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All thin film solar cells require the use of transparent conductive electrodes such as indium tin oxide (ITO) due to its unique 
combination of transparency, high conductivity, durability, and favourable surface properties. Indium, however, is a rare and 
expensive metal; proposed large-area installations of photovoltaic (PV) cells will add further strain to global indium supply. 
Transparent conductive materials that are abundant, inexpensive, and enable efficient thin film solar cells must therefore be 
developed. Zinc oxide (ZnO), tin doped zinc oxide (ZnO:Sn), aluminum doped zinc (ZnO:Al) and indium doped zinc oxide 
(ZnO:In) were theoretically investigated as alternatives transparent conductive oxides (TCO) to indium tin oxide that used 
as front electrode in CdS/PbS thin-film solar cells. The effect of optical and recombination losses as well as the reflectivity 
from metallic back contact were investigated in this work. It was found that the spectral quantum efficiency depends on the 
width of space-charge region (W) and the thickness of absorber layer (dPbS). The maximum short-circuit current density of 
about 20.9 mA/cm

2
 was achieved at W= 3μm and dPbS=2μm for ZnO:Al. The average optical losses due to reflection from 

all interfaces and due to absorption in CdS and TCO layers were about 32%. The total reflected back contact lead to 
increase the short-circuit current density by 20% and hence the efficiency of CdS/PbS cell recorded a value of 7.89 % for 
ZnO:Al.  
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1. Introduction 
 

Thin film solar cells based on lead sulfide (PbS) as an 

active absorbing layer in a solar cell can be considered 

unusual as the expected efficiency would be lower than 

what is actually attained in more conventional CdTe/CdS 

or CIGS/CdS solar cells. The recent advancements in this 

types of solar cells [1-5] have shown the convenience of 

developing solar cells based on PbS. PbS is a narrow gap 

semiconductor, which differs from the majority of 

semiconductors in the character of temperature and 

deformational dependence of its band gap; it is also known 

that the latter in PbS is very sensitive to the grain size 

(much more than in classic semiconductors like Si), which 

make it a good candidate for nanostructured devices. 

Besides, the effect of multiple exciton generation was 

recently discovered in nanostructures of PbS and similar 

semiconductor PbSe [6], which is very promising for solar 

cell applications.  

At the present stage of development of industry and 

technology of photovoltaic solar cell devices, the most 

important problem is the production cost, which includes 

the cost of materials and that of technologies involved as 

well as the energy consumption in technological processes.  

Recently, several theoretical attempts have been carried 

out to study and improve the efficiency of thin film 

CdS/PbS heterojunction solar cells [7, 8]. 

This type of solar cells is composed of four layers:1) 

the front electrode that is made from transparent 

conducting oxide (TCO), 2) window layer that is mad 

from CdS, 3) absorber layer that is made from PbS and 4) 

metallic back contact layer that is made from Al or Au. 

Each layer of them must satisfy some physical properties. 

For example; the transparent conducting oxides (TCO) 

layer must have transmission more than 85% in visible 

region and sheet resistance less than 10 Ω/square at room 

temperature as well as good adhesion to glass substrate [9, 

10].  

Thin film photovoltaic (PV) solar cells such as 

CdS/CdTe and CdS/PbS require the use of transparent 

conductive electrodes. Indium oxide (ITO) is currently the 

transparent conductor choice for these applications, due to 

its unique combination of transparency, high conductivity, 

durability, and favourable surface properties. Indium, 

however, is a rare and expensive metal; proposed large-

area installations of PV cells will add further strain to 

global indium supply. Transparent conductive materials 

that are abundant, inexpensive, and enable efficient thin 

film solar cells must therefore be developed. ZnO has been 

actively investigated as an alternative material to ITO 

because ZnO is non-toxic, inexpensive and abundant 

material. It is also chemically stable so it is used for the 

production of solar cells [11- 13].  

The main objective of this paper is to assess the 

effects of ZnO and its alloys such as ZnO:Sn, ZnO:Al and 
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ZnO:In as front electrode on the calculation of CdS/PbS 

solar cell parameters. The optical losses due to reflection 

from difference interfaces and absorption in both TCO and 

CdS layers will be considered. Moreover, the 

recombination losses at front and back surface of PbS 

layer will be studied in this work. Finally, the effect of 

reflectivity of metallic back contact on the cell parameters 

will be taken into consideration.   

 

 

2. Theoretical concepts 
 

2.1. Reflection and absorption losses 

 

The normal incident light will penetrate glass, TCO, 

CdS layers before reaching the active PbS absorber layer. 

Through this path, a part of the incident light will be lost 

in these layers due to reflection from air-glass, glass-

TCO,TCO-CdS and CdS-PbS interfaces and absorption in 

glass, TCO and CdS layers. 

There are two methods to calculate the transmitted 

light that will reach the absorber layer: 

 

2.1.1. Method one 

 

In this method, the reflection may occur due to a 

certain part of the incident light will reflect at the interface 

between any two layer. According to the Fresnel 

equations, the reflection coefficient (reflectivity) from the 

interface between two contacting materials is determined 

by their refractive indices n1 and n2: 
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In the case of electrically conductive materials, the 

refractive index contains an imaginary part and is written 

as n
*
= n-ik, where n is the refractive index, and k is the 

extinction coefficient. The reflection coefficient from the 

interface is defined as the square of the modulus [(n
*
1-n*2)/ 

(n
*
1+n*2)] [14] and has the form: 
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where n1, n2, k1, k2 are the refractive indices and extinction 

coefficients of the material one and two, respectively. In 

case of glass substrate k=0 and n values are calculated by 

Sellmeier dispersion equation and applied for quartz(SiO2) 

[15]: 
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where a1=0.6962, a2=0.4079, a3=0.8974, λ1=68 nm, 

λ2=116 nm, λ3=9896 nm. The transmitted light that will 

reach the absorber layer after reflection at all interfaces of 

solar cell is calculated by the following formula: 
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where R12, R23, R34, R45 are the reflectivity of the interfaces 

air-glass, glass-TCO, TCO-CdS and CdS-PbS, 

respectively. 

 

2.1.2. Method two 

 

In this method, the multiple reflection between any 

two layers will be considered. When the multi-reflections 

of  L layers is taken into calculation (in the present case 

L=4), the Eq. (4) can be expressed in the following form 

[16,17]: 
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When the absorption in TCO and window layers is taken 

into account, the transmitted light reaching the absorber 

layer is given by [9]: 
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where α1, α2, d1, d2 is the absorption coefficient and 

thickness of TCO material and CdS  layers, respectively. 

 

2.2. Recombination losses 

 

Quantum efficiency of a solar cell always includes the 

drift and diffusion components, which are obliged to 

photogeneration of electron–hole pairs in the space charge 

region (SCR) and in the neutral part of the diode structure, 

respectively. 

The drift component of the quantum efficiency 

includes the recombination at front surface of the absorber 

layer is given by [18]: 
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where S is the front surface recombination velocity; ν is 

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

diffusion coefficient of holes related to their mobility μp by 

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

space charge region; α is the absorption coefficient of PbS 

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

Boltzmann constant and T is room temperate.  
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The diffusion component of the quantum efficiency 

taking into account recombination at back surface of the 

absorber layer is given by [19]: 
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where Ln =(τnDn)
1/2

 is the electron diffusion length; τn is 

electron lifetime; Dn is the diffusion coefficient of 

electrons related to their mobility μn by the Einstein 

relation qDn/kT=μn, Sb is the velocity of recombination at 

the rear surface of the absorber layer and d its thickness.  

The sum of equations (7) and (8) gives the expression 

of the internal quantum efficiency (ηint).   

 

difdrift
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                         (9) 

 

It should be borne in mind that the recombination losses in 

space-charge region were not taken into current 

calculations. 

When the reflectivity of metallic back contact is taken 

into consideration, the following formula [20] can be used 

to measure theoretically the effect of reflectivity from the 

back contact on the internal quantum efficiency: 
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where R is the reflectivity from the back contact, α is the 

absorption coefficient of PbS layer and d its thickness.

 

 

2.3. 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, 18]: 
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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) [21]. 

 

 

 

 

 

 

 

 

2.4. Cell parameters of CdS/PbS heterojunction  

 

The J–V characteristic under illumination of 

CdS/CdTe solar cells can be presented as: 

 

ph
J

d
JVJ )(                     (12) 

where Jph is the photocurrent density. In this work, the 

dark current Jd(V) of efficient thin–film CdS/CdTe cells is 

quantitatively described in terms of the Sah– Noyce–

Shockley theory of generation–recombination in the 

space–charge region of the heterostructure [22]. More 

details of calculation Jd(V) can be found elsewhere [23-

25]. 

 

 
3. Results and discussion 
 

Fig. 1 shows the calculation of spectral reflection 

coefficient R(λ) at interface TCO-air (Fig. 1-a) and TCO-

glass (Fig. 1-b) for different TCO materials (ZnO, 

ZnO:SnO2, ZnO:Al and ZnO:In) that are used as front 

electrode in CdS/PbS solar cells. The results in Fig.1 are 

carried out based on Eq. 2, which is dependent on the 

refractive index (n) and extinction coefficient (k) of TCOs, 

air and glass. The data of n and k of ZnO, ZnO:Sn, 

ZnO:Al, and ZnO:In, are taken from Refs. [26], [27], [28] 

and [29], respectively. The extinction coefficient (k) value 

of glass substrate was taken as k=0. while, the Sellmeier 

dispersion equation (Eq. 3) has been applied for 

calculating the refractive index of glass substrate [15]. It is 

clear that the given values of reflection coefficient are in 

the range 0.07-0.18 in the case of TCO-glass. While low 

values of R(λ) (in the range 0.008 – 0.06) are obtained in 

the case of TCO-air due to the small difference between 

the optical constants of TCO material and glass. Besides, 

ZnO:Al and ZnO:In represent the minimum value of R(λ) 

compared with the other TCO electrodes. The result 

indicates a small part of the incident photons will be lost 

before reaching the absorber layer due to reflection at 

TCO-glass interface.  
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Fig. 1. Calculated reflection spectra (R) of different TCO 

material (ZnO, ZnO:Sn, ZnO:Al, ZnO:In) that used as 

front electrode in CdS/PbS solar cells in the case of a)air  

and b)glass 

 

 

Equations 4 and 5 give the transmission coefficient 

T(λ) due to the reflection (method 1, Eq.4) as well as the 

transmission coefficient due to multiple reflections 

(method 2, Eq.5) at all interfaces air-glass, glass-TCO, 

TCO-CdS and CdS-PbS. The average of T(λ) in the 

wavelength range of 450-1200 nm is calculated and 

plotted in Fig. 2-1 for various TCO material, which are 

used as a front electrode in CdS/PbS solar cells. It is clear 

that the multiple reflection effect (method 2) is more 

significant comparing with method 1. Where the average 

transmission is about 88.5 % according to method (2) and 

about 86.5 % according to method 1. Moreover, when 

ZnO:Al is used as a front electrode , the transmission 

reaches its maximum value in both methods. The spectral 

transmission coefficient T(λ) at CdS/PbS interface is 

calculated using Eq.6 for different TCO materials and 

plotted in Fig.2-b. This figure includes the effect of 

absorption process that takes place in TCO and CdS layers 

on the transmission spectra. These results are carried out 

using method (2) (multiple reflections) and at 100 nm 

thickness of both TCO and CdS layers. Comparing the 

current results with the results from Fig.(2-a), a small 

decrease in T(λ) at λ>550 nm can be observed and much 

more decrease in transmission can be seen at λ>500 nm 

due to a significant effect of absorption process in high 

absorption region. The inset figure shows the average 

transmission in the wavelength range of 450-1200 nm. As 

can be seen, the maximum average transmission of 69% is 

achieved for ZnO:Al. Comparing this result with the result 

of Fig. (2-a), it can be concluded that the reflection loss is 

about 12% and the optical losses (reflection and 

absorption) are about 32%, which indicates that the 

absorption process in both ZnO:Al and CdS layers leading  

to a decrease in the transmitted light that reaches the 

absorber layer by a ratio of 21%. Much more optical losses 

can be observed for the others TCO materials. Besides, 

decreasing the thickness of TCO and CdS layer will 

produce a great effect in transmission spectra. It is known, 

however, that it is difficult to obtain uniform and pin-hole 

free CdS layers thinner than 50 nm[30]. More accurate 

value of optical losses will be obtained when the short-

current density is calculated. 

 

 
 

 
 

Fig. 2. Calculated transmission spectra of different TCO 

material (ZnO, ZnO:Sn, ZnO:Al, ZnO:In) that used as 

front electrode in CdS/PbS solar cells due to a) reflection 

(method 1) and multiple reflections (method 2) at 

different interfaces and b) multiple reflection at different 

interfaces and absorption in TCO and CdS layers. The 

inset is the average transmission in the wavelength range  

of 400-1300 nm 

 

 

In order to estimate the level of recombination losses 

for CdS/PbS solar cells, the internal quantum efficiency 

(int) must be calculated at various parameters. According 

to Eqs.7-10, the internal quantum efficiency depends on 

some parameters such as; the absorption coefficient of 

PbS, the width of space-charge region, the thickness of 

PbS, the electron diffusion length, the front and back 

surface recombination velocity and the barrier height. The 

variation of absorption coefficient with wavelength of PbS 

layer is calculated from (4k/λ). Moreover, the values of 
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other parameters (except the thickness of PbS and the 

width of space-charge region) is listed in Table 1. In this 

section, the dependence of int on the width of space-

charge region (W) and on the thickness of PbS layer (dPbS) 

will be discussed in detail. 

 
Table 1. The values of the parameters that are used in this study 

 

Parameter Value Ref. 

Thickness of TCO, d1 100 nm [10] 

Thickness of CdS, d2 100 nm [10] 

Φ0-qv 1 eV Current work 

Hole diffusion coefficient, μp 80  cm
2
/(V S) [10] 

Electrons related mobility, μn 1000 cm
2
/(V S) [10] 

Front surface recombination velocity, 

S 

10
7
 cm/sec [8] 

Back surface recombination velocity,  

Sb 

10
7
 cm/sec [8] 

electron lifetime, τn 10
-8

 s Current work 

 

The dependence of spectral quantum efficiency (int) 

on the width of space-charge region (W) at dPbS=3 μm is 

shown in Fig.3-a. The results presented in Fig. 3-a show 

that int increases with increasing the energy of incident 

photons. Besides, an increase in int can be observed with 

increasing the width of space-charge region (W). This 

behaviour is not expected because the increasing of W 

leads to decrease the strength of electric field inside the 

space-charge region and hence the probability of 

separation of the generated photo-carriers is decreasing. 

This behaviour can be attributed to a great portion of 

incident photons is absorbed outside the space-charge 

region (i.e. in the neutral part of PbS) [7, 8] because of the 

absorption coefficient of PbS is small comparing with 

CdTe absorber. According to Eq. 9, the internal quantum 

efficiency is the sum of two components; the drift 

component (drift )which is given by Eq. 7 and it takes into 

account the recombination losses at front surface of PbS 

and the diffusion component (dif )which is given by Eq.8 

and it takes into account the back surface recombination 

losses. The spectral distribution of drift  at various widths 

of W is plotted in Fig3-b. It is clear that drift  has the same 

behaviour ofint. In general the value of int is smaller than 

unity particularly at high wavelength indicating a 

significant role of front surface recombination losses. On 

the other hand, the dependence of spectral dif on W is 

shown in Fig.3-c. As can be seen, the diffusion component 

of internal quantum efficiency is decreasing with 

increasing the width of space-charge region due to the 

decrease of the value of (d-W) that appears in Eq.8 and 

thus decreasing the thickness of neutral part of the 

absorber layer. It is clear that the contribution of dif in 

collecting the photo-generated carriers is smaller than the 

contribution of drift.  

 

 

 

 
 

Fig. 3. a) Internal quantum efficiency (int) spectrum, 

b)drift component of internal quantum efficiency (drift) 

spectrum and c) diffusion component of internal quantum 

efficiency (dif) spectrum at 3 μ m thickness of PbS 

(dPbS)and at different values of the width of space-charge  

region (w) 
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Fig. 4-a shows the effect of thickness of PbS layer on 

the spectral quantum efficiency at width of space-charge 

region of 1 μm. It is clear that the behaviour of int in this 

figure is the same of its behaviour in Fig. 3-a. It can be 

seen that with increasing the thickness of  absorber layer 

from 1.5 to 3 μm the value of int increases. This 

behaviour can be explained in terms of diffusion 

component of internal quantum efficiency. From Eqs. 

7&8, it can be observed that the diffusion component only 

depends on the thickness of the absorber layer. Therefore, 

Fig. 4-b shows the dependence of diffusion component of 

internal quantum efficiency (dif) on the thickness of PbS 

layer. The increase of dif is attributed to the increase of 

the thickness of the neutral part of PbS and then increase 

the probability to absorb the incident photons outside the 

space-charge region. Comparing the values of int and dif, 

it can be concluded that the contribution of diffusion 

component can be ignored particularly at small thickness 

of the absorber layer and the main value of int is due to 

the drift component of internal quantum efficiency even at 

larg thickness (3 μm) of the absorber layer. 

 

 

 

 
 

 

Fig. 4. a) Internal quantum efficiency (int) spectrum at 

space-charge region width (w) of 1 μ m and b) diffusion 

component of internal quantum efficiency (dif) spectrum  

at  different thicknesses  of  PbS  layer  (dPbS) 

 

 

The variation of short-circuit current density (JSC) 

with the width of space charge region and with the 

thickness of absorber layer for various transparent 

electrodes is shown in Fig. 5. Fig. 5-a shows the 

dependence of JSC on W at dPbS=3 μm for various 

materials that are used as a front electrode in CdS-PbS 

cells. It can be seen that JSC increases with increasing the 

width of space-charge region and records values of            

14.7-20 mA/cm
2
 for ZnO layer. Moreover, JSC represents 

the maximum values of 15.4-20.9 mA/cm
2
 in the case of 

ZnO:Al.  When T=1, =1 in Eq.11, JSC records a value of 

~ 41 mA/cm
2
. Besides, the maximum optical and 

recombination losses of about 64% are observed in the 

case of ZnO at 0.1 width of the space-charge region. 

While, the minimum losses of about 62% are observed 

when ZnO:Al is used as a front electrode. With increasing 

the width of the space-charge region, the losses are 

decreased and record a value of 51% at W=2 μm for 

ZnO:Al electrode. The decrease of these losses  is resulted 

in the decrease of recombination losses with increasing the 

width of space-charge region (see the increase of int with 

W as shown in Fig. 3-a). 

The dependence of JSC on the thickness of PbS at W=1 

μm is shown in Fig.5-b. It can be seen that at dPbS=1.5 μm, 

JSC exhibits its low value of 14.4 mA/cm
2
 for ZnO and its 

maximum value of 18.9 mA/cm
2
 for ZnO:Al. With 

increasing the thickness of PbS from 1.5 μm to 3 μm, the 

above values of  JSC increased and record 18 mA/cm
2
 and 

18.9 mA/cm
2
 for ZnO and ZnO:Al, respectively. 

According to these results and at dPbS=1.5 μm, the 

maximum optical and recombination losses are about 

64.7% and 56% for ZnO and ZnO:Al, respectively. The 

minimum optical and recombination losses are about 62% 

and 54% for ZnO and ZnO:Al, respectively. Comparing 

the results from Fig. 5-a and Fig. 5-b, it can be concluded 

that the influence of width of space-charge region is 

slightly more effective than the influence of the thickness 

of absorber layer. 

 
 

 
 

Fig. 5. Short-circuit current density (JSC) of CdS/PbS 

calculated at various TCO materials (ZnO, ZnO:Sn, 

ZnO:Al, ZnO:In)that used as front electrode as a function 

of a) width of space-charge region (w) at dPbS=3 μ m and  

b) PbS thickness (dPbS) at w=3 μ m 
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It is reported in Ref. 22, the reflectivity from back 

contact has a significant effect on the internal quantum 

efficiency and hence on the value of short-circuit current 

density particularly at thin thickness of the absorber layer. 

In our current case, the thickness of PbS is varied from 1.5 

μm to 3 μm then the effect of reflectivity from back 

contact must be taken into consideration. Fig. 6 shows the 

short-circuit current density (JSC) of CdS/PbS calculated at 

various TCO materials (ZnO, ZnO:Sn, ZnO:Al, 

ZnO:In)that used as front electrode as a function of 

different ratios of reflectivity from back contact (R%) at 

W= 1μ m and dPbS=3 μ. It is clear that with increasing the 

reflectivity from back contact from R=0% to R=100% 

(PbS is completely reflected), the value of JSC increases 

and attains its maximum value of 22.3 mA/cm
2
 for 

ZnO:Al. To estimate the contribution of reflectivity form 

back contact on the increasing of JSC values, Fig. 6-b 

shows the ratio of increasing JSC with increasing the ratio 

of reflectivity. It is clear that the reflectivity form metallic 

back contact leads to increase the short-circuit current 

density by a ratio reaches ~ 20% when the back contact is 

totally reflected (R=100%). 

 

 
 

 
 

Fig. 6.  Short-circuit current density (JSC) of CdS/PbS 

calculated at various TCO materials (ZnO, ZnO:Sn, 

ZnO:Al, ZnO:In)that used as front electrode a) as a 

function of different ratios of reflectivity from                      

back contact (R%) at w= 1μ m and dPbS =3 μ  and  b)  the  

corresponding increasing ratio of JSC 

 

 

 

Fig. 7 shows the J-V characteristic curves of CdS/PbS 

solar cells at various TCO materials (ZnO, ZnO:Sn, 

ZnO:Al, ZnO:In)that used as front electrode at different 

values of reflectivity from back contact. The results shown 

in this figure are carried out under illumination condition 

of AM1.5 solar irradiation (ISO 9845–1:1992) [21]. It is 

clear that with increasing the reflectivity from back contact 

from R=0% to R=100% the J-V curves are shifted down 

and the maximum shift is observed for ZnO:Al electrode. 

From this figure some important cell parameters such as 

fill factor (FF), open circuit voltage (Vo), output power 

density (Pout) and cell efficiency() can be estimated. 

 

 

 
 

Fig. 7. J-V curves of CdS/PbS solar cells at various TCO 

materials (ZnO, ZnO:Sn, ZnO:Al, ZnO:In)that used as 

front  electrode  at  reflectivity  from  back  contact  of  a)  

R=0% and b) R=100%. 

 

 
 

Fig. 8. Efficiency () of CdS/PbS solar cells at various 

TCO materials (ZnO, ZnO:Sn, ZnO:Al, ZnO:In)that used 

as  front  electrode  at  reflectivity  from back  contact  of  

R=0% and 100% 
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The efficiency of CdS-PbS cell is shown in Fig. 8 for 

various TCO materials (ZnO, ZnO:Sn, ZnO:Al, ZnO:In) 

that are used as front electrode at different values of 

reflectivity from back contact. A maximum efficiency of 

6.61% is achieved for ZnO:Al and this ratio increased up 

to 7.89% with increasing ratio of 20% at 100% reflectivity 

from back contact. The other cell parameters such as FF, 

Vo and Pout are computed and listed in Table 2. It is clear 

that the fill factor is approximately fixed at 70% for 

difference TOC materials. The maximum open circuit 

voltage of 479 mV is observed for ZnO:Al and this value 

increased up to 487 mV at 100% reflectivity from back 

contact and the corresponding values of Pout are                     

6.37 mW/cm
2
 and 7.64 mW/cm

2
 for R=0% and R=100%, 

respectively.  

 

 
Table 2. The fill factor (FF), output power density (Pout), and open circuit voltage (Vo) of CdS/PbS solar cell at transparent 

conductive oxides (TCOs), which were used as front electrode at zero and 100% reflectivity (R %) from metallic back contact 

 

TCOs FF(%) Pout(mW/cm
2
) Vo(v) 

R=0% R=100% R=0% R=100% R=0% R=100% 

ZnO 70.37 70.19 6.05 7.30 0.478 0.485 

ZnO:Sn 70.63 70.60 6.25 7.55 0.478 0.486 

ZnO:Al 70.80 70.34 6.37 7.64 0.479 0.487 

ZnO:In 70.33 70.46 6.28 7.60 0.479 0.486 

 

 

4. Conclusions 
 

Thin film photovoltaic solar cells CdS/PbS require the 

use of transparent conductive materials (TCOs) as a front 

electrodes electrode. These electrodes must be abundant, 

inexpensive and enable efficient thin film solar cells. This 

work investigated the using of low cost ZnO, ZnO:Sn, 

ZnO:Al and ZnO:In as a front electrode in CdS-PbS thin 

film solar cells. Two methods were employed to calculate 

the transmitted light that will reach the absorber layer. The 

first method was carried out based on the reflection at 

difference interfaces; air-glass, glass-TCO, TCO-CdS and 

CdS-PbS. While the second method was based on the 

multiple reflections effect at these interfaces. It was found 

that the second method  was more significant comparing 

with first method. Where the average transmission was 

about 88.5 % according to second method and about 86.5 

% according to first method. With computing the 

transmission and internal quantum efficiency, the optical 

and recombination losses were estimated. The maximum 

optical and recombination losses of about 64% were 

observed in the case of ZnO at 0.1 μm width of the space-

charge region and 3 μm thickness of the absorber layer. 

While, the minimum losses of about 62% were observed 

when ZnO:Al was used as a front electrode under the 

above conditions. The reflectivity form metallic back 

contact led to increase the short-circuit current density and 

the cell efficiency by a ratio reached ~ 20% when the back 

contact was totally reflected. The maximum output power 

density of 7.64 mW/cm
2
, maximum open circuit voltage of 

487 mV and the maximum cell efficiency of 7.9% were 

achieved for ZnO:Al electrode at 100% reflectivity from 

back contact. 
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