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In this paper, electrical, optical and recombination losses in thin-film solar cells passed on CdS/CdTe have been evaluated. 
Electrical losses due to series and shunt resistances are quantitatively estimated from J-V curves. J-V characteristics are 
described in terms of the Sah– Noyce–Shockley theory of generation–recombination in the space-charge region of the 
CdS/CdTe heterostructure. Optical losses due to multiple reflections from the cell interfaces as well as absorption in the ITO 
and CdS layers are found using the refractive index and the extinction coefficient of the used materials. Losses arise from 
the recombination of the generated carriers at the front and rare surface of CdTe layer are carried out on the basis of the 
width of the space-charge region and other parameters of the absorber layer. It is found that the fill factor, output power 
density and the cell efficiency decreases with increasing the series resistance and decreasing the shunt resistance. The 
electrical losses due to series and shunt resistance are about 6%. Decreasing the thickness of window layer from 100 nm to 
50 nm leads to increase the short-circuit current density from 23.6 mA/cm

2
 to 24.8 mA/cm

2
 and then reducing the optical 

losses from 24% to 20%. The recombination losses record a minimum value of 5% at width 1 μm of the space-charge 
region and record a maximum value of 27% at width=7μm. 
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1. Introduction 
 

The Cadmium telluride/Cadmium sulphide 

(CdS/CdTe) solar cells are one of the most promising 

thin–film solar cells. CdTe became a candidate for solar 

cells in the early 1950s due to its direct band gap of 1.5 eV 

which is very close to the optimum band-gap for solar 

cells [1]. CdTe has a high absorption coefficient over 

5×10
5
 cm

-1
 meaning that all the incident photons with 

energy greater than the band-gap can be absorbed within 

the first few microns of thickness of CdTe absorber layer 

[2].CdS has high optical band gap of 2.4 eV, thus the 

function of CdS is to allow energetic short-wavelength 

photons to pass for the incidence at the hetero-interface 

with minimum absorption loss. The other use of CdS is to 

provide a junction field for separation of photogenerated 

minority carriers before recombination [3]. 

The recorded CdS/CdTe cell efficiency remained 

16.5% [4] for a decade, which was recently reported to be 

improved to 18.3% [5]. The theoretical efficiency of 

CdS/CdTe solar cells is predicted to be up to 28–30% 

[6,7].The major impact factors for this difference are due 

to the optical losses, recombination losses and electrical 

losses. It is reported that the optical losses are coming 

from the reflection between any two interfaces losses in 

the cell (air-glass, glass-TCO, TCO-CdS, CdS-CdTe) as 

well as the absorption losses in glass, TCO and CdS layers 

[8, 9]. The recombination losses are coming from the front 

surface recombination and back surface recombination of 

the absorber layer as well as the recombination in space-

charge region [10]. Finally, the electrical losses are 

attributed to the series and shunt resistances in CdS-CdTe 

cell [11, 12]. To our knowledge, the effect of optical, 

electrical and recombination losses of CdS-CdTe solar cell 

were not studied theoretically in literatures.   

In this paper, the effect of optical, recombination and 

electrical losses on the short-circuit current and on the cell 

parameters such as fill factor, open-circuit voltage, output 

power density and efficiency have been studied. The 

calculations carried out are based on the multiple 

reflections at the interface between any two layers, 

absorption losses in front-contact and window layers, front 

recombination at the CdTe/CdS interface, back 

recombination of absorber layer and electrical losses due 

to series and shunt resistances. The current study ignored 

the effect of recombination losses in space-charge region 

and the reflectivity from metallic back contact. 

 

 

2. Theory 
 

2.1. Electrical losses 

 

The determination of the fill fact, open-circuit voltage, 

output power density and solar cell efficiency implies 
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knowledge of its I–V characteristic curve, the general form 

of which can be written as: 
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where Jd is the dark current density and Jph is the 

photocurrent density. In the current calculation we 

assumed that the photocurrent density Jph equals the short-

circuit  current density JSC. It was reported [13-15] that the 

Sah–Noyce–Shockley generation–recombination theory is 

considered the actual method to describe the dark current 

in CdS-CdTe solar cells. According to the Sah–Noyce–

Shockley theory, the generation–recombination rate is 

given by [13]: 
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Where ni is the intrinsic carrier concentration and the 

values n1 and P1 are determined by the energy spacing 

between the top of the valence band and the generation-

recombination level Et, i.e. 
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where Eg is the energy gap and Nc, Nv is the effective state 

densities in the conduction and valence bands, respectively 

and given by: 
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In this equation, mn and mp are the effective masses of 

electrons and holes, respectively. 

The values n(x, V) and P(x, V) in Eq. (2) are the 

carrier concentration in the conduction and valence bands 

and given by [14]. 

 








 


kT

Vx
cNVxP

),(
exp),(

                  (6) 

 













 


kT

qVVx
g

E

vNVxn

),(

exp),(


     (7) 

 

where Δμ is the energy spacing between the Fermi level 

and the top of the valence band of CdTe and φ(x, V) is the 

electron energy in the space charge region is given by: 
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According to the Eqs.(1-8), the recombination-

generation current is found by integration of U(x, V) 

throughout the entire depletion layer [16]: 
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In addition to the recombination-generation current, 

there is another current which is contributing to the dark 

current is called the over-barrier current density Jn and can 

be written in the form [17]: 
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where np is the concentration of electrons in the bulk part 

of the p-type layer (CdTe), given by:  
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Thus, the dark current density in CdS/CdTe 

heterostructure Jd(V) is the sum of the generation-

recombination and over-barrier components: 
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Taking into account the effect of the series resistance 

(Rs) and shunt resistance (RSH), the current density given 

by Eq.1 can be expressed as [14]: 
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where Jo is the saturation current density and n is the 

identity factor. Or simply, replacing the voltage (V) in 

Eqs.1-12 by (V+JRs)/RSH [14]. 

 

 

2.2. Recombination losses 

 

The internal quantum efficiency (int) of CdS/CdTe 

diode structure includes the drift (drift) and diffusion 

(dif) components caused by the electron-hole pair 

generation in the space-charge region and the neutral 

region of the CdTe layer, respectively. The exact solution 

of the continuity equation for the space-charge region and 

the neutral part of the CdTe layer with taking into account 

the drift and diffusion components and recombination at 

the front surface has been found in Ref. [18]. In the case of 

heterostructure, the solution of the continuity equation can 

be reduced to a simpler expression with sufficient 

accuracy[16]: 
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where S is the front surface recombination velocity; ν is 

the applied voltage; φ0 is the barrier height; Dp is the 

diffusion coefficient of hole related to their mobility μp by 

the Einstein relation qDp/kT=μp; W is the width of the 

space charge region; α is the absorption coefficient of 

CdTe at a given wavelength, q is the electron charge, k is 

the Boltzmann constant and T is room temperate. This 

equation takes into account losses due to recombination at 

the interface of CdS with CdTe, i.e. at the front surface of 

the CdTe layer. 

The diffusion component of the quantum efficiency is 

also found from the continuity equation. Taking into 

account recombination at the back surface of the CdTe 

layer and it can be written as [19]: 
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where Ln =(τnDn)
1/2

 is the electron diffusion length; Dn is 

the diffusion coefficient of electron related to their 

mobility μn by the Einstein relation qDn/kT=μn;τn is the 

electron lifetime; Sb is the velocity of recombination at the 

rear surface of the CdTe layer and d is the thickness of the 

CdTe layer. 

The internal quantum efficiency is the sum of the drift 

component (Eq.14) and the diffusion component (Eq.15). 

Another important quantity is called the external 

quantum efficiency (ex) which takes into account the 

optical losses of the transmitted light before it reaches the 

absorber layer is given by: 
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More details about the transmission spectra and the 

optical losses will be discussed in the following section. 

 

 

2.3. Optical losses  

 

The typical structure of CdS/CdTe solar cells has a 

form: glass/TCO/ CdS/CdTe/ metallic back contact. 

Where TCO is the transparent conductive oxide layer such 

as SnO2 or ITO (indium tin oxide). The solar radiation 

penetrates the glass substrate, a TCO layer and a CdS 

window layer before reaching the active CdTe absorber 

layer. During this path a cretin losses will be achieved 

caused by the reflection at interfaces; air-glass, glass-TCO, 

TCO-CdS and CdS-CdTe. Another losses "absorption 

losses" which are attributed to the absorption process in 

glass plate, TCO layer and CdS layer. The reflection losses 

and absorption losses are called the optical losses.  

Calculating the transmission of spectrum (T(λ)) which 

reaches the absorber layer leads to estimate the optical 

losses. In the present case the multiple reflections effect at 

different interfaces will be considered. When the multi-

reflections of L layers is taken into calculation, the 

transmission coefficient, T(λ)can be expressed in the 

following form [20,21]: 
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wheren1 and n2 are the refractive indices of the air and 

glass, respectively. When the absorption process has taken 

place in glass, ITO and CdS, Eq.(17) can be written in the 

form: 
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whereα1, α2, d1, and d2 are the absorption coefficients and 

thicknesses of ITO and CdS layers, respectively. The 

absorption coefficient is calculated from: 
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where k is the extinction coefficient of used material. 

In these calculations, the extinction coefficient of 

glass substrate is assumed to be equal zero, while its 

refractive index is calculated using Sellmeier dispersion 

equation [22].The extinction coefficient and refractive 

index data of ITO, CdS and CdTe were taken from Refs. 

[9], [23] and [24], respectively. 

 

 

2.4. Short-circuit current density 

 

If Φi is the spectral radiation power density and hν is 

the photon energy, the spectral density of the incident 

photon flux is Φi/hν, and then the short-circuit current 

density JSC is given by [9, 16]: 
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where T(λ) is the optical transmission and Δλi is the 

interval between the two neighboring values λi. The 

calculations will be done for AM1.5 solar radiation using 

Tables ISO 9845-1:1992 (Standard ISO, 1992) [25]. 

The values of the parameters that were used in this 

work are listed in Table 1. 

 

 
Table 1. The values of the parameters that are used 

 in the present work 

 
Symbol   Value Ref. 

d1 100 nm [10] 

Eg 1.5 eV [1] 

Φ0-qv 1 eV [10] 

μp 80 cm
2
/(V S) [15] 

μn 1000 cm
2
/(V S) [15] 

S 10
7
 cm/sec [15] 

Sb 10
7
 cm/sec [15] 

τn 10
-9

 s [16] 

dCdTe 7 μm Current work 

 
 

3. Results and discussion 
 

Fig. 1 shows the generation–recombination rate 

U(x,V)  as a function of coordinate x.U(x, V)  rate is 

calculated for different values of energy spacing between 

the Fermi level and the top of the valence band of CdTe 

(∆μ=0.15, 0.169, 0.19 eV) at different values of forward 

voltage. As observed from this figure, the generation-

recombination rate represents a symmetric, bill-shaped 

form. It can be seen that the increasing of ∆μ from 0.15 eV 

to 0.19 eV has no significant effect on the value of U(x, 

V).With increasing the forward bias voltage (V), the 

maximum peak of the curves is shifted to the front surface 

(x=0) of the CdTe layer. These shifts decrease with 

increasing the value of ∆μ. Moreover, at high voltage 

(V>0.8 V) and small ∆μ=0.15 eV, the front surface 

recombination of CdTe layer starts to take place. This 

means that at this value (∆μ=0.15 eV) the barrier height 

for transferring the holes (majority carriers) from CdTe to 

CdS and for transferring the electrons (minority carriers) 

from CdS to CdTe represents its maximum value.It is also 

seen in Fig. 1 that under moderate voltages and high ∆μ, 

recombination at the interface can be ignored, but when 

qV approaches φo, surface recombination becomes 

essential [6]. 

 

 
 

 
 

 
 

Fig. 1. The generation–recombination rate U(x,V) 

divided by[exp(qV/2kT)-1] as a function of coordinate x 

calculated    for  different  ∆μ(0.15, 0.169, 0.19 eV)  at  

                        different forward voltages 

 

 

Using the Eq. 12, the dark current (Jd) of CdS/CdTe 

heterojunction is calculated at forward bias and plotted in 

Fig. 2 at different temperatures. It is clear that Jd increases 

with increasing the temperature form room temperature to 

343 K. keep in mind that these calculations are carried out 

in the cases of Rs=0 and RSH=.  
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Fig. 2. Semilogarithmic plots of the forward bias of J–V 

characteristics at different temperature of CdS/CdTe cell 

 

 

Under the above considerations and at Jph=22.5 

mA/cm
2
, ∆μ=0.169 eV, the current density – voltage J-V 

characteristic under the illumination condition of AM1.5 

solar irradiation [25] is plotted in Fig. 3 at room 

temperature. The J-V curve describes three important 

parameters that give complete description of the solar cell: 

open-circuit voltage Vo, fill factor FF(= JmVm/VoJSC) and 

the cell efficiency  (VmJm/pin, pin=96.3 mW/cm
2
 [26]). 

From this figure, it is observed that the values of Vo, FF 

and  are 846 mV, 81% and 16%, respectively. The 

current–voltage characteristics of the device are largely 

dependent on the series Rs and shunt resistances RSH. 

Series and shunt resistances affect the J-V characteristics 

of the solar cells, therefore determination of them is 

crucial. CdS/CdTe solar has a series resistance associated 

with it. The series resistance could be due to the resistivity 

of all three layers of ITO, CdS, and CdTe particularly the 

resistivity of CdTe layer. Shunt resistance can arise from 

some current paths caused by imperfections of the cell 

structure, like “pinholes” or as suggested in [27] from 

surface conduction by recombination-generation, 

tunneling at three-dimensional imperfections in the 

junction plane, etc. 

 

 

 
Fig. 3. J–V characteristics of CdS/CdTe heterojunction 

under АМ1.5 solar irradiation under certain conditions 

 

The effect of series resistance Rs on the behavior of J–

V characteristics of CdS/CdTe heterojunction under 

АМ1.5 solar irradiation at fixed shunt resistance RSH=4000 

Ω cm
2
 is shown in Fig. 4. It can be seen that with 

increasing the series resistance the short-circuit current 

density decreased where the curves are shifted upward. 

Moreover, all curves have close values of the open-circuit 

voltage of about 845 mV. A similar behavior was obtained 

in Ref.[28]. The values of fill factor (FF), output power 

density (Pout) and the cell efficiency () are estimated 

from Fig. 4-a and plotted in Fig. 4-b as a function of series 

resistance. It is clear that all these parameters decrease 

with increasing the series resistance. As the series 

resistance increase from zero Ω cm
2 
(as shown in Fig. 3) to 

50 Ω cm
2
, FF decreases from 81% to 78% with a ratio of 

about 4%. The cell efficiency decreases from 16% to 15.2 

% with a ratio of about 5%. 

 

 
 

 
 

Fig. 4. The effect of series resistance Rs on the behavior 

of J–V characteristics of CdS/CdTe heterojunction under 

АМ1.5 solar irradiation (a), the dependence of FF, Pout 

and  of CdS/CdTe cell on the series resistance (b) at  

              fixed shunt resistance RSH=4000 Ω cm2 

 

 
Fig. 5 illustrates how the J-V characteristic varies with 

decreasing the shunt resistance RSH from infinity to 1000 

Ω cm
2
 at zero series resistance Rs. It is known that the 

shunt resistance should be as large as possible, so that the 

current that flows through it can be neglected in 
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comparison with that through the cell. The results 

presented in Fig. 5 show that all curves have close values 

of the short-circuit current density of about 22.5 mA/cm
2
. 

While, the open-circuit voltage is slightly decreased from 

847 mV to 844 mV, which corresponds to the variation of 

RSH from  to 1000 Ω cm
2
. 

 

 

 
 

Fig. 5. The effect of shunt resistance RSH on the behavior 

of J–V characteristics of CdS/CdTe heterojunction under 

АМ1.5   solarirradiationat    zero    series    resistance                 

                                 Rs=0 Ω cm2 

 

 

The dependence of FF, Pout and  on the RSH is 

estimated from Fig. 5 and listed in Table2. From this table 

it can be seen that with decreasing RSH from  to 1000 Ω 

cm
2
, FF decreases from 80.77% to 77.5 % with a ratio of 

about 4%. Also the output pour density decreases with the 

same above ratio. While, the cell efficiency decreases by a 

ratio close to 5%. 
 

 

Table 2. Dependence of fill factor FF, output power 

density Pout and the cell efficiency  of CdS/CdTe solar 

cell on the shunt resistance RSH at zero series resistance 

 
RSH (Ω cm

2
) FF(%) Pout(mW/cm2) (%) 

1000 77.54 14.70 15.27 

2000 78.20 14.85 15.43 

3000 78.57 14.93 15.5 

4000 78.58 14.93 15.5 

 80.77 15.27 16 

 

 

According to the above results, at the series resistance 

represents its maximum value of 50 Ω cm
2
 and the shunt 

resistance represents its minimum value of 1000  Ωcm
2
, 

the cell efficiency records a value of 15%. Comparing the 

results that were obtained from Fig. 3 and Fig. 5, it can be 

concluded that the electrical losses due to series and shunt 

resistance are about 6%. 

Fig.6 shows the transmission spectrum T(λ) of the 

glass/ITO/CdS structure calculated at 100 nm thickness of 

ITO and at different thicknesses of CdS. The value of 

transmission that is calculated using Eqs. 17-19 is 

achieved in the case of multiple reflection at air-glass, 

glass-ITO, ITO-CdS and CdS-CdTe as well as the 

absorption in ITO and CdS layers. The variation of T(λ) of 

unity represents the losses in the transmitted light (optical 

losses) that will reach the absorber layer. It can be seen 

that the average value of T in the wavelength range 550-

850 nm is approximately independent on the thickness of 

the window layer where T~0.87. This means that the 

optical losses is about 13% in this range. In shorter 

wavelength (300-550 nm), T is strongly dependent on the 

thickness of CdS. The transmission tends to decrease with 

increasing the thickness of CdS particularly in the high 

absorption region. It is clear that the decreasing of T with 

dCdS is mainly due to the absorption process. The average 

value of T in the wavelength range 300-550 nm is 0.4 and 

0.65 for dCdS=100 and 50 nm, respectively. That indicates 

the transmission losses have values ranged from 60% to 

35% for dCdS=100 and 50 nm, respectively. The 

transmission losses in whole wavelength (300-850 nm) are 

in the range 46-29% which corresponds to the 100-50 nm 

thickness of CdS, respectively. 

 

 

 
Fig. 6. Transmission spectrum T(λ) of the glass/ITO/CdS 

structure calculated  at  100 nm  thickness of  ITO  and  

                       different thicknesses of CdS 

 

 

The effect of the optical losses on the short-circuit 

current density JSC can be studied quantitatively through 

calculating JSC using Eq.20 at (λ)=1. The effect of the 

optical losses on JSC is shown in Fig.7. At zero point of x-

axis which indicates that the thickness of CdS and ITO is 

zero and thus this point refers only to the reflection losses. 

At this point, JSC=28.86 mA/cm
2
which it indicates that the 

reflection losses are about 8% where the maximum short-

circuit current density J
0

max is 31.24 mA/cm
2
, which is 

calculated at T(λ)=1 and (λ)=1. When the absorption 

losses in both ITO and CdS are taken into account, JSC 

decreases up to 24.8 mA/cm
2
 for dCdS=50 and 23.66 

mA/cm
2
 for dCdS=100 nm at dITO=100 nm. Thus, with 
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decreasing the thickness of window layer from 100 nm to 

50 nm, the optical losses decreased from 24% to 20%. It 

should keep in mind that the thickness of window layer 

CdS must not be less than 50 nm in order to avoid the pin-

hole effect [29, 30]. 

 

 

 
 

Fig. 7. Effect of the thickness of CdS(dCdS) on the 

short-circuit current density (JSC) of CdS/CdTe solar cell 

 
 

Fig. 8 describes mathematically the spectral 

distribution of quantum efficiency (internal int and 

external ex) of CdS/CdTe solar cell as a function of the 

width of space-charge region at certain parameters of the 

absorber layer that are listed in Table 1. It can be observed 

from Fig. 8-a, the shape of internal quantum efficiency 

int varies with changing the width of the space-charge 

region W. When W increases from 0.01 μm to 10 μm, int 

firstly increases and then undergoes decreasing. The 

maximum value of int is achieved at W=0.5-1 μm. This 

behavior can be explained in terms of the width of the 

depletion region. The depletion layer can’t collect all the 

photogenerated carriers at very small width. With 

expansion the depletion region, it becomes more efficient 

to collect the photogenerated carrier. However, at high 

width of the depletion region, the electric field becomes 

weaker which is favorable for the surface recombination 

[10]. This effect is clearly demonstrated by the curves for 

which W=5 μm and 7 μm. The external quantum 

efficiency ex shows also the same behavior as that of the 

internal quantum efficiencyint, but the values of ex 

seem to be lesser than the value of  int, particularly at 

low wavelength <500 nm. This behavior can be attributed 

to the losses of the incident photon within the front 

electrode layer ITO and window layer CdS as can be seen 

from Fig. 6 [6]. 

 

 
 

 
Fig. 8. Internal int (a) and the external ex (b) 

quantum  efficiency  as  a  function  of  width of space- 

            charge region (W) for CdS/CdTe solar cell 

 

 

The short-circuit current density is calculated in order 

to estimate the losses due to recombination in the front and 

back surface of CdTe layer as well as the optical losses 

due to reflection at interfaces of CdS/CdTe cell and 

absorption in both ITO and CdS layer. Fig. 9-a represents 

the dependence of JSC on the width of space-charge region 

at T(λ)=1, i.e. due to recombination losses in the neutral 

part of CdS/CdTe heterojunction. It can be seen that JSC 

increases with increasing W up to W=1 μm then JSC starts 

to decrease with further increasing in W. These results are 

expected according to the results which are carried out 

from Fig.8. The maximum value of JSC is 29.61 mA/cm
2
 is 

achieved at W=0.5-1 μm. In this case, the losses arise from 

recombination at the surface (front and back) of CdTe are 

about 5%. When the depletion layer is widen (W>5 μm), 

the recombination losses increase and attain the maximum 

value of 27% at W=7 μm. Fig. 9-b shows JSC as a function 

of W when optical and recombination losses are taken into 

accounts. It is clear that with increasing the thickness of 

CdS layer the values of JSC decrease due to a great part of 

the incident photons will be absorbed in CdS layer and 

thus the photons reaching the absorber layer will decrease. 

Besides, a maximum JSC of 23.6 mA/cm
2
 is observed at 

dCdS=50 nm and W=0.5-1 μm. At these conditions, the 

optical and recombination losses are about 25%. These 

losses can be increased with increasing the thickness of 

CdS layer and/or increasing the width of the space-charge 

region. 
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Fig. 9. Short-circuit current density JSC as a function of 

the width of space-charge region W when the 

recombination losses (a) and optical and recombination  

                losses (b) are taken into accounts 

 

 

4. Conclusions 
 

The effect of electrical, optical and recombination 

losses on the performance of thin-film CdS/CdTe solar cell 

was theoretically studied. The electrical losses arisen from 

series resistance and shunt resistance was analyzed. The 

Sah-Noyce-Shockley theory of generation-recombination 

in the space-charge region was employed to describe I-V 

characteristics of thin-film CdS/CdTe heterostructure. The 

optical losses due to multiple reflections at interfaces of 

CdS/CdTe cell as well as due to absorption in front contact 

layer and in window layer were studied. Besides, the 

losses due to recombination at the front and back surface 

of CdTe layer were considered. The obtained results 

showed that: 

1- When the series resistance increased from zero to 

50 Ω cm
2
 and the shunt resistance decreased from 

infinity to 1000 Ω cm
2
, the fill factor decreased 

by a ratio of 4% and the cell efficiency decreased 

by a ratio of 6%.  

2- The optical losses were dependent on the 

thickness of the window layer. With decreasing 

the thickness of window layer from 100 nm to 50 

nm, the optical losses decreased from 24% to 

20%. 

3- The recombination losses were affected by the 

width of the space-charge region. The 

recombination losses recorded a minimum value 

of 5% at width 1 μm of the space-charge region 

and recorded a maximum value of 27% at width7 

μm.  

4- The minimum optical and recombination losses 

were not less than 25% which can be increased 

with increasing the thickness of the CdS layer 

and/or increasing the width of the space-charge 

region. 

5- The maximum cell efficiency of about 16% was 

achieved at zero series resistance and infinity 

shunt resistance.  

6- These results are agreement with experimental 

studies and can lead to develop the technology of 

CdS-CdTe solar cells.  
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