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Abstract:  

In this paper the properties of practically manufactured solar cells 

(glass/ITO/CdS/Sb2Se3/Au) for the researcher [1]were studied and simulated using 

the SCAPS-1D simulation program. The reliability of the program has been ensured, 

where the practical results showed great similarity to the theoretical results. 

Experimentally, the conversion efficiency and fill factor where (4.89%) and (52) 

respectively, while theoretically the conversion efficiency and fill factor where 

(4.78%) and (51) respectively. By optimization the thickness of the solar cell layers,  

the conversion efficiency and fill factor where (11.81%) and (67.78) respectively. 

Also the effect of  concentration of each of the Sb2Se3 absorption layers, CdS buffer 

layer and the defects have been studied and simulated, so, the conversion efficiency 

and fill factor where (15.05%) and (72.06) respectively. 
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 SCAPS -1Dبواسطة  Sb2Se3الخلايا الشمسية  اداء محاكاة وتحسين

 يعًش عثذ انعزٌز كايم , صثشي جاسى محمد

 قسم الفيزياء , كمية التربية لمعموم الصرفة , جامعة تكريت , تكريت , العراق

 

 الخلاصة: 

ًانرً ذى دساسريا  glass/ITO/CdS/Sb2Se3/Auراخ انرشكٍة  انشًسٍح انخهٍحنقذ ذى فً ىزا انثحث دساسح ذحسٍن خٌاص 

ففً تادي الايش ذى اخرثاس يصذاقٍح انثشنايج اعلاه حٍث ذى  .SCAPS-1Dًتاسرخذاو تشنايج يحاكاخ  [1]عًهٍا تٌاسطح انثاحث 

انشًسٍح نظشٌا ًكاند قشٌثو جذا .حٍث كاند قًٍح  انخهٍحيع اننرائج انرً ذى انحصٌل عهٍيا ين يحاكاخ  انعًهٍحاننرائج  يقاسنح

(.ًتعذ اجاء 51( ًعايم انًهئ )%4.78انرحٌٌم ) كفاءج( ًنظشٌا 52( ًقًٍح عايم انًهئ عًهٍا )%4.89كفاءج انرحٌٌم عًهٍا )

( .ثى 67.78( ًعايم يهئ )%11.81ذحٌٌم تقًٍح ) كفاءجانشًسٍح ذى انحصٌل عهى  انخهٍحعهى سًاك طثقاخ  انرغٍشاختعض 

ًانعٌٍب نطثقح  CdSًطثقح انًٌائًح  Sb2Se3الايرصاص  نطثقاخنكم  انشٌائةانخطٌج انرانٍح انرً ذى اجشائيا ىٌ ذغٍٍش ذشكٍز 

 (.72.06( ًعايم يهئ )%15.05ذحٌٌم ) كفاءجالايرصاص حٍث ذى انحصٌل عهى 
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 1-Introduction: 

Thin-film solar cells have become one of the most important branches in the field of solar cells. The 

most promising light absorpers such as copper indium gallium selenide (CIGS) and  Cadmium 

telluride (CdTe) were used to manufacture highly efficient thin-film solar cells due to good 

properties such as high absorption coefficient and appropriate absorption gap near the ideal value 

[2]. However, many problems such as Cd toxicity and scarcity of substances for In and Te reduced 

their long-term development in the future [3]. In recent years a new substance called antimony 

selenide (Sb2Se3) has been used as an absorption layer in thin solar cells [4]. As the absorption 

coefficient has limits of (> 105 cm-1) [5]. and have energy gap ranges from (1-1.3 eV) [6] it is very 

close to the energy gap for CIGS and CdTe. Besides that many properties such as abundance and 

low cost of Sb and Se elements make this material a potential candidate to replace CIGS and CdTe 

to build thin solar cells in the future. A group of researchers manufactured a thin solar cell with 

(Sb2Se3) absorption layer through which they obtained a conversion efficiency of over 7% [7]. 

Another group of researchers manufactured thin-film solar cells with a Sb2Se3 absorption layer and 

obtained a near conversion efficiency about (5%) [8]. Despite the rapid development, the efficiency 

is still less than the value of theoretical prediction that exceeds (30%) [9]. Consequently, much 

work remains to be done to improve the quality of Sb2Se3, which is a major factor in enhancing the 

efficiency of solar cells. That is why we will study (Sb2Se3) as an absorption layer and compare the 

practical results with the results that we obtained from the simulation program. then we are working 

to improve the properties of this cell to obtain a highly efficient cell[10]. 

2- Modeling: 

2-1- Numerical simulation in SCAPS -1D: 

               SCAPS-1D (solar cell capacitance simulator) is a one-dimensional solar cell simulation 

program, developed in Electronics and Information Systems (ELIS), University of Gent. The 

SCAPS is freely available for PV research. The user can describe a maximum of seven layers solar 

cell with different properties, such as thickness, optical absorption, doping, density and distribution 

of defects. It is then possible to simulate a number of common measurements: I-V, QE, C-V, and C-

f [11].                                                                                                                                       This 

program has been developed and applied to all solar cells, as it is a freely available program [12]. 

The program is based on solving semiconductor equations. We begin by writing a equation of 

Poisson [13]. 
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Hence the continuity equation that is given by the following relationship [14]. 
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Finally, the charge carrier equations for the density of propagation current and drift can be obtained 

from the following equations [15]. 
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Where (E )electric field (ND, NA) the concentration of donors and acceptor, q The charge (G, R) 

represents the rate of carrier generation and (n, p) represents the density of electrons and holes and 

(Jn, Jp) the density current for electrones and holes,( D) diffusion coefficient.To calculate the total 

current of the solar cell, the following equation was used [16]. 

       *    ( 
  

  
)   +               

Where K is the Boltzmann constant, T is the temperature measured in Kelvin. To calculate the open 

circuit voltage (Voc) which is at its highest value when the current is zero and according to the 

following equation. 
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Where Io is the saturation current and is calculated from the following equation. 
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Eg, the energy gap, (Le, Lh) represents the length of diffusion of electrons and holes, A cross-

sectional area of the diode.The relationship between the short circuit current and the open circuit 

voltage is given by the following relationship. 

                                       [ 
        ⁄   ]        

Where, Voc, Jsc, η, FF are variables and are related to each other according to the following 

equations [15]                                          
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FF Fill factor,η cell efficiency,Jsc short-circuit current,Voc open circuit voltage , Vmax maximum 

voltage, Imax maximum current, Pmax maximum power, Pin input power [16].  

2-2-   Solar cell structure: 

 The solar cell structure glass / ITO / CdS / Sb2Se3 / Au, solar cell are composed of the ITO window 

layer, which is one of the transparent metal oxides and has a relatively large energy gap of about 3.6 

ev. Then it is followed by a buffer layer of CdS and has a suitable energy gap of (2.4eV) and it 

works on tuning Between window layer and absorption layer. Sb2Se3 absorption layer, which has a 

relatively low  energy gap (1.2eV). This cell also has an ohmic front contact   and Schottky back 

contact with a work function about (5eV). We also do not forget that the cell is deposited on 

substrate of glass as shown in Figure (1).  

Table (1) shows the values of the parameters that were entered on the program to study the 

experimental cell performance [1].  
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Table (1) The physical parameters of different layer 

  

3- results and Discussion :  

3-1-Comparing experimental cell results with theoretical results: 

The experimental results of the cell were matched with the simulation results in the beginning to 

ensure the reliability of the simulation program, simulation was done for practical research [1] using 

the SCAPS -1D program. The results showed a very large match between the experimental and 

theoretical side, as shown show in Table (2). 

 

 

 

Parameters symbol (unit) Sb2Se3 CdS ITO 

Thickness W(µm) 1.5 0.5 2 

Bandgap Eg (ev) 1.2 2.4 3.600 

Electron affinity χ  (ev) 4.04 4.000 4.100 

Dielectric permittivity ϵr 18.000 9.000 10.000 

CB effective density of states   (c   ) 2.2E+18 2.200E+19 2.000E+19 

VB effective density of states   (c   ) 1.8E+19 1.800E+18 1.800E+19 

Electron thermal velocity   (cm/s) 1.000E+7 1.000E+7 1.000E+7 

Hole  thermal    velocity   (cm/s) 1.000E+7 1.000E+7 1.000E+7 

Electron mobility   (c  /v.s) 15 100 5.000E+1 

Hole  mobility   (c  /v.s) 5.1E+0 2.500E+1 7.500E+1 

Shallow uniform donor density ND (1/cm
3
 ) 0 2.000E+17 1.000E+20 

Shallow uniform acceptor density NA (1/cm
3
) 1.13E+17 0 0 

Coefficient absorption α (1/cm ) 1E+5 SCAPS SCAPS 

Au 

Sb2Se3                      (3.5µm) 

CdS                           (0.01µm) 

ITO                          (0.1µm) 

Glass 

Fig(1) Device structure 
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Table (2) a comparison between the experimental and theoretical results 

 

 

Figure (2): I-V Characteristics of theoretical and experimental work 

3-2-Effect of absorption layer thickness (Sb2Se3): 

By studying the thickness effect of absorption layer (Sb2Se3), it was observed that the thickness 

change has an effect on all cell parameters, where an increase in the short circuit current value (Isc)) 

and open circuit voltages (Voc) was observed, thus increasing the conversion efficiency value       

(% ƞ(. 

The reason for this comes from the increase in the rate of absorption energy, as it is directly 

proportional to the thickness of the absorption layer, i.e. an increase occurred in the number of 

carriers generated, as explained equ. (12) [17]. 

α (λ, W) = 1- EXP (-2α (λ) W) ------------------ 12 

Where W is the thickness of the absorption layer, α (λ) absorption coefficient, λ wavelengthAs for 

the Fill factor, we notice that it is lower than the original value of the cell, and this is the result of 

increasing the series  resistance is directly proportional to the thickness of the absorption layer and 

this is shown in Fig (3), Fig (4) and Fig (4) [18] .the value of output parameter  will obtained are 

Voc (0.37v) .Jsc(27.6mA/cm
2
),F.F.%(49.92) and eff%(5.01) at thickness of the absorption layer 

(3.5µm). 
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Figure (3): Curved  I-V  for different thicknesses of absorber layer 

 

Figure( 4): shows the effect of absorption layer thickness on (a) Jsc (b) Voc (c) F.F. (d) eff. 
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To study the effect of the absorption layer thickness on the quantum efficiency (QE), where the 

quantum efficiency is defined as the ratio of the number of carriers collected by the photovoltaic 

cell to the number of photons of energy incedent on the solar cell. Where it is possible to determine 

the external and internal quantum efficiency EQE (λ), IQE (λ), respectively, where QE is given as a 

function of the wavelength or photon energy. If the quantum efficiency has been identified the 

photovoltaic current is given by equation (13) [19]. 

Iph = q ꭍ Ф (λ) [1-R (λ)] IQE (λ) dλ ------------- 13 

Where Ф (λ) represents the energy of the photon falling on the cell at a given wavelength and R (λ) 

represents the reflection coefficient from the top surface [18]. 

The quantum efficiency is characterized by a square shape and in general the quantum efficiency of 

the solar cells decreases due to some factors such as the effect of carrier  recombination where the 

charge carriers cannot move to the external circuit and the equation (14)  show the relationship 

between the spectral response and the quantum efficiency is shown and figure (5) shows how the 

quantum efficiency changes when Increase in thickness where it is noticed that the highest 

efficiency of the quantity obtained at thickness (3.5µm) because the highest absorption of charge 

carriers occurred at long wavelengths [20]. 

                              SR (λ) = 0.808 λ QE (λ) -------------- 14 

Where SR (λ) is the spectral response, λ is the wavelength. 

 

 

 

 

 

 

 

 

 

 

Figure (5) Quantum Efficiency as a function of wavelength with absorber layer thickness         
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3-3-buffer Layer Thickness Effect (CdS): 

           Through Figure (6) and (7) awe notice that by changing the thickness of the CdS 

buffer layer with fixing the thickness of the absorption layer Sb2Se3 to (3.5µm) and the 

other parameter it stable, it was found that reducing the thickness of the buffer layer led to 

an increase in The conversion efficiency, fill factor, open circuit voltage, and short-circuit 

current. This is illustrated in Table (4). The explanation of this case is due to the fact that 

when reducing the thickness of the buffer layer, the carriers that crossed into the 

absorption layer increased and this led to an increase in the absorption of photons that 

have energy more than an energy gap for absorption layer. As for increasing the 

thickness, we notice a decrease  in all values. This is due to the increase in the percentage 

of recombination between carriers[17].This is reflected in the quantum efficiency values 

shown in Figure(8).The value of Voc(0.58v),Jsc(29.35),F.F.%(68.82) and eff%(11.76) 

will obtained  at  best thickness of buffer layer (0.01µ m).                        

 

 

 

 

 

 

 

 

 

 

 

 

Figure (6) I-v characteristic as function of  thickness of buffer layer 
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Fig (7)The effect of the buffer layer thickness on (a) Voc (b) Jsc (c) F.F. (d) eff 

            

            

  

 

 

 

 

 

 

 

 

 

 

 

Figure( 8) Quantum Efficiency Variation as a function of Wavelength with buffer Layer 

Thickness (CdS) 
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3-4-Window Layer Thickness Effect (ITO): 

         When studying the effect the thickness of window layer we noticed that effect was afew 

because the window layer having a large energy gap compared with other layers . for this it allows 

passage of long wavelengths which its energy is less than the energy gap of the (ITO) i.e. it is 

transparent to the greater spectrum of wavelengths and for this it was absorption for short wave 

lenght and that is why the effect of changing layer thickness (ITO) is only observed at short 

wavelengths. Fig. (9)and Fig. (10) show the extent to which the parameters of the cell are effected 

by the thickness change. the quantum energy diagram shows in Figure (11). The value of 

Voc(0.59v),Jsc(29.68),F.F.%(68.51) and eff%(11.81) will obtained  at  best thickness (ITO) layer 

(0.1µm). 

Fig (9) I-V Diagram with change thickness of window layer 

Fig (10)The effect of the window layer thickness on (a) Voc (b) Jsc (c) F.F.(d) eff 
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Figure(11)Quantum Efficiency Variation as a function of Wavelength with 

Window  Layer Thickness (ITO) 

3-5- Impurity effect of absorption layer(Sb2Se3): 

After changing solar cell layers thickness now it was study the effect of impurity . It was noted that 

increase in impurity of the absorption layer (sb2se3) led to an improvement in the properties of the 

solar cell, i.e. an increase in the properties curve (IV) occurred, as shown in Figure (12). Thus this 

effect was reflected on the rest of the output parameters of the solar cell, open circuit voltage, fill 

factor and conversion efficiency. but the short circuit current, it suffered a little slope. The scientific 

explanation for this case is that when the impurity in the absorption layer increases. Increasing the 

concentration in the absorption layer leads to an increase in scattering and thus reduces mobility , 

life time and diffusion length , this leads to a decrease in (Jsc). So the increase in concentrations 

leads increased probability recombination at the back surface[14]. Fig (13) shows the effect of the 

output of the solar cell by increasing the impurity. the curve of the quantum efficiency, we notice an 

increase in it and the reason is that there has been an increase in the absorption of photons with long 

wavelengths therefore the quantum efficiency there is large and depends on the length of Spread as 

shown in Fig(14) . It has been shown through the calculations that it is the best impurity 

concentration of the absorption layer at the concentration of [1.42 E16 (1 / cm3)]. At this 

concentration the value of Voc(0.68v),Jsc(29.38mA),F.F.%(70.86) and eff%(14.27). 
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Figure (12) I-V Characteristics of changing the absorption layer impurity concentration  

 

 

 

Figure (13) shows the effect of absorption layer impurity (a) Jsc (b) Voc (c) F.F.% (d) eff% 
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Figure (14) The effect of wavelength with increasing absorption layer impurity on the 

quantum efficiency 

3-6- Impurity effect of  Buffer layer(CdS): 

In this part of the study, the effect of increasing concentrations of impurity buffer layer (CdS) was 

studied, where the (Nd) was increased from (1.0 E 15 - 1.0 E 19). At a concentration of (1.0E18), a 

slight increase is observed in the short circuit current from (29.38 mA to 29.5mA) and the open 

circuit voltage from (0.68v to 0.7v). the solar cell outputs Voc(0.7v),Jsc(29.44 mA),F.F%(72.7) and 

eff%(14.9)  and the explanation for this case when increasing the impurity of the buffer layer led to 

a decrease in the current saturation is related to the inverse relationship with the open circuit voltage 

and the short circuit current as in equation (10) and Figure (15) shows the curve of (I-V) we notice 

increase in their value. As for the figure (16) It was found that the solar cell output values increase 

after increasing the concentration of buffer layer impurities (CdS). From the above, we also notice 

an increase in the fill factor, where its value increased from (70.86-72.7). For the same reason, we 

notice an increase in the value of the conversion efficiency, where its value (14.9%). Figure (17) 

shows the quantum efficiency behavior (QE), notice that it reached its peak at the region of the 

wavelengths between (500nm - 1100nm), and its lowest values were at the long wavelengths due to 

their association with the inverse relationship and according to the relationship (14) [20]. Based on 

the previous results, the best impurity concentration was chosen 

(1.0E18(1/Cm
3
)).                                                    
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Figure(15) I-V Characteristics of when changing the buffer layer impurity  (CdS) concentration  

 

 

 

Figure (16) shows the effect of impurity of the buffer layer (a) Jsc (b) Voc(c) F.F% (d) eff% 
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Figure (17): quantum efficiency as a function of the wavelength with increasing buffer impurity  

 

3-7- Impurity effect of  window layer (ITO): 

Several window layer impurity concentrations (ITO) were taken (ND 1E18) to (ND 1E22). Note that 

when the window layer impurity concentration increases, very little change is made to both short 

circuit current (Isc) ,open circuit voltage (Voc) , conversion efficiency (η%) And the occurrence 

decrees in the value of the fill factor (FF%). This is because window layer effects only on the short 

wavelength region due to its large energy gap which is (3.6ev) where energy absorption occurs only 

in the short wavelength region. At impurity concentration (Nd 1E20) the Voc equal 

to(0.7v),Jsc(29.44 mA/cm
2
),F.F.(71.78%) and eff (14.93%). Figure (18) represents the (I-V) curve 

of the solar cell, while figure (19 (a, b, c, d)) shows the extent of the solar cell’s influence to change 

the concentrations of the window layer impurity. Figure (20) shows the quantum efficiency affected 

by the cell’s extent At short wavelengths only and its value becomes equal to zero when the 

wavelengths value is greater than the(λ cut (which has a value according to the relationship (15) and 

this means no absorption after this value [21]. 

                        λ cut = hc/Eg =1.24/Eg --------------15  
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Figure (18) I-V Characteristics of Changing Window Layer Impurity (ITO) 

 

 

 

 

            Figure (19) The effect of window layer impurity  (a)Voc (b) Jsc (c) F.F% (d) eff% 
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Figure (20) Quantum Efficiency Change as a function of wavelength with increased  

window  layer alignment 

 

3-8-absorption layer defects (Sb2Se3): 

The defects and impurities are in the working state of the loss and therefore a high concentration of 

defects may lead to reducing the efficiency of cell. This is what was observed by increasing the 

concentrations of defects of the absorption layer, as the concentrations were changed from (Nt 

1.0E13) to (Nt 1.0E16), and a slight increase in the cell output was observed until we reached the 

concentration of (Nt 3.7 E14) where we got a decline and continued until it reached The 

concentration (1.0E16). The best result was obtained at the concentration of (Nt 1.0E14). where 

Voc equal to (0.71v),Jsc(29.5),F.F.(72.06%)a nd eff(15.06%).Figure (21) shows (I-V) curves and 

the extent of their influence with increasing the concentration of defects, while Figure (22) shows 

the extent of changing all the cell output as a function To change the concentration of defects, and 

from Figure (23) we show how the quantum efficiency is affected as a function of the wavelength, 

as it is noticed that the best results are at low concentrations because recombination of carriers on 

the rear and decreasing length diffusion with increased defect density [21]. 
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Figure (21) I-V Characteristics of Changing the Concentration of Defects of the Absorption 

Layer (Sb2Se3) 

 

 

Figure (22) shows the effect of focusing defects on (a) Jsc (b) Voc (c) F.F.% (d) eff% 
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Figure (23) the effect of increasing the concentration of absorption layer defects on the 

quantum efficiency 

 

4- Conclusions: 

           We conclude from this research that the conversion efficiency of the practically studied solar 

cell has been increased by making some adjustments to the thickness and concentrations of the 

defects of its layers. Where it was noticed that the conversion efficiency increased from (4.78%) to 

(11.81%) when the thickness of the solar cell layers was changed: the absorption layer, the buffer 

layer, the window layer to (3.5µm,10nm,100nm), respectively. Then the concentrations of the 

defects of the solar cell layers were changed as the conversion efficiency value increased from 

(11.81%) To (15.06%) with the concentrations of the solar cell layers: absorption layer, buffer 

layer, window layer, to (1.42E16cm-3,1E18cm-3,1E20cm-3) respectively. 
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