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A theoretical modeling is developed under the theory of Sah Noyce in order to analyze, 

understand and predict the behavior of heterostructure solar cells. The cell is mainly based 

on 4 stacked films: glass, ITO, CdS, active layer, and back contact. The presented study is 

focused on using the optical and electrical analysis to determine which involved 

parameters are the most critical for efficiency improvement. Considered parameters are 

depletion region, donor and acceptors’ concentrations and effective layer thickness. The 

ultimate efficiency of the cell is calculated using a Mathematical Modeling System (MMS) 

developed on Matlab. Using the MMS the quantum efficiency is also obtained and studied. 

The thickness for the effective layer varies from 0.5 to 2μm. For the MMS, three active 

layers cases were studied: PbS, CdTe, and CdSe. Ultimate efficiency obtained was 10.24, 

5.69, and 6.33%, respectively. Standard solar spectra ASTM G-173-03 (International 

standard ISO-9845-1-1992) was used, under conditions of AM 1.5 direct. 
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1. Introduction 
 

An increase of solar cell efficiency has been reported recently [1,2,3,4,5].  Ultimate 

efficiency is calculated assuming a quantum efficiency of 1 corresponding to energies greater than 

the band gap. Likewise, the solar cell is considered as a perfect black body with no radiative 

recombination.   

Through this research a comparative study is driven in order to determine the theoretical 

ultimate total efficiency. The study corresponds to an analytical (theoretical) comparison of 3 

different semiconductor materials corresponding to the II-VI and IV - VI groups. These results are 

compared to reported researches by different authors, obtaining similar behaviors. A CdS layer is 

used as a window with three different materials with different bandwidths and different extinction 

coefficients. The above materials are: lead sulfide (PbS), cadmium telluride (CdTe), and cadmium 

selenide (CdSe). These three materials are used as active layers. Multi-Reflection was considered 

across all the layers, and the absorption was taken into account in the ITO/CdS junction for all 

three layers. Figure 1 illustrates the structure modeled through this paper. 

PbS was selected since it is a semiconductor with a narrow bandgap and has the ability to 

absorb energy near infrared. Likewise, CdTe is used as an absorber layer since it has quasi optimal 

absorption characteristics (around 90%).  Lastly, CdSe was chosen given its physical and chemical 

properties.  

One of these properties corresponds to the range were CdTe’s band gap falls, matching the 

solar energy spectrum. In addition, CdTe is capable to adjust the energy level through quantum 

dots.  
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Fig. 1.  Thin film solar cell modeled on the MMS. The solar cell is composed by glass, a front contact layer 

ITO, a window layer CdS, (n type), an active layer which is replaced for each case PbS, CdTe or CdSe (p 

type), and a back contact layer of Aluminum (not considered on computations). 

 

 
 

Fig. 2. Energy band diagram for the PbS, CdTe and CdSe layers. 

 

 

Fig. 2 represents the energy band diagram for all three active layer materials. In the last 

mention figure, conduction (EC), Fermi energies (EF), valence energies (EV), barrier height (𝜙0), 

and space charge region (W) are shown.  

 
 

2. Theory and modeling 
 

The presented analysis is based on the Sah, Noyce, and Shockley theory of carrier 

generation and recombination in P-N structures [6]. The theory behind optical and electrical 

parameters required for the modeling is described in the next paragraphs.  

 

 

2.1 Optical parameters 

In order to estimate the transmission spectrum it is needed to know the total transmittance 

for the given number of layers. Transmittance can be defined as the ratio of the intensities of the 

emergent and incident beams of light [7]. In a same manner, the whole structure is characterized 

by the reflection coefficient (R), the absorption coefficient (α), the complex reflection coefficient 

and the thickness (d) of layers. 

The absorption coefficient 𝛼 is related to the extinction coefficient k, as well as, to the 

wavelength by: 

 

𝛼 =
5𝜋𝑘

𝜆
                                                                                         (1) 
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In a solar cell, the light is absorbed by the material when the energy of light is greater than 

the material band gap energy [8]. In practical cases, semiconductors have impurities which 

generally can present absorption during characterization. Under the above circumstances, the 

transmittance is determined by: 

 

𝑇 =
(1 − 𝑅)2𝑒−𝛼𝑑

1 − 𝑅2𝑒−2𝛼𝑑
                                                                                 (2) 

 

      
 

 
 

Fig. 3. Refractive index for Glass, ITO, CdS, PbS, CdTe and CdSe used for the presented model. n is 

considered within the range of study, from 300 to 900 nm [9, 10, 11]. 

 

 

Based on the Fresnel theory [8], when light has an incidence about the normal vector and 

considering the imaginary index refraction term, the reflection at the boundary of two media can 

be computed using Equation (3): 

 

𝑅 =
(𝑛1 − 𝑛2)2 + (𝑘1 − 𝑘2)2

(𝑛1 − 𝑛2)2 + (𝑘1 − 𝑘2)2
                                                              (3) 

 

where n1 and n2 are the refractive indices of the two media. While, k1 and k2 are the extinction 

coefficient for the same two media. The values for n and k used through this where taken from [9, 

10, 11] and can be observed in Fig. 3 and Fig. 4. 

 



628 

 

       
 

 
 

Fig. 4. Extinction coefficient for ITO, CdS, PbS, CdTe and CdSe used for the presented model. For this case, 

k for glass was considered constant and equal to 0. [9, 10, 11]. 

 

 

For a multilayer structure, the light transmitted up to the absorber layer through all 

reflections can be determined by: 

 

T(λ) = (1 − Rj,k)(1 − Rj+1,k+1)(1 − Rj+2,k+2)(1 − Rj+3,k+3)                            (4) 

 

The absorption coefficient (α) will be taken into account for the CdS and ITO layers. 

Thus, the transmission coefficient (T(λ)) corresponding to multiple reflections can be computed 

using  Equation (5): 

 

T(λ) = (1 − Rj,k)(1 − Rj+1,k+1)(1 − Rj+2,k+2)(1 − Rj+3,k+3)(e−αjdj)(e−αk+1dk+1)             (5) 

 

where αj, dj, αj+1, and dk+1 correspond to the absorption coefficient and layer thickness for the front 

contact (ITO) and windows layer (CdS) respectively. The used thickness for ITO and CdS layers 

were 150 μm. 

Once the transmittance is known, it is necessary to determine the space charge region (or 

depletion layer) denoted as W. When light impinges the junction between the window layer and 

the active layer, it knocks an electron off the n-type material atom and it creates an electron-hole 

pair. W is highly related to the difference of donor and acceptor concentrations, as it can be seen in 

Equation (6). 

 

W = √
2𝑟0(ϕ0 − qV)

q2(Na − Nd)
                                                                             (6) 

 

In Equation (6), r and 0 stand for the active layer relative dielectric constant and 

permittivity for vacuum, respectively. Even though, the dielectric constant varies with the 

frequency, for PbS, CdTe, and CdSe values for r were fixed. The applied numbers for r were: 

17.2 for PbS, 10.16 for CdTe and 9.5 for CdSe [12, 13, 14]. 
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From Fig. 5, it can observe that the behavior for CdSe and CdTe are similar, given that the 

dielectric constants don’t differ from each other in great manner. 

 

 
 

Fig. 5. Concentration of uncompensated donor and acceptor in the window and active layers. The range 

goes from 10
12

 to 10
18

. 

 

 

When designing a solar cell, it is looked forward to delay or avoid, as much as possible the 

recombination process by increasing the collection of carriers. From Figure (5), it can be seen that 

as the concentration of uncompensated donor and acceptors arises, W is decreased and in 

consequence the quantum efficiency does too. This behavior can be attributed to the absorption of 

a large quantity of photons outside the depletion layer during the drift process. 

The quantum efficiency (QE) corresponds to the ratio between the produced electrons on 

the cell circuit and the number of incident photons. The internal QE is calculated in the junction 

between the CdS layer and the active material layer (PbS, CdTe and CdSe). IQE is composed by 

two components: the drift component and the diffusion component. The drift component happens 

when an electron-hole pair is generated in the depletion layer, while the diffusion component 

occurs when a pair of electron and hole is achieved in the neutral region of the active layer.  

The diffusion and drift component can be calculated using the following equations [15]: 

 

𝜂𝑑𝑟𝑖𝑓𝑡 =
1 +

𝑆
𝐷𝑛

(𝛼 +
2
𝑊

𝜙0 − 𝑞𝑉
𝑘𝑇

)
−1

1 +
𝑆

𝐷𝑛
(

2
𝑊

𝜙0 − 𝑞𝑉
𝑘𝑇

)
−1 −  exp(−𝛼𝑊)                                            (7) 

and 

 

𝜂𝑑𝑖𝑓𝑓 =
𝛼𝐿𝑛

𝛼2𝐿𝑛
2 − 1

𝑒−𝛼𝑊 × {𝛼𝐿𝑛 −

𝑆𝑏𝐿𝑛
𝐷𝑛

[cosh (
𝑑 − 𝑊

𝐿𝑛
) − 𝑒−𝛼(𝑑−𝑊)] + sinh (

𝑑 − 𝑊
𝐿𝑛

) + 𝛼𝐿𝑛𝑒−𝛼(𝑑−𝑊)

𝑆𝑏𝐿𝑛

𝐷𝑛
sinh (

𝑑 − 𝑊
𝐿𝑛

) + cosh (
𝑑 − 𝑊

𝐿𝑛
)

}     (8) 

where S is the surface recombination velocity, Dn is the diffusion coefficient, α is the absorption 

coefficient, W is the space charge region, ϕ0 is the barrier height, q is the electron charge, V is the 

applied voltage, k is the Boltzman constant, and T is the temperature in Kelvin. For equation (8), 

Sb is the back surface recombination time on the active layer, Ln is electron the diffusion length 

and d is the thickness of the Pbs, CdTe or CdSe layer. 
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The diffusion length is then calculated using the following equation: 

 

𝐿𝑛 = √𝜏𝑛𝐷𝑛                                                                                      (9) 

 

here, 𝜏𝑛 is the electron lifetime. Thus the quantum efficiency can be determined by the summation 

of the two components as follows: 

 

𝜂𝑖𝑛𝑡 = 𝜂𝑑𝑟𝑖𝑓𝑡 + 𝜂𝑖𝑛𝑡                                                                   (10) 

The values used for this study can be seen in Table 1. Once the quantum efficiency is 

known, the ultimate efficiency can be determined. 
 

 

Table 1. Parameter setting for the mathematical model simulator. 

 

Parameters Materials  

  PbS CdTe CdSe Units 

Eg 1.32 1.8 1.7 eV 

r 17.2 10.16 9.5 -  

φ0-q𝝂 0.7 1 0.48 eV 

Na-Nd 10
18

 10
18

 10
17

 cm
-3

 

W 0.28 0.26 0.56 𝜇m 

S 10
7
 cm/s 

Dn 25.8 25 5.5 cm/s 

Sb 10
7
 cm/s 

T 300 K 

Tn 10
-9

 s 

Tp 10
-9

 s 

m0 9.1093x10
-31

 Kg 

m 0.25 0.119 0.11 Kg 

ni 10
10

 cm
-3

 

 

 

2.2 Electrical parameters 

As a means to obtain the ultimate efficiency, behavior of a solar cell can easily be 

represented as pn diode. Thus, one can obtain the I-V curve from the equation corresponding to the 

electric model represented on Fig. 6. I-V curve is formed by overlapping the characteristic curve of 

a diode in the dark and the curved formed once the light generates the current through the circuit 

[16]. Once the cell is illuminated by solar light it adds current to the existing dark currents. The 

above phenomenon is described by the following equation: 

 

𝐼 = 𝐼𝐿 − 𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉

𝑛𝑘𝑇
) − 1]                                                                       (11) 

 

where, IL is the light generated current, I0 is the dark saturation current, and n is the ideality factor. 

Equation (11) represents the current of an ideal solar cell. Usually for a solar cell, this curve is 

expressed in terms of current density J(A/cm
2
). 
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Fig. 6.- Electric circuit model for a solar cell. 

 

To obtain a more accurate computation for the J-V curve on a solar cell, several 

parameters are taking into account, such as transmittance, solar irradiance, quantum efficiency, 

short circuit current, and the open voltage circuit. 

Short circuit current density (Jsc) can be considered as one of the main parameters to 

model and characterize a solar cell.  Jsc can be calculated as follows: 

 

𝐽𝑆𝐶 = 𝑞 ∑ 𝑇(𝜆)

𝑖

𝜙𝑖(𝜆𝑖)

ℎ𝜈𝑖

𝜂(𝜆𝑖)Δ𝜆𝑖                                                                (12) 

 

where, T(λ) is the optical transmission spectrum across the layers of the CdS structure, ϕi is the 

spectral radiation power density, η is the quantum efficiency, Δλ is the value between two 

neighbor wavelengths, and hν is the photon energy. As the light impinges into the solar cell, the J–

V curve can be moved to the fourth quadrant were the power can be extracted.  In this particular 

case, the standard solar spectra ASTM G-173-03 (International standard ISO 9845-1 1992) was 

used, under conditions of AM 1.5 direct. 

The function of the J-V curve can be represented as: 

 
𝐽(𝑉) = 𝐽𝑑 − 𝐽𝑝ℎ                                                                             (13) 

 

where, Jd is the dark current density and Jph is the current density generated as a result of the 

photovoltaic effect (for this case Jph=Jsc). According to the theory of generation and recombination 

of Sah-Noyce-Shockley, the generation-recombination rate in the distance x of the depletion layer 

is a parameter that must be considered at the moment to compute J(v). Since, it is directly attached 

to the recombination generation current. This generation-recombination rate is denoted by U and 

is: 

 

𝑈(𝑥, 𝑉) =
𝑛(𝑥, 𝑉)𝑃(𝑥, 𝑉) − 𝑛𝑖

2

𝜏𝑝0[𝑛(𝑥, 𝑉) + 𝑛1] + 𝜏𝑛0[𝑃(𝑥, 𝑉) + 𝑃1]
                                              (14) 

 

where, n(x,V) and P(x,V) are the carrier concentration in the conduction and valence bands 

respectively. While, ni is the intrinsic carrier concentration, 𝜏𝑝0 , and 𝜏𝑛0  are the hole and the 

electron effective lifetime. n1 and p1 are obtained from the energy between the valence band and 

the generation-recombination level. 

As reported by Sah Noyce [6], for conditions when exist a large reverse bias, -q(Φp-

Φn)/kT>>1, an approximation for U can be applied, due to the recombination rate can be 

considered as a constant over the transition region and the hole current obtain a proportional 

dependency to the distance. Thus, equation (14) can be substituted by equation (15): 

 

−𝑈 = 𝑛𝑖 [2√𝜏𝑝0𝜏𝑛0 cosh (
𝐸𝑡 − 𝐸𝑖

𝑘𝑇
+

1

2
ln

𝜏𝑝0

𝜏𝑛0

)]
−1

                                           (15) 
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Equation (15) marginally overestimates the recombination generation current since U 

drops to zero near the depletion layer end. Hence, the recombination generation current 

considering this approximation is: 

 
𝐽𝑟𝑔 = 𝑞𝑈𝑊                                                                                 (16) 

 

The electron current (Je) across the window layer and the active layer can be analogous 

compared to the phenomena occurring in a pn diode, so a variation of Equation (11) can be 

developed considering the concentration of electrons in the bulk region of the p-active layer (PbS, 

CdTe, or CdSe) resulting as follows: 

 

𝐽𝑒 = 𝑞
𝑛𝑝𝐿𝑛

𝜏𝑛

[𝑒𝑥𝑝 (
𝑞𝑉

𝑘𝑇
) − 1]                                                              (17) 

and  

𝑛𝑝 = 𝑁𝑐𝑒𝑥𝑝 (−
𝐸𝑔−Δμ

𝑘𝑇
) (18),      𝑁𝑐 = 2 (

𝑚𝑛𝑘𝑇

ℎ2 )
3

2⁄

                               (19) 

 

where, 𝑛𝑝  is the electron concentration in the p-layer (active), 𝑁𝑐  is the effective state density 

corresponding to the conduction band, 𝐸𝑔 is the energy gap of the active layer, Δμ is the space 

between the Fermi level, and the peak of the Valence band of PbS, CdTe and CdSe layers.  mn is 

the effective mass of the electron. In this way, Jd is obtained from: 

 
𝐽𝑑 = 𝐽𝑟𝑔 − 𝐽𝑒                                                                                  (20) 

 

To obtain the maximum power of the Cds/PbS, CdS/CdTe, and CdS/CdSe solar cells, the 

fill factor (FF) parameter must be known. The FF is defined as the ratio of maximum power and 

the product of Voc by Jsc. The FF is a magnitude related to the ultimate efficiency of conversion 

and can be calculated using: 

 

𝐹𝐹 =
𝑉𝑚𝑝𝐽𝑚𝑝

𝑉𝑜𝑐𝐽𝑆𝐶

                                                                                 (21) 

 

In Equation (21), Vmp and Jmp are the maximum voltage and the maximum current density 

respectively. While, Voc is the open circuit voltage and Jsc is the short circuit current density. FF is 

usually settled from the J-V curve for each CdS material junction. 

Finally, the ultimate efficiency of the solar cell is computed using equation (22): 

 

𝜂 =
𝑉𝑂𝐶𝐽𝑆𝐶𝐹𝐹

𝑃𝑖𝑛

                                                                             (22) 

 

where Pin is the power input of the solar cell.  The ultimate efficiency of a solar cell can be seen as 

the fraction of input power transformed into electricity. 

 
 
3. Results 
 

Fig. 7 shows the Spectrum transmission for each one of modeled cases using the MMS 

and Eq. (1)–(5). Figure one indicate that the range for the spectrum transmission, considering only 

the reflection, goes from 0.87 to 0.93. Once the absorption is taken into account, the reflection 

drops considerably in the wavelength from 300 to 550 nm. This value goes down to 0.20 at 300 

nm. Results denote that a considerable portion of the solar cell efficiency loss corresponds to the 

absorption at the front contact layer and the window layer. The absorption effect can be reduced if 

the thickness of the ITO and the CdS layer (d1 and d2) is reduced [17]. For this study, 150 nm were 

selected for d1 and d2 since the fabrication process get more complex as these thicknesses get 

lower.   
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Fig. 7. Spectrum Transmission up to the active layer for the three cases (PbS, CdTe, and CdSe) where d1 

and d2 is the thickness of the front contact layer (ITO) and thickness of the window layer respectively. 

 

 

For the estimation of the internal quantum efficiency, Eq. (7) and (8) were considered. Fig. 

8 (a) shows the drift component for the model CdS/PbS at different PbS layer with thickness in the 

range of 0.5 to 2 μm. Figure 8 shows that the diffusion component can be controlled as the active 

layer thickness grows, corresponding to a maximum of 0.44% at 800 nm at d=2 μm and a 

minimum of 0.02% at 340 nm and d=0.5μm. In Fig. 8 (b) it can be seen that the efficiency 

corresponding to the drift component varying the depletion layer distance. The values for W are 

selected from the results shown in Fig. 5. It can be observed that as W gets longer the drift 

component gets closer to 1, attributed to a larger length W, the electromagnetic field gets more 

intense leading into the excitation of multiple electrons as a single photon is absorbed by the cell. 

For this CdS/PbS model, W was fixed at 0.28 μm and the values required for Eq. (7) and (8) are in 

Table 1.    

In a similar way, Fig. 9 (a) shows the diffusion and the drift b) components for the 

simulated CdS/CdTe model. The maximum value for the diffusion component is 0.54 with d=2 μm 

and W was fixed at 0.26 μm.  

Finally, Figure 10 represents the components of the internal quantum efficiency for the 

structure corresponding to the CdS/CdTe. As mentioned, the diffusion component a) gets greater 

values as the thickness of the active layers keep growing; W was set to be 0.56 μm.  

Once the two components were determined for each case, the internal quantum efficiency 

was computed making use of equation (10), and then was proceeded to obtain the electrical 

parameters. 

 

    
a)                                                          b) 

 

Fig. 8. Diffusion a) and Drift b) components for the solar cell model CdS/PbS. The value for W was fixed at 

0.28μm in order to estimate the diffusion component. The figure shows the internal quantum efficiency 

parameters in a range from 300 to 900 nm, showing better results when there is an active layer thickness  

of 2μm.  
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a)                                                          b) 

 

Fig. 9. Diffusion a) and Drift b) components for the solar cell model CdS/CdTe. The value for W was fixed at 

0.26μm in order to estimate the diffusion component. A better efficiency is denoted when the thickness of the 

active layer gets a larger value. 

 

 

    
a)                                                          b) 

 

Fig. 10. Diffusion a) and Drift b) components for the solar cell model CdS/CdSe. The value for W was set at 

0.56μm in order to estimate the diffusion component. 

 

 

The short circuit current for each model and each layer thickness presented was computed. 

The calculations were made considering the losses generated by the optical transmission and 

reflection presented in Fig. 7 and using Equation  (12). As mentioned before these calculations 

were made under de AM 1.5 Standard. For the CdS/PbS model the maximum (absolute) value 

corresponding the short circuit current density was Jsc= 31.2 mA/cm
2
, Jsc=16.6 mA/cm

2
 for the 

CdS/CdTe design, and Jsc=17.6 mA/cm
2
 for the CdS/CdSe type. The similarity of JSC between the 

CdTe and the CdSe models is due to the closeness of the IQE values for the two, which affects 

directly the current because of the losses at the collection of charge carriers in the solar cell.  

Once Jsc and Jd were calculated is relatively easy to obtain the J-V for each 

heterostructures under study. In Figs. 11-13 a) it can observe the curve with a Voc from 0 to 0.45 V, 

an electron lifetime τn  = 10
-9

 seconds and a temperature of T=300 K. Then the fill factor is 

computed by the MMS using Equation (21) in order to obtain later the maximum power output of 

the solar cells. From Tables 2-4, it can be seen that the FF remains basically constant around 0.77 

and 0.78. Fill factor can be increased depending on the material resistivity, and by increasing the 

carrier lifetime [18]. On the other hand, Figs. 11-13 b) shows the maximum output density for the 

solar cells in function of the applied Voltage. The maximum power density was presented at d=2 

μm for all three studies. Being P=0.010 W/cm
2
 at 0.35 V for the CdS/PbS, 0.005 W/cm

2
 at 0.37 V 

for the CdS/CdTe, and 0.006 W/cm
2
 at 0.38 V.  

Finally, the efficiency is calculated by the MMS using Equation (22) giving a minimum 

ultimate efficiency (𝜂) of 7.52, 2.43, and 2.98% for PbS, CdTe, and CdSe active layers at d=0.5 
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μm, respectively. The maximum values were 10.24, 5.69, and 6.33% for the same order with d=2 

μm. 

     
a)                                                          b) 

 

Fig. 11. J-V curve a) and max power density output b) for PbS. 

 

 

      
a)                                                          b) 

 

Fig. 12.- J-V curve a) and max power density output b) for CdTe. 

 

 

      
a)                                                          b) 

 

Fig. 13. J-V curve a) and max power density output b) for CdSe. 

 

 

Table 2, Table 3, and Table 4 show the short circuit current density (Jsc), Open Circuit 

Voltage (Voc), Maximum Power (Pm), Maximum Voltage (Vm), Maximum Current Density (Jm), 

fill factor (FF), and characteristic resistance (Rch) for each case. The maximum value for the 

ultimate efficiency corresponds to the CdS/Pbs model, getting 10.24% for a thickness of the active 

layer of 2 μm. 
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On the other hand, the minimum value for η recorded corresponds to the CdTe 

combination with 2.43% for a thickness of 0.5 μm. The characteristic resistance (Rch) is obtained 

by 𝑅𝑐ℎ = 𝑉𝑚 𝐽𝑚⁄  
 

 

Table 2. Ultimate efficiency (η) for the modeled heterostructure at different PbS active layer thickness (d). 

 

CdS/PbS 

d (μm) Jsc (A/cm
2
) Voc (V) P (W/cm

2
) Vm (V) Jm (A/cm

2
) FF η (%) Rch (Ω) 

0.5 -0.0234 0.4143 0.00752 0.3458 0.02174 0.775 7.52 17.3 

0.7 -0.0257 0.4167 0.008318 0.3484 0.02387 0.776 8.32 15.17 

0.9 -0.0273 0.4183 0.008875 0.3501 0.02534 0.777 8.88 14 

1.1 -0.0284 0.4193 0.00926 0.3501 0.02644 0.777 9.26 13 

1.3 -0.0292 0.42 0.00954 0.3518 0.02711 0.777 9.54 12.66 

1.5 -0.0299 0.4206 0.009786 0.3519 0.02780 0.778 9.79 12.47 

2 -0.0312 0.4217 0.01024 0.3553 0.02882 0.778 10.24 12.21 

 

 

Table 3. Ultimate efficiency (η) for the modeled heterostructure at different CdTe active layer thickness (d). 

 

CdS/CdTe 

d (μm) Jsc (A/cm
2
) Voc (V) P (W/cm

2
) Vm (V) Jm (A/cm

2
) FF η (%)  Rch (Ω)  

0.5 -0.0075 0.4169 0.00243 0.3493 0.0070 0.7772 2.43 50.21 

0.7 -0.0095 0.4232 0.00313 0.3553 0.0088 0.7785 3.13 40.33 

0.9 -0.0112 0.4275 0.00373 0.3588 0.0104 0.7790 3.73 34.51 

1.1 -0.0126 0.4305 0.00420 0.3622 0.0116 0.7743 4.20 31.24 

1.3 -0.0137 0.4326 0.00463 0.3641 0.0127 0.7812 4.63 28.63 

1.5 -0.0147 0.4344 0.00500 0.3648 0.0137 0.7830 5.00 26.62 

2 -0.0166 0.4376 0.00569 0.3674 0.0155 0.7833 5.69 23.72 

 

Table 4. Ultimate efficiency (η) for the modeled heterostructure at different CdSe active layer thickness (d). 

 

CdS/CdSe 

d (μm) Jsc (A/cm
2
) Voc (V) P (W/cm

2
) Vm (V) Jm (A/cm

2
) FF η (%)  Rch (Ω)  

0.5 -0.0087 0.4374 0.00298 0.3683 0.0081 0.7831 2.98 45.52 

0.7 -0.0112 0.4439 0.00391 0.3744 0.0104 0.7865 3.91 35.85 

0.9 -0.0128 0.4474 0.00451 0.3769 0.0120 0.7875 4.51 31.50 

1.1 -0.0141 0.4499 0.00500 0.3787 0.0132 0.7882 5.00 28.68 

1.3 -0.0151 0.4517 0.00538 0.3813 0.0141 0.7888 5.38 27.02 

1.5 -0.0159 0.4530 0.00568 0.3821 0.0149 0.7886 5.68 25.70 

2 -0.0176 0.4556 0.00633 0.3848 0.0165 0.7894 6.33 23.39 

 
 
4. Conclusions 
 

A mathematical modeling was implemented in order to study and compare the parameters 

that most affect the ultimate efficiency in solar cell structures. Three solar cell heterostructures 

were modeled based on CdS (n-type window layer), and substituting the active p-layer for PbS, 

CdTe, and CdSe on each simulation. 
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Study was based on the calculation for space charge region length, spectrum transmission, 

absorption, internal quantum efficiency, short circuit current density, dark current density, fill 

factor, maximum power density output, and ultimate efficiency for the three heterostructure solar 

cells. Studies were made considering the losses generated by the reflection and absorption through 

all the layers. 

The results indicate that one of the most associated parameters with the ultimate efficiency 

is the uncompensated donor and acceptor compensations, since this value is highly related to the 

depletion layer length, which is also a critical parameter for the IQE. The results also show that the 

thickness of the active layer plays an important role. 

From the ultimate efficiency obtained by the MMS one can tell that by under same 

conditions, the solar cell composed by the CdS/PbS structure gets a higher value in comparison to 

the other two models. For the PbS structure a maximum efficiency of η=10.24% against η=5.69% 

for CdTe and η=6.33% for CdSe.  Obtained values are similar to efficiencies previously reported 

in literature [27]. The improvement of the fill factor can directly modify the efficiency of the solar 

cell; this value is affected by the recombination current in the charge space region of the pn 

junction. Low recombination current yields to a higher squareness of the FF. 

The maximum values were obtained under the following conditions: thickness of the front 

contact layer (ITO)=150 nm, thickness of the window layer (CdS)=150 nm, thickness of the active 

layers (PbS, CdTe, and CdSe) =2 μm, τ=10 nS, WPbS= 0.28 μm, WCdTe= 0.26 μm, WCdSe= 0.56 μm 

and surface recombination velocity S=10
7
 cm/s. 
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