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ABSTRACT 

 

 Copper antimony sulfide [CuSbS2] nano-structured powder was synthesized by chemical bath deposition [CBD] technique at room 

temperature 300 K. The chemical bath for the deposition of CuSbS2 is made up of copper nitrate [Cu (NO3)2], antimony chloride [SbCl3], 

and sodium thiosulphate [Na2S2O3]. CuSbS2 thin films of thickness 420 nm was prepared  by the evaporation of the CuSbS2 precipitated 
powder collected from the chemical bath in a high-vacuum system. The pressure during evaporation was maintained at 10−5 Torr. The 

films were deposited onto n-type silicon (100) single-crystal wafers. Hot probe testing indicated that the CuSbS2 thin films exhibited P-

type conductivity. Hetero junction of p-CuSbS2 /n-Si was investigated by current-voltage [I-V] measurements. The basic diode parameters 
such as the ideality factor “n”, the series resistance “Rs”, and the rectification ratio “RR” were extracted from the I–V measurement of [Al 

/ n-Si / CuSbS2 / different metal electrodes (Ag, In and Al)] rectifying contacts. Analysis of the [J–V] characteristics of the solar cells at 

room temperature and under illumination of 50 Wm-2 leads to the determination of solar cells parameters. The values of solar cells 
parameters, is the short circuit current density (JSC ≈ 7.6, 9.3, and 5.87 mA/m2), the open-circuit voltage (VOC ≈ 0.74, 0.72, and 0.65 V), the 

fill factor ( FF ≈ 0.46, 0.54, and 0.46) and the solar conversion efficiency (η ≈ 5.5, 6.2 and 3.52 %) for different back con tacts (Ag, In and 

Al ) respectively. 
 

Keywords: Solar cells, I-V characteristics, J–V characteristics, thermal evaporation and solar conversion efficiency. 

 
 
INTRODUCTION 

 

 Very recently, the fabrication and study of 

electronic devices using semiconducting materials 

have attracted considerable interest. This is mainly, 

due to low cost, ease of device fabrication and their 

successful application in electronic and photonic 

devices. An important aim in the solar cells field is to 

obtain a device with low production cost, low pay 

back time, high efficiency, easy to process and able 

to replace the silicon solar cells. Metal–

semiconductor contacts play an important role in the 

performance of semiconductor devices owing to their 

potential application in various electronic and 

optoelectronic devices [1]. The ternary I-III-VI2 

chalcogenide semiconductors compounds with direct 

optical transitions are good candidate materials for 

solar cell absorbers because of their high absorption 

and resistance to deterioration [2]. Thin films of 

metal chalcogenide can be deposited on glass, metal 

and other substrates by a variety of techniques. 

Copper antimony sulfide [CuSbS2] is one of the 

important semiconductors with narrow band gap 

showing potential applications in various 

optoelectronic devices such as infrared detectors and 

solar cells [3-5]. The bandgap energy of CuSbS2 is 

reported to be between 1.38 eV and 1.5 eV, which is 

close to the optimum value required for terrestrial 

solar energy conversion 1.4 eV. 

 The CuSbS2 thin film attracts attention of many 

researchers due to it is stable, non- toxic and 

inexpensive [6]. Pure CuInS2 is a p-type 

semiconductor, but n-type conduction can be 

obtained by doping. Still, the main topic in the cell 

research is related to find new p-type inorganic 

semiconducting materials as optical absorbers. 

Several techniques are being used for preparing this 

material. It is thermal evaporation [7-9], chemical 

vapor deposition [CVD], RF sputtering, spray 

pyrolysis [10], atomic layer deposition, electro-

deposition [11] and chemical bath deposition [12-

14]. From the survey of literature, it can be seen that 

no attempt has been made to study the electrical 

properties of the p-CuSbS2/n-Si hetero junctions. 

Therefore, it was important to fabricate p-CuSbS2/n-

Si hetero junctions and investigate their 

optoelectronic properties. In this work the fabrication 

and characterization of [Al / Si (n-type) / CuSbS2 / 

different metal electrode] solar cells by thermal 

evaporation have been studied. 
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Experimental techniques: 

 

 CuSbS2 nano-structured powder was synthesized 

by chemical bath deposition technique obtained from 

an aqueous bath, containing copper nitrate [Cu 

(NO3)2], antimony chloride [SbCl3], and sodium 

thiosulfate [Na2S2O3] [15]. This technique is the most 

cost saving, convenient and simple, which is highly 

reproducible.  Films can be deposited on substrates 

whether metallic or not by dipping them into suitable 

solution, bath-containing metal salts without 

applying any external field [14]. CuSbS2 thin films of 

thickness 420 nm was prepared  by the evaporation 

of the CuSbS2 precipitated powder collected from the 

chemical bath in a high-vacuum system with a base 

pressure of 10
-5

 Torr. The films were prepared in 

vacuum atmosphere in ambient temperature 300 K. 

CuSbS2 thin film has been evaporated on the upper 

surface of the silicon wafer.  Single crystal silicon [n-

Si] wafer was used as substrate. The n-Si wafer was 

etched using CP4 solution (3HF: 

5HNO3:3CH3.COOH) to remove any possible oxide 

layer, then the wafer was washed with distilled water 

and ethyl alcohol, respectively [16]. During thermal 

deposition, the chamber pressure was 10
−5

 Torr. The 

hot probe method measurements were carried out in 

order to determine the conduction types of the 

sample. The metal electrode Al was evaporated on 

the bottom surface of the silicon wafer to serve as an 

ohmic contact. 

 The metal electrode Ag or In or Al was 

evaporated at the surface of CuSbS2 thin film in the 

shape of a grid. The thickness of the electrodes was 

100 nm. The current voltage [I-V] characteristics of 

the fabricated cells were measured using high 

impedance electrometers [Type Keithley 614]. The 

dark current-voltage [I-V] characteristics were 

obtained in a complete dark champers at room 

temperature. The current-voltage [I-V] characteristics 

were also studied under illumination, the light 

intensity of 50 mW/cm
2
 using light source consisting 

of 500 W halogen lamp. The intensity of the light 

was measured by solar power meter [Model TM-

206].   

 

Results and Discussions  

 

Structural characterization: 

 

 The structure of the CuSbS2 thin films was 

determined by means of X-ray diffractometer [Type: 

Panalytical's empyrean PRO X-ray diffractometer] 

with monochromatic CuKα radiation [λ= 0.15408 

nm], operated at 30 mA and 45 kV. Figure 1 shows 

the results of “XRD” measurement of the as-

deposited CuSbS2 thin film of thickness 420 nm. The 

presence of identifiable peaks in the diffractogram 

suggests that the film are not amorphous but 

crystalline in nature [7]. It is clear, to state the 

important role of temperature in the films 

crystallization. XRD pattern indicates that the 

CuSbS2 thin film has a polycrystalline with 

orthorhombic structure. The pattern for the annealed 

film displayed diffraction peaks at “2θ” values of 

approximately 28.62
o
, 47.71

o
, 56.77

o
 and 77.59

o
 

which corresponding to (111), (020), (124) and (131) 

planes respectively [JCPDF card No. 75-1018]. 

 

 
 

Fig. 1: XRD patterns of CuSbS2 thin film of thickness 420 nm. 

 

 Figure 2 shows the transmission electron 

micrographs and the corresponding electron 

diffraction patterns of as-deposited CuSbS2 thin film 

of thickness 80 nm. The as-deposited film shows 

small particles uniformly distributed through the 

investigated region. It is very-well-defined grain 

boundaries and with some larger grains dispersed on 

the film surface. The different grain shape in the as-

deposited films can be due irregular agglomerate of 

tiny crystals. However, the selected area of electron 

diffraction pattern of as-deposited film shows sharp 

ring patterns confirming the nanocrystalline  state of 

the as-deposited films in agreement with the “XRD” 

spectra for as-deposited films shown in Figure 1.   
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Fig. 2: TEM and the corresponding electron diffraction patterns of as-deposited CuSbS2 film of thickness 80 

nm. 

 

Composition study: 

 

 The elemental composition and chemical states 

of the CuSbS2 thin film was analyzed by Energy 

dispersive x-ray spectroscopy [EDX]. The EDX x-

raydetector measures the relative abundance of 

emitted x-rays versus their energy. Data for 

quantitative analysis was obtained in the form of an 

intensity ratio equals to the peak count rate above the 

background for a selected characteristic line of an 

element from the sample, divided by that from a 100 

per cent standard examined under identical 

experimental conditions.  Figure 3 depicts the EDX 

spectrum of typical representative CuSbS2 thin film 

of thickness 420 nm deposited onto glass substrate. 

The pattern confirms the presence of copper, 

antimony and sulphur. The proportion of these 

elements measured as Cu=24.85٪, Sb=25.27٪ and 

S=49.87٪. This has been indicating that the deposited 

films are almost stoichiometric in composition.  

 

 
 

Fig. 3: EDX spectrum of as-deposited CuSbS2 thin film onto a glass substrate of thickness 420 nm. 

 

Current voltage characteristics: 

 

 In present work, we will fabricate solar cells 

with the following structure: [Al / n- Si / CuSbS2 / 

different metal electrodes]. Figure 4.shows 

Schematic diagram of the solar cells with different 

metal electrodes [Ag, In and Al]. It was measured in 

dark and under Illumination at room temperature. 

 

 
 

Fig. 4: Schematic diagram o f the[A l/ n-Si / CuSbS2 / different metal electrodes] solar cells with different metal 

electrodes (Ag, In and Al). 
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 Figure [5, 6] shows the dark and under light 

illumination [I–V] characteristics of the [Al/ n-Si / 

CuSbS2 / different metal electrodes] solar cells with 

different metal electrodes [Ag, In and Al] 

respectively. It can be seen from figures that the 

current value at a given voltage for the solar cells 

under illumination are higher than that in the dark. 

This indicates that the light generates carrier-

contributing photocurrent due to the production of 

electron-hole pair because of the light absorption. 

The illumination is by input power of 50 mW/cm
2
. 

 

 

 

 
 

Fig. 5: Plot of dark I–V characteristics of [Al / n-Si / CuSbS2 / different metal electrodes (Ag, In and Al)] solar 

cells. 

 

 The [Al/ n-Si / CuSbS2/ different metal 

electrodes] heterojunctions shows good rectifying 

behavior at room temperature 300 K. The 

rectification ratio, “RR”, is determined as the ratio of 

magnitude of the forward current to the reverse 

current at certain applied voltage [IF/IR] (±1) [17]. It 

is well known that the “RR” is subjective to applied 

voltage. The values of rectification ratio for [Al / n-

Si / CuSbS2 / different metal electrodes] 

heterojunctions are summarized in table 1. 

 
Table 1: The calculations of the values of series resistance “Rs”, the rectification ratio “RR” and the diode ideality factors “n”of the [Al / n-

Si / CuSbS2 / different metal electrodes (Ag, In and Al)] solar cells. 

Solar Cell type Rs(Ω) n RR 

Al/ n-Si/ CuSbS2/ Ag 400 1.5 85 

Al/ n-Si/ CuSbS2/ In 210 2 92 

Al/ n-Si/ CuSbS2/ Al 580 1 79 

 

 The [I-V] characteristics of the [Al / n-Si / 

CuSbS2 / different metal electrodes] heterojunctions 

due to thermionic emission having the series 

resistance can be expressed as [18]: 

 

 

I =  Io  exp  
 q(V−IRs     )

nKT
                        (1) 

 

where “V” is the applied voltage, “q “is the 

electronic charge, “n” is the ideality factor, “K” is the 

Boltzmann’s constant, “T” is the absolute 

temperature, “I RS”  is the voltage drop across the 

series resistance, “RS” is the series resistance, and 

“Io“ is the reverse saturation current. The reverse 

saturation current “Io“ is expressed as [19].  

 

Io = AA∗T2 exp    −   
qϕo

KT
                                       (2) 

               

A∗ =
4πqm∗K2

h3                                    (3) 
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 Where “A” is the effective area of the device, 

“A
*
“ is the effective Richardson’s constant that takes 

the value [≈ 112 A cm
-2

K
-2

] , “K” is the  Boltzmann’s 

constant, “Φo “ “is the barrier height [20], and “m
* 

“
  

is the effective mass of the carriers [≈ 0.3 mo where 

“mo “is the rest mass of the electron].  

 

 

 
 

Fig. 6: Plot of illumination I–V characteristics of [Al/ n-Si/ CuSbS2 / different metal electrodes (Ag, In and Al)] 

solar cells. 

 

 The value of the ideality factor, “n”, is 

calculated from the slope of the linear region of the 

forward bias of [I-V] characteristics by using the 

following equation [21]: 

 

n =
q

KT
 

dV

d(ln I)
−  IRS                       (4) 

 

 Under relatively low forward bias condition 

[VF< 0.4 V], voltage across the series resistance [IRS] 

can be neglected, then equation [4] is simplified to 

the following equation: 

 

n =
q

KT
 

dV

d(ln I)
                                   (5) 

 

 By using equation [5], the experimental value of 

the ideality factor, “n”, for each one of the different 

metal electrodes [Ag, In and Al] is determined from 

the slope of the relation “ln IF” versus “V” for 

forward bias [VF < 0.4 V] [Figure 7]. It is noticed 

that “n “change by changing the metal electrode. The 

slope of the linear fit gives the dV/d (ln I). The value 

of the ideality factor “n” is summarized in table 

1.Therefore, the ideality factor “n” given by the 

following equation:  

 

n =  
q

KT
 ∗ Slope                               (6) 

 

 According to Cheung–Cheung method [22], the 

forward bias” I–V’ characteristics due to the 

thermionic emission having the series resistance can 

be expressed as: 

 
dV

d(ln I)
=

nKT

q
+ IRs                                              (7) 

 

 The series resistance of the device for each one 

of the different metal electrodes [Ag, In and Al] can 

be calculated from the slope of the “dV/d(ln I)” vs.” 

I” plot [figure 8 ]. The value of series resistance is 

summarized in table 1.  
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Fig. 7: Plot of ln IF versus V of [Al / n-Si / CuSbS2 / different metal electrodes (Ag, In and Al)] solar cells. 

 

 
Fig. 8: Plot of dV/d (ln I) vs. I of [Al / n-Si / CuSbS2 / different metal electrodes (Ag, In and Al)] solar cells. 

 

 The electrical performance of a solar cell is 

described by the relation between the current density 

“J” =I/A, [where “I” current, “A” area] flowing 

through the cell and the potential “V” across it, while 

the cell is illuminated. A convenient way to 

characterize the electrical performance of a solar cell 

is to specify its open-circuit voltage “Voc”, its short-

circuit current density “Jsc“and its fill factor “FF”. 

The Fill factor “FF” is a ratio between the maximum 

power point “Pmax” and the product of the open 

circuit voltage “Voc” and the short circuit current 

“Isc” [23]. The fill factor can be calculated as [24]: 

 

FF =
Pmax

VOC ×Isc
=

Vm ×Jm

VOC ×JSC
                             (8) 

 

where “Vm” and “Jm “are the voltage and current 

density at the maximum power point respectively, 

and [VmJm] is the maximum power per unit of area 

“Pmax”. From the definition of FF, it follows that: 

 

                                                         

  Pmax = FF  VOC  JSC             (9) 

 

 Figure 9 shows the plot of fill factor “FF” vs. the 

series resistance “Rs“of the [Al / n-Si / CuSbS2 / 

metal electrodes] solar cells with different metal 

electrodes [Ag, In and Al]. It can be seen from this 

figures that the values of fill factor decreases with 

increasing the values of series resistance [25] of the 

[Al/ n-Si / CuSbS2/ different metal electrodes] solar 

cells with different metal electrodes (Ag, In and Al). 

 The efficiency “η” of a solar cell is the most 

commonly used parameter to compare the 

performance of one solar cell to another. Efficiency 

is defined as the ratio of energy output from the solar 

cell to input energy from the sun. In addition to 

reflecting the performance of the solar cell itself, the 

efficiency depends on the spectrum and intensity of 

the incident sunlight and the temperature of the solar 

cell. Therefore, conditions under which efficiency is 

measured must be carefully controlled in order to 

compare the performance of one device to another. 

The efficiency “η” of a solar cell is calculated using 

the equation [26]: 

 

η =
Pmax

Pin
=

FF ×VOC ×JSC

I×A
 ×100 %                 (10)          

 

 Where, “η” is the efficiency of a solar cell, “P 

max” is the output energy from the solar cell, “Pin “is 

the input energy from the sun. “FF” is the fill factor, 
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“Voc” is the open circuit voltage, “Jsc” is the short 

circuit current density, “I” is the illumination 

intensity impinging on the cell, and “A” is the area of 

the solar cell. 

 Figure 10: shows the J–V graph of [Al/ n-Si / 

CuSbS2/ Ag] solar cell (of area 1 cm
2
) under light 

illumination of 50 mWcm
-2

. The device parameters 

estimated for the solar cell are Voc=0.74 V, Jsc=7.6 

mAcm
-2

, Vm=0.51 V, Jm=3.3 mAcm
-2

, FF=0.49 and 

efficiency η= 5.5%. 

 

 

 
 

Fig. 9: Plot of the fill factor “FF” vs. series resistance “Rs “of [Al / n-Si / CuSbS2 / different metal electrodes 

(Ag, In and Al)] solar cells. 

 

 
 

Fig. 10: Plot of J–V characteristics of [Al / n-Si / CuSbS2 / Ag] solar cell under illumination of 50 mWcm
-2

. 

 

 Figure 11: shows the J–V graph of [Al/ n-Si / 

CuSbS2/ In] solar cell (of area 1 cm
2
) under light 

illumination of 50 mWcm
-2

. The device parameters 

estimated for the solar cell are Voc=0.72 V, Jsc=9.3 

mAcm
-2

, Vm=0.48 V, Jm=6.42 mAcm
-2

, FF=0.54 and 

efficiency η=6.2 %. 

 Figure 12: shows the J–V graph of [Al/ n-Si / 

CuSbS2/ Al] solar cell (of area 1 cm
2
) under light 

illumination of 50 mWcm
-2

. The device parameters 

estimated for the solar cell are Voc=0.65 V, Jsc=5.87 

mAcm
-2

, Vm=0.41 V, Jm=4.3 mAcm
-2

, FF=0.46 and 

efficiency η=3.52%. 

 
Table 2: The calculations of the solar cell parameters for [Al / n-Si / CuSbS2 / different metal electrodes (Ag, In and Al)] solar cells. 

Solar Cell type Jsc (mA/m2) Voc (v) Jm (mA/m2) Vm (v) FF efficiency 

Al/ n-Si/ CuSbS2/ Ag 7.6 0.74 5.4 0.51 0.49 5.5 % 

Al/ n-Si/ CuSbS2/ In 9.3 0.72 6.42 0.48 0.54 6.2 % 

Al/ n-Si/ CuSbS2/ Al 5.87 0.65 4.3 0.41 0.46 3.52 % 



6675                         I.M. El Radaf et al, 2013 /Journal Of Applied Sciences Research 9(13), December, Pages: 6668-6677 

 

 
 

Fig. 11: Plot of J–V characteristics of [Al / n-Si / CuSbS2 / In] solar cell under illumination of 50 mWcm
-2

. 

 

 
Fig. 12: Plot of J–V characteristics of [Al / n-Si / CuSbS2 / Al] solar cell under illumination of 50 mWcm

-2
. 

 

 Figure 13: shows the plot of the efficiency (η) of 

solar cells vs. the fill factor (FF). It can be seen from 

this figures that the values of efficiency (η) increases 

with increasing the values of fill factor 0f the [Al/ n-

Si / CuSbS2/ different metal electrodes] solar cells 

with different metal electrodes (Ag, In and Al).  

 

 
 

Fig. 13: Plot of the efficiency “η” of solar cells vs. the fill factor “FF” of [Al / n-Si/ CuSbS2 / different metal 

electrodes (Ag, In and Al)] solar cells. 
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Conclusions: 

 

 In recent years, electricity generation from 

renewable resources has been counted upon to bridge 

the gap between global demand and supply of power. 

Solar has good potential and the direct conversion 

technology based on solar photovoltaics has several 

positive attributes. Heterojunction of p-CuSbS2 / n-Si 

were fabricated onto n-type silicon (100) single-

crystal wafers substrate using a thermal evaporation 

technique. XRD patterns indicate that the CuSbS2 

thin film (of thickness 420 nm) is polycrystalline 

with orthorhombic structure. The EDX analysis 

indicates that the CuSbS2 thin film is near 

stoichiometric in composition. The transmission 

electron microscope of as-deposited CuSbS2 thin 

film reveals the nanocrystalline grains in the film. 

The junction characteristics such as the series 

resistance “Rs”, diode ideality factor “n” and 

rectification ratio “RR” were calculated from the 

dark [I–V] characteristics of the [Al/ n-Si / CuSbS2/ 

metal electrodes]. The open-circuit voltage “Voc”, the 

short circuit current “Isc “, the fill factor “FF” and the 

efficiency “η” of solar cells were calculated from [J–

V] characteristics under light illumination. From the 

present work, the [Al/ n-Si / CuSbS2/ In] solar cell is 

the largest in the efficiency η=6.2%.  In addition, the 

values of efficiency “η” increases with increasing the 

values of fill factor “FF” for these solar cells. 
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