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Abstract 
 
A model is developed to explain the current-voltage (J-V) characteristics of 

polycrystalline CdTe-CdS solar cells with different grain sizes of CdTe. Analytical 
expressions are derived for J-V characteristics by solving the continuity equation for 
electrons and holes using appropriate boundary conditions. The grain size (g) effect is taken 
into account via the parameters like mobility, diffusion length and life-time of carriers. The 
model developed is fitted with the experimental data and it shows a good agreement. 
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1. Introduction 
 
Thin film solar cells, especially CdTe-CdS have been an active area of research 

because of their low cost and better efficiency. Various models have been proposed focusing 
on the different aspects of the cell like front region [1] , back contact[2] , carrier collection 
efficiency [3] etc. to explain the J-V characteristics. The present model focuses upon the 
grain size effect on the performance of the CdTe-CdS solar cells. 

CdTe thin films are polycrystalline. The major drawback of polycrystalline material 
is the presence of grain boundaries and the intra grain defects which increase the 
recombination of carriers and thus degrade the performance of the device. Some researchers 
have investigated the effect of grain size on the performance of the solar cell[4-6] but it 
seems that they have focused upon certain important aspects like open circuit voltage (Voc), 
short circuit current (Jsc), fill factor (FF) and efficiency (η) only.  In the present paper 
however, we try to model the entire J-V characteristics of the solar cell for different grain 
sizes of CdTe. The grain size effect has been taken into account using suitable models which 
give the impact of grain size on parameters like mobility and diffusion length. Then with the 
assumption of constant electric field, we solve the continuity equations for electrons and 
holes in the p-type region only incorporating suitable generation-recombination rates to get 
the J-V characteristics. The model is verified with the experimental data and shows a good 
agreement. 

 
 

                                                 
* ) For correspondence, E-mail: mwakram@iitk.ac.in 



Bahniman Ghosh et. al / Current voltage characteristics modeling of polycrystalline… 

 

38 
 

2. Model 
 

2.1.Modeling of Grain Size Effect 
 

            Various models have been presented to study the effect of grain boundaries on the 
charge transport in semiconductor devices [7-11].One can assume a potential barrier of a 
finite width at the grain boundary and analyze the structure as has been done by Bourezig et 
al. [10] or Seto [11] or one can use the models like those proposed in [7-9] which gives the 
effect of grain size on the parameters like mobility or diffusion length and then use these 
parameters to study the effect of grain size on the performance of the device. We are 
adopting the later approach. We are using a very simple model. The effective mobility in 
poly-crystalline material can be given by: 

 

S G

1 1 1
= +                                                       (1) 

μ μ μ  

Where µS is the mobility in a single crystal and µG is the grain boundary limited mobility. µG 
can be written as: 

µG=qτG/m*     (2) 
 

Where q is the electronic charge, τG is the grain-boundary controlled relaxation time and m* 

is the effective mass of the carrier. The average thermal velocity of the carriers, v is given 
by: 

      *

3kT
v=                                                          (3)

m  
(3) 

 

Where k is the Boltzmann’s constant and T is the absolute temperature. τG can be expressed 
in terms of L, the grain boundary limited mean free path and v as: 

 
τG=L/v                           (4) 

 

We used me
*/m=0.14 [12] and mh

*/m=0.35 [12]. L was taken as a fitting parameter. The 
diffusion co-efficient can be obtained from mobility using Einstein relation: 
 

    t
D kT

= =V                                                          (5)
μ q

 

 
The effective diffusion length in poly-crystalline material can be expressed as [13]: 
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Where Leff,mono is the diffusion length in a single crystal, SGB is the grain boundary 
recombination velocity, D is the diffusion co-efficient and g is the grain size. SGB and 
Leff,mono were again taken as fitting parameters. The effective lifetime of carriers (τ) was then 
obtained using  

τ=L2
eff, poly /D                              (7) 

 
Leff,mono was taken as 20 µm and the single crystal mobility values for electrons and holes 
were taken to be 1050 cm2/Vs  [14]  and 80 cm2/Vs [14] respectively . The Table 1 lists all 
the simulations parameters used. 
 

Table 1: Simulations Parameters Used 
 

Different Parameters Used Grain size 

(3 µm) 

Grain size 

(4 µm) 

Grain size 

(5 µm) 

Mean free path for electrons 
Ln (in A0) 

53.4152 65.2548 75.0393 

Mean free path for holes 
Lp (in A0) 

1.929 2.063 2.7963 

µGn(cm2/Vs) 214.334 257.829 301.103 
µGp(cm2/Vs) 4.8806 5.2197 7.0748 
µn (cm2/Vs) 178 207 234 
µp (cm2/Vs) 4.6 4.9 6.5 
SGBn (m/s) 13.2689 7.3091 1.198 
SGBp (m/s) 6.78847 3.9829 0.8099 

Leff,poly n (µm) 6.803 1.0375 1.744 
Leff,poly p (µm) 1.546 2.257 4.111 

τn (µs) 0.1 0.2 0.5 
τp (µs) 0.2 0.4 1 

 
2.2. Modeling of J-V Characteristics 

 
             If Jn and Jp are the electron and hole current densities respectively, the continuity 
equation for electrons and holes in steady state become: 

p

n

-1 δJ
+G (x)-R (x)=0                                        (8)

q δx

1 δJ
+G (x)-R (x)=0                                         (9)

q δx

 

 
Where G(x) and R(x) are the generation and recombination rates of carriers respectively. If 
n(x) and p(x) are the electron and hole concentrations respectively, then using drift-diffusion 
model, Jnand Jp is given by: 

n n n

p p p

δn
J (x )= qμ n (x )Ε (x )+ q D                              (1 0 )

δx
δp

J (x )= qμ p (x )Ε (x )-q D                               (1 1 )
δx
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Where E(x) is the electric field and Dn and Dp are the electron and hole diffusion-
coefficients respectively. The doping concentration Na in p-CdTe is 1016 cm-3 and Nd in n-
CdS is 1018 cm-3. As Nd is very high compared to Na, the depletion region will extend 
primarily in the p-type region. To simplify the analysis, we invoked the full depletion 
approximation. If V is the applied voltage, Vo is the junction voltage and d is the width of 
the p-type layer, then (neglecting series resistance for the time being) we could assume the 
voltage dependent electric field in the p-type region to be given by: 

    
0V -V

E (x )= = E                                                (1 2 )
d

 

 
Kabir and Anjan [15] had also used similar expression in their analysis.Vo was taken as a 
fitting parameter to be equal to 0.8V as suggested by Kabir and Anjan [15]. The generation 
rate can be taken as:  

   -αx
oG(x)=G e                                                                      (13)  

 
Where Go is the carrier generation rate at x=0 and α is the absorption coefficient of CdTe. 
Go and α were taken as fitting parameters. Go was taken to be equal to 4.64×1026 m-3s-1 and α 
to be 105m-1 in all cases. The recombination rates for electrons and holes were taken as 
n(x)/τn and p(x)/τp respectively. If we substitute all these expressions in the continuity 
equation, we get the following second order differential equations in terms of n(x) and p(x). 
For convenience we drop the notation n(x) or p(x) and will write simply as n and p: 

2
-αx

p p o
2

p

2
-αx

n n o
2

n

p p p
D -μ E - +G e =0                                 (14)

x x τ

n n n
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
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The equations can be solved analytically. The complete solution which will be the sum of a 
general solution and a particular solution is given below: 
 

 

1 2

3 4

λ λ -α
1 2 1

λ λ -α
3 4 2

x x x

x x x

p(x)=C e +C e +K e                            (16)

n(x)=C e +C e +K e                            (17)  

Where, 
2
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2
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-G
K =                                                    (21)

E 1
D (α - α- )

V D τ

 

And C1, C2, C3, C4 are constants to be determined by appropriate boundary conditions. We 
have used following conditions: At x=0, n=n1 and p=p1 and at x=d, n=n2 and p=p2 
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Finally C1, C2, C3, C4 can be written, as given below: 
 

2 2

1 2

-αd λ d λ d
2 1 1

1
λ d λ d

p -K (e -e )-p e
C =

e -e
                                                 (22) 

2 1 1 1    C =p -C -K                                                                    (23) 
4 4

3 4

-αd λ d λ d
2 2 1

3
λ d λ d

n -K (e -e )-n e
C =

e -e
                                                (24) 

4 1 3 2  C = n -C -K                                          (25)                     
 
At x=0 i.e. at the junction, n and p will be zero because if any carrier is generated then it will 
be swept by the field instantly so we can take n1=0 and p1=0.  The other boundary condition 
can be obtained at the contacts by equating the current with the surface recombination 
current. That will require the values of surface recombination velocity of carriers. Instead of 
taking surface recombination velocity as a fitting parameter, we have taken directly the 
electron and hole concentration there as fitting parameters. Using these boundary conditions, 
we can determine n(x) and p(x). Then from n(x) and p(x), we can get Jn(x) and Jp(x) directly. 
The total current density J will be sum of hole and electron current density, as given below: 
  

n pJ=J (x)+J (x)                                                                 (26)  
 
Including series resistance Rs: 
 
The series resistance Rs can be included in the analysis by modifying the expression of E 
given earlier i.e. Eq. (12) as: 
 

0 sV -V -(J/A )R
E (x)= = E                                     (27)

d
 

 
Where A is the cross sectional area of the device. Rs were taken as a fitting parameter equal 
to 3.5×10-4 Ω cm-2 for all cases.  
 

3. Results and Discussions 
             

For the simulation, Matlab 7.10.0 (R 2010a) was used to solve the equations 
iteratively and get the results. The model was fitted with the experimental data (Detailed 
discussion is made in the Appendix). In the drawn plot + points are the experimental ones 
and the continuous line shows the simulated results. From the plot drawn (Fig. 1, Fig. 2, and 
Fig. 3), it is observed that the simulated results are in good agreement with the experimental 
ones. The discrepancy may be because of the assumption of constant electric field. We had 
taken Go and α same for all cases. This may not be true in real situation. The optical losses 
may be slightly different for each case and the initial deviations for g=4µm case may be 
because of that. 
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Figure 1: J-V Characteristics for g=3µm. 

 
Figure 2: J-V Characteristics for g=4µm. 

 
Figure 3: J-V Characteristics for g=5µm. 
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4. Conclusion 
              

A theoretical model based upon simple drift-diffusion formulation is developed to 
study the J-V characteristics of a solar cell. The continuity equations are solved with suitable 
generation-recombination rates and appropriate boundary conditions. The grain size effect is 
incorporated using parameters like mobility and diffusion length of the carriers. The model 
is fitted with the experimental data and it shows a good agreement. 
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APPENDIX 
 
Device fabrication 
 

The device were fabricated and tested by Prof. Mitra Dutta and Dr. Hyeson Jung in 
the Nano-engineering research laboratory, department of electrical and computer 
engineering in the University of Illinois at Chicago. The fabrication process is given below 
[16]. 

 Transparent conducting oxide (TCO) coated glasses from Wooyang and Pilkington 
were used. Then CdS was deposited. The grain size of CdTe will depend upon the 
deposition temperature and in general higher the temperature, larger will be the grain size. 
Therefore CdTe deposition was carried out at different temperatures (from 4000 C to 5000 C) 
to get the maximum grain size. CdCl2 vapor treatment was used to increase the efficiency of 
the cell. It was spin coated, followed by rinse and then annealed under CdCl2 treatment for 
different temperatures and time durations so as to get the maximum grain size. The surface 
was etched followed by copper deposition and diffusion. Finally gold was deposited as the 
back contact. The experimental data were collected at temperature of 300K and 1000W/m2 
of light intensity.  

Irrespective of the growth process or deposition techniques, the grain size is the 
essential parameter that influences the performance of these films and that’s why it was 
decided to propose a model to study the effect of grain size on the performance of the device. 
 


