 600 800 1000 1200 1400 1600 1800
0

20

40

60

80

100

%  (1)

J q
q
 (

n
is

.v
a

h
.)

 

 

 (nm)

0 20 40 60 80 100
0

20

40

60

80

100

 

 

J q
q
 (

n
is

.v
a
h
.)

W (mVt/sm
2
)

BeforeTP 
Argon, 3600C, 11min 
Air 360

0
C, 11 min 

Oxygen, 3600C, 11 min 
Oxygen,410

0
C,11  min 

p-Si/Cd0.3Zn0.7S0.8Se0.2 p-Si/Cd0.4Zn0.6S 
 

 

J sc
 a

rb
.u

ni
ts

 

J sc
 a

rb
.u

ni
ts

 

J sc
 a

rb
.u

ni
ts

 

J sc
 a

rb
.u

ni
ts

 

 

200 400 600 800 1000 1200 1400 1600 1800
0

20

40

60

80

100

%  (1)

J q
q
 (

n
is

.v
a

h
.)

 

 

 (nm)

0 20 40 60 80 100
0

20

40

60

80

100

 

 

J q
q
 (

n
is

.v
a
h
.)

W (mVt/sm
2
)

Before TP 
əvvəl Argon, 3600C, 11 min 
Air, 3600C, 11min 
Oxygen, 3600C,11 min 
Oxygen, 410

0
C,11 min 

200 400 600 800 1000 1200 1400 1600 1800
0

20

40

60

80

100

%  (1)

J q
q
 (

n
is

.v
a

h
.)

 

 

 (nm)

0 20 40 60 80 100
0

20

40

60

80

100

 

 

J q
q
 (

n
is

.v
a
h
.)

W (mVt/sm
2
)

BeforeTP 
Argon, 3600C, 11min 
Air 3600C, 11 min 
Oxygen, 3600C, 11 min 
Oxygen,410

0
C,11  min 

p-Si/Cd0.3Zn0.7S0.8Se0.2 p-Si/Cd0.4Zn0.6S 
 

 

J sc
 a

rb
.u

ni
ts

 

J sc
 a

rb
.u

ni
ts

 

J sc
 a

rb
.u

ni
ts

 

J sc
 a

rb
.u

ni
ts

 



36 

 

    
 

Fig. 4.  Spectral distribution curves of short-circuit current and ampere-light characteristics before and 

after the HT for heterojunctions p-Si/Cd1-xZnxS(Se)1-ySe(Te)y with different compositions. 

 

 

During HT in the open air and oxygen environment, another maximum is formed in the 

short-wavelength region of the spectrum, which once again proves the formation of Cd1-xZnxO thin 

films on the surface of heterojunctions. It should be noted that this effect is less observed in 

heterojunctions based on four-component compounds. This proves once again that they are 

environmentally strong. As can be seen from the figure, the photosensitivity of heterojunctions 

after the HT in the argon environment increases sharply in the entire region of the spectrum. 

Although the sensitivity of the whole spectrum in the oxygen environment is lower than in the 

argon, the increase in sensitivity in the short-wavelength region allows them to be used as both 

high-efficiency and sensitive solar cells and light detectors in the ultraviolet region of the 

spectrum. After the HT in such an environment and regime, the sensitivity of the heterojunctions, 

as well as in the visible region of the spectrum increases and stabilizes. After the optimal HT, 

these heterojunctions exhibit high stable photosensitivity over a wide range of spectra (385–1100 

nm). As can be seen from Figure 4, a little increasing in the HT temperature or duration from the 

optimal value, sharply reduces the photosensitivity of these heterojunctions in the short-

wavelength region and increases the oscillation of the photosensitivity. The short-circuit current is 

nonlinearly dependent on the intensity of the incident light (Figure 4, appendices). This non-linear 

dependence is due to the presence of easily and difficult-to-manage donor or acceptor centers in 

thin layers. As can be seen from the figures, in four-component compounds, ampere-light 

characteristics exhibits a close dependence to linearity even just after deposition. This shows that 

in four-component compounds, all reaction products are fully reacted along the entire surface and 

volume of the layer, without violating the thermodynamic equilibrium during the reaction, which 

prevents metal/semiconductor excess and vacancies and, consequently, oxygen absorption to the 

surface. High temperature and longer-duration HT leads to intensive evaporation of film 

components from the surface, which results in the non-linear dependence. 

As the series resistance of the heterojunctions changes after the HT, the value of the short-

circuit current (Jsc) and the open circuit voltage (Uoc) change significantly. Table 1 shows the 

photoelectrical parameters of the studied heterojunctions. As can be seen from the table, 

heterojunctions based on thin films of four-component compounds exhibit the best photoelectrical 

parameters. During 5 years, heterojunctions show a maximum of 0.2% degradation, while Te-

based compounds show almost no degradation. 
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Table 1. Photoelectrical parameters of p-Si/Cd1-xZnxS(Se)1-ySe(Te)y heterojunctions before 

and after the HT in argon for 360
0
C and 11 min. 

 

Sample  Active  

area 

Jsc, mA/cm
2
 Uad, V FF , % 

p-Si/Cd0.4Zn0.6S before the HT 1 cm
2
 10,8 0,56 0,58 3,5 

after the HT 1 cm
2
 23,4 0,58 0,7 9,5 

p-Si/CdS0.2Se0.8 

 

before the HT 1 cm
2
 11 0,5 0,56 3,1 

after the HT 1 cm
2
 25 0,53 0,66 8,7 

p-Si/Cd0.3Zn0.7S0.8Se0.2 

 

before the HT 1 cm
2
 16 0,54 0,63 5,4 

after the HT 1 cm
2
 22,8 0,6 0,65 8,9 

p-Si/Cd0.1Zn0.9S0.8Te0.2 

 

before the HT 1 cm
2
 24 0,63 0,53 8,6 

after the HT 1 cm
2
 34 0,64 0,55 11,9 

p-Si/Cd0.05Zn0.95Se0.9Te0.1 

 

before the HT 1 cm
2
 32 0,6 0,56 10,7 

after the HT 1 cm
2
 42 0,61 0,57 14,6 

 

 

4. Conclusions 
 

The results indicate that, the maximum values of the maximum photoelectric parameters 

for heterojunctions p-Si/Cd1-xZnxS(Se)1-ySe(Te)y can be provided only at a certain optimal value of 

the cathode deposition potential and the thickness of the thin layers. The weak dependence of 

photoelectric parameters on the HT mode in four-component compounds (mainly in Te 

compounds), as well as the weak oscillations at the values indicate that they are more stable than 

two- and three-component compounds.  
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