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ABSTRACT 

 
A two-dimensional (2D) analytical model based on the Green’s Function method is 

applied on a n+-p polysilicon solar cell. This model is implemented through a simulation 
program in order to optimize the conversion efficiency of a PV module constituted of 36 solar 
cells connected in series. The influence of different physical and geometric parameters like 
doping density and thickness of different regions of the elementary cell on the conversion 
efficiency. This study shows that the optimum conversion efficiency of the considered PV 
module can reach 19,38 %. A half-analytical method was investigated while using a two-
diode I-V model to predict the five electrical parameters that characterize the I-V relationship 
of PV module. These results are in satisfactory agreement with the simulation model of other 
works. 

      
Keywords: polysilicon, conversion efficiency, optimization, photovoltaic module 
 
Nomenclature 
Iph : PV module generated current (A). 
Id0: PV module saturation diffusion dark current (A). 
Ir0 : PV module saturation recombination (A). 
Rs: PV module series resistance (Ω). 
Rsh : PV module shunt resistance (Ω). 
I: output current (A). 
V: voltage delivered by PV module (V). 
Im : current at maximum power point (A). 
Vm : voltage at maximum power point (V). 
S: single effective cell area (m2). 
q : electron charge (1,6 10-19 C). 
Tc: cell temperature (K). 
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Pi : incidence irradiance under AM1 illumination condition on the PV cell surface. 
Isc : short circuit current (A). 
Voc: open circuit voltage (V). 
FF: fill factor. 
η: conversion efficiency of  PV module. 
VT: thermal voltage (V). 
We: emitter thickness (µm). 
W: space charge region width (µm). 
Wb: base layer thickness (µm). 
Sn: PV cell recombination velocity at the rear contact (cm/s). 
Sp: PV cell recombination velocity at the front contact (cm/s). 
V: limit perpendicular recombination velocity of the emitter (cm/s). 
Vg,i : grain boundary  recombination velocity related to the incident wavelength λi (cm/s). 
H: thickness of semiconductor (µm). 
d : grain size (µm). 
D : cell dimension (µm). 
NA : doping density of base (cm-3). 
ND : doping density of emitter(cm-3). 
Ns: number of cells in series=36. 
K: Boltzmann’s constant. 
ni : silicon intrinsic carrier concentration. 
εo : emptiness permittivity. 
εr : relative silicon permittivity. 
αi : absorption coefficient related to the incident wavelength λi (µm-1). 
gi : silicon generation rate related to the incident wavelength λi (cm-3s-1). 
Dn: diffusion constant of electrons (cm2/s). 
Dp: diffusion constant of holes (cm2/s). 
Ln: diffusion length of electrons (cm). 
Lp: diffusion length of holes (cm). 
τn: electrons lifetime (s). 
τp: holes lifetime (s). 
µn: mobility of electrons (cm2.V/s). 
µp: mobility of holes (cm2.V/s). 
 

INTRODUCTION 

The most important factor that characterizes the performance of solar cells is the 
conversion efficiency. Increasing efforts made for improving the conversion efficiency while 
reducing the manufacturing cost of solar cells have required the study of the influence of 
several parameters on the performance of solar cells. This study requires a structure modelling 
of the considered cell. Several authors have presented different structure to model a cell (Ben 
Arab, 1997; Dugas, 1996; Ba & Kane, 1995; Belghachi & Helmaoui, 2008; Kotsovos & 
Perraki, 2005; Liou & Wong, 1992; Dugas, 1994; Zhao et al., 2009; Diallo et al., 2008). 

 
The aim of this work is the optimization of efficiency conversion of polysilicon PV 

module taking into account some physical and geometric parameters of an elementary cell 
such as doping density carriers and thickness of different regions of the cell. The 
photogenerated and dark current of a polycrystalline solar cell have been determined while 
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using a 2-D analytical model based on Green method (Dugas & Oualid, 1987; Green, 1978; 
Halder & Williams, 1983). 

 
A two-diode electrical model was also used which allows us to determine the 

current-voltage characteristic and efficiency of PV module that constituted of 36 elementary 
solar cells connected in series. Based on this model, a half-analytical method was investigated 
in order to find the five electrical parameters that characterize the I-V relationship of PV 
module. It is assumed that cells have the same physical and geometric properties and present 
the same illuminated current-voltage characteristics. Finally, investigation of this model 
shows a reliable performance since these results are in satisfactory agreement with the 
available simulated I-V characteristic results obtained by the work of Van Dyk and Meyer 
(2004) using PVSIM software (King et al., 1996). 

MATERIALS AND METHODS 

 Model of the elementary solar cell 

The structure of the poly Si solar cell (Figure1) is divided into three main regions 
(emitter (n+), space charge region (n+-p) and base region (p)). According to this model, the 
thickness of each region is We, W and Wb respectively. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.  A two dimensional physical model of a cell used in simulation). 

 
The following considerations have been introduced in order to simplify this model: 

(i) The poly Si grains are assumed as columnar and perpendicular to the n+-p junction (Dugas 
& Oualid, 1987), and their electrical properties are homogeneous (doping concentration, 
minority carrier mobility, lifetime and diffusion length). 
(ii) The minority carrier mobility and lifetime in both base and emitter region depends only on 
the doping level for the corresponding region. 
(iii) Uniform doping profiles for each for the three quasi-neutral regions are assumed. 
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(iv) Grain boundary recombination is negligible in the heavily doped emitter (Dugas & 
Oualid, 1987) and in the junction space charge region (Dugas et al., 1983). This is in 
agreement with Green (1978). 
(iv) It is assumed that low-level injection conditions prevail. 

Electrical model of PV module 

In this study, the PV model composed of 36 elementary solar cells connected in 
series is considered. The I-V characteristic of the PV module can be obtained if one considers 
the equivalent circuit model represented in (Figure 2). 
 
 
 
 
 
 
 
 
 

 
Figure 2. Two-diode equivalent circuit for PV module. 

 
In this model, the recombination at the surface and in the bulk is considered which 

is expressed by Rs and by Rsh respectively. So, using Kirchhoff’s first law, the current I is 
given by: 

      - - -ph d r pI I I I I=                                                         (1)                                                          

Using Eq. (1), we propose the following two-diode I-V characteristic relating to the 
considered module: 

0 0exp 1 exp 1
2

s s s
s p s p s p

p ph p d p r
T T sh

V I V I V IR R R
N N N N N N

I N I N I N I
V V R

      + + +      
      = − − − − −      
      
         

 (2)               

Where c
T

KT
V

q
=                 

Np=1 in the considered PV module.  
 
The fill factor of module is given by:  

                                              m m

sc oc

I V
FF

I V
=                                                                         (3)  

The conversion efficiency of the module is given by: 

Ip Rs Id 
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Rsh 
V 

Current 
source 

Iph Ir 
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                                                            m m

s i

I V
η

S N P
=                                                           (4) 

 
The photogenerated current Iph delivered by the low efficiency cell, the saturation 

diffusion dark current Id0 and the saturation recombination current Ir0 are given by Eqs. (A.8), 
(A.14), (A.15),(A.24),(A.25) and (A.28) in Appendix. 

 
Vm is the sum of the maximum voltage delivered by the associated cells, Isc 

represents the short-circuit current of the connected cells and Voc is the sum of the open-
circuit voltage of each cell. 

 
In order to calculate Iph,, Id0, Ir0, Rs and Rsh, the half analytical method is used to 

solve the equation system below (5) to (9) knowing the values of Im, Vm, Isc and Voc given as: 
(i) For short circuit current: 0V,II sc ==  

    
0 0exp 1 exp 1

2
s sc s sc s sc

sc ph d r
T T sh

R I R I R I
I I I I

V V R
      

= − − − − −      
         

                          (5) 

(ii) For open circuit voltage: oc,modI 0,V V= =  

    0 0exp 1 exp 1 0
2

oc oc oc
ph d r

s T s T s sh

V V V
I I I

N V N V N R
      

− − − − − =      
         

                  (6) 

(iii) At maximum power point: mm VV,II ==  

           
0 0exp 1 exp 1

2

m m m
s m s m s m

s s s
m ph d r

T T sh

V V VR I R I R I
N N N

I I I I
V V R

      + + +      
      = − − − − −
      
      

      

                  (7) 

(iv)   
0 0exp 1 exp 1

2

x x x
s x s x s x

s s s
x ph d r

T T sh

V V VR I R I R I
N N N

I I I I
V V R

      + + +      
      = − − − − −
      
      

      

           (8)  

(v)   
0 0exp 1 exp 1

2

xx xx xx
s xx s xx s xx

s s s
xx ph d r

T T sh

V V VR I R I R I
N N N

I I I I
V V R

      + + +      
      = − − − − −
      
      

      

               (9) 

  

Where 
2
m

x
VV =  and 

2
m

xx
II =  
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RESULTS AND DISCUSSION 

Validation of this approach 

In order to validate this model by using the half-analytical method based on the two-
diode model, the results obtained from this approach are compared by using MAPLE software 
to the simulation results obtained from the study developed by Van Dyk and Meyer (2004) 
and established by PVSIM software (King et al., 1996). The PVSIM software uses in its 
library the two-diode model of an elementary solar cell.  

 
Based on the required five data points of interest on the given simulation current-

voltage characteristic (Figure 3), the five parameters (Iph, Id0, Ir0 Rs and Rsh) are extracted 
using a system of Eqs (5) to (9). Then based on Eq (2), the corresponding I-V characteristic is 
presented. Then, Voc, Isc and Pm are calculated while using Eqs (5) to (7). (Figure 3) shows the 
I-V characteristic for the polycrystalline PV module gotten from the PVSIM software 
simulation and from this approach. A satisfactory agreement between this approach and the 
simulation results is found. 
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Figure 3.  I-V characteristic for PV module gotten from PVSIM simulation and from 

this approach. 

Table 1 illustrates the photovoltaic parameters of the considered PV module 
obtained by PVSIM simulation and by computation from this model and gives accuracy in 
each parameter. The photovoltaic parameter values obtained from this model are very close to 
the simulation results. 

 
It is noticed that, this method is very efficient compared with PVSIM simulation 

because it allows to determine the photogenerated current, the saturation diffusion dark 
current Id0 and the saturation recombination current Ir0 of the module expressed as a function 
of technological parameter of solar cell. So, using these parameters, one can optimize the 
conversion efficiency of PV module. 
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TABLE 1 
 

Comparison between the Photovoltaic Parameters of the Module Gotten from This 
Model and Those by PVSIM Simulation 

Parameters Rsh 
(Ω) 

Rs (Ω) Isc (A) Id0(nA) Ir0 (µA) Iph (A) Voc (V) Pm (W) FF (%) 

PVSIM 
simulation1 

18 0,36 3,22 - - - 20,64 35,85 54 

Our model 18,03
6 

0,3614 3,2194 0,2945 10,35 3,284 20,64 35,847 53,945 

Error (%) 0,2 0,38 0,018 - - - 0 0,008 0,1 

1 The simulations were done using 1000 W/m2 irradiance and 25°C cell temperature. 
 
Optimization of module conversion efficiency 

In order to optimize the performances of PV module, the conversion efficiency 
behaviour was analyzed with respect to physical and geometric parameters. The results 
developed in this section are established with the following parameters values listed in (Table 
2). 

 
Is is noticed that this study is made in the case of an advanced treatment of grain 

boundaries of an elementary cell constituting the module. The value of the recombination 
velocity of such boundaries which depends on the incident wavelength is illustrated in (Table 
A.1) in appendix. 

 
Figure 4 shows the variation of the conversion efficiency module with respect to the 

recombination velocity Sp at the front contact of cells. Efficiency conversion decreases when 
Sp increases. A maximum of conversion efficiency can be obtained for a surface treatment 
allowing the recombination velocity to decrease until 3×102 cm/s. 
 

TABLE 2 
 

Physical Parameters of an Elementary Cell Used in the Computation Results 

Parameters Value 
Tc (K) 300 

εr 11,8 

ni (cm-3) 1,45×1010 

Rsh,mod (Ω) 360 

V (cm/s) 103 

K (J/K) 1,3806×10-23 

εo (F.cm-1) 8,85×10-14 

Rs,mod (Ω) 0,126 

S (m2) 10-2 

Pi (W/m2) 925 
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Figure 4. Conversion efficiency of PV module versus velocity recombination in front 
contact Sp (Sn=104cm/s, NA=1016cm-3, ND=1019cm-3, d=60µm, Wb=300µm, We=1µm). 

 
Figure 5 shows the effect of emitter thickness We on conversion efficiency. When 

We<1µm, efficiency is constant, then, it decreases sharply when We increases. Indeed, the 
generation of carriers in base region decreases in favour of the one in the emitter. However, 
the supplementary carriers generated in the emitter are not collected to the limit of space 
charge layer when the diffusion length Lp becomes less than We. 
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Figure 5. Conversion efficiency of PV module versus emitter thickness We (Sn=104cm/s, 

NA=1016cm-3, ND=1019cm-3, d=60µm, Wb=300µm, Sp=103cm/s). 
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Figure 6 stands for the variation of the conversion efficiency module as function of 
base thickness Wb. For 10µm<Wb<200µm, one notes that efficiency increases considerably 
with Wb, then becomes practically constant for Wb>300µm. In fact, the minority carriers 
diffusion length Ln in the base region is equal to 306µm. So, the optimal thickness of base 
Wb,opt is on the order of the minority carriers diffusion length. This result is in agreement with 
the one found by  Kotsovos and Perraki (2005). 
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Figure 6. Conversion efficiency of PV module versus base thickness Wb (Sn=104cm/s, 

NA=1016cm-3, ND=1019cm-3, d=60µm, We=1µm, Sp=103cm/s). 
 

Figure 7 demonstrates the influence of grain size d on conversion efficiency. One 
remarks that efficiency increases versus d (Dugas, 1994). For d<300µm, efficiency depends a 
great deal on grain size. For d>300µm, the efficiency variation with d becomes weaker. 
Indeed, for an advanced treatment, the recombination at grain boundaries is important when 
the grain width becomes weak (Kotsovos & Perraki, 2005). 
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Figure 7. Conversion efficiency of PV module versus grain sizes d (Sn=104cm/s, 

NA=1016cm-3, ND=1019cm-3, Wb=300µm, We=1µm, Sp=103cm/s). 
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Figure 8 shows the variation of conversion efficiency of a module as function of 
doping density level of base region NA. One can see that efficiency increases with NA to reach 
a maximum value for NA,opt=2×1016cm-3. This result is comparable to the one established by 
Dugas (Dugas & Oualid, 1987). For NA>NA,opt, the efficiency falls abruptly, and this is due to 
the recombination of photogenerated carriers in the base bulk when the diffusion length Ln 
becomes less than Wb. 

 
Figure 9 presents the variation of the efficiency module according to the emitter 

doping density ND. For ND<1019 cm-3, one can notice that the efficiency is practically constant 
and it reaches its maximum for ND,opt=2×1018cm-3. When ND>1019 cm-3, the efficiency 
decreases rapidly. In fact, the bulk recombination in the emitter region increases with ND and 
the photocurrent in space charge layer decrease. 

 
Figure 10 shows the effect of the recombination velocity Sn at rear contact on 

conversion efficiency. It can be seen that the efficiency depends weakly on Sn. Indeed, the 
relative variation on efficiency versus Sn is approximately 2,56%. This result justifies the 
ohmic rear contact in the industrial manufacturing of solar cells when the base thickness 
considered is practically equal to the diffusion length Ln 
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Figure 8. Conversion efficiency of PV module versus doping concentration level of base 

NA (Sn=104cm/s, d=60µm, ND=1019cm-3, Wb=300µm, We=1µm, Sp=103cm/s). 
 
 
 

From the previous study, Table 3 presents the optimal values of different physical 
and geometrical parameters of the module. 
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Figure 9. Conversion efficiency of PV module versus doping concentration level of 
emitter ND (Sn=104cm/s, d=60µm, NA=1016cm-3, Wb=300µm, We=1µm, Sp=103cm/s). 
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Figure 10. Conversion efficiency of PV module versus recombination velocity at rear 
contact Sn (NA=1016cm-3, d=60µm, ND=1019cm-3, Wb=300µm, We=1µm, Sp=103cm/s). 
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TABLE 3 
 

Optimal Values of Different Physical and Geometric Parameters of Module 
 

NA (cm-3) ND (cm-3) We (µm) Wb (µm) Sn (cm/s) Sp (cm/s) 

2×1016 2×1018 1 Ln 106 3×102 

 
Using the optimal values of the technological parameters of the multicrystalline 

elementary solar cell, we can determine the photovoltaic parameters of the module. These 
parameters are illustrated in (Table 4). 

 
TABLE 4 

 
Optimal Parameters of PV Module 

 
Isc,mod 
(A) 

Voc,mod(
V) 

Im,mod (A) Vm,mod(V) Pm (W) FFmod 
(%) 

ηmod (%) 

3,93 21,32 3,61 17,85 64,56 76,97 19,38 

Based on this table, it is noted that the optimal efficiency of the polysilicon PV 
module can reach 19,38%. 

 
CONCLUSION 

 
In this paper, a new approach was presented using a two-diode I-V characteristic 

model whish allows to determine the different photovoltaic parameters of polysilicon 
photovoltaic module made by connections of elementary cells in series. A remarkable 
agreement is found when one compares computed results using this model with the available 
results simulated by PVSIM software. 

 
A 2-D dimensional physical model is also applied for the simulation of the 

elementary n+-p poly Si solar cell. The study of the influence of grain size, the recombination 
velocity at the front and back contact of cells, thickness of base and emitter layer, base and 
emitter doping density on solar cell efficiency under AM1 irradiance condition is 
investigated. 

 
This study has shown that the maximum efficiency can be obtained for a n+-p 

elementary cell characterized by the emitter thickness to 1µm and doping density to 2×1018 
cm-3 and base thickness in the order of the diffusion length of carriers in base region and 
doping level to 2×1016 cm-3. The dimension of the grains affects the conversion efficiency for 
high recombination velocities at the grain boundaries and for a base thickness lower than a 
diffusion length of minority carriers in p region. 

 
Finally, with these optimal physical and geometric parameters, it is shown that 

conversion efficiency of the considered PV module can reach 19,38%.  
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APPENDIX 
 
Photogenerated current 
 

The minority carrier density ∆n generated in base region can be obtained by solving 
the two-dimensional continuity equation for electron which is given by: 

                                       
2 2

2 2 2
( )i

nn

g zn n n
Dz x L

∂ ∆ ∂ ∆ ∆
+ − = −

∂ ∂
                                        (A.1) 

Where: 

( ) ( ),0 expi i ig z g zα= −  

 
Ln is the minority carrier diffusion length, Dn is the corresponding diffusion 

coefficient, αi is the absorption coefficient related to the incident wavelength λi and gi,0 is the 
silicon generation rate related to the incident wavelength λi. 
 

The boundary conditions for the base region are: 
 

                                       ( ), 0i en x z W W∆ = + =                                                       (A.2)  
 

                                     ( ),i n
i

z H n

n S n x z H
z D=

∂∆ −
= ∆ =

∂
                                                   (A.3)  

                                   ( ),

0

0,
2

g ii
i

x n

Vn n x z
x D=

∂∆
= ∆ =

∂
                                              (A.4) 

                                    ( ), ,
2

g ii
i

x d n

Vn n x d z
x D=

−∂∆
= ∆ =

∂
                                             (A.5) 

 
 
Where Sn is the recombination velocity at the rear contact, d is the grain size and 

Vg,i is the effective recombination velocity at the grain boundary related to incident 
wavelength λi. Vg,i can be obtained by the physical model of grain boundary recombination in 
polysilicon (Oualid et al., 1984; Joshi P & Bhatt, 1990; Ben Amar & Ben Arab, 2001). In this 
study, the model developed by Ben Amar and Ben Arab (2001) is considered. It demonstrates 
the dependence of Vg on the incident wavelengths. 
 

In order to calculate the total minority carrier density generated in the base region 
using AM1 illumination condition, the assumption proposed by Mohammed and Rogers 
(1988) which decomposes the solar spectrum in four wavelengths is considered. Absorption 
coefficient and generation rate in AM1 illumination condition αi (µm-1) and gi,0 (cm-3s-1) and 
grain boundary recombination velocity Vg,i related to the incident wavelength λi, are given in 
(Table A.1) (Ben Amar & Ben Arab, 2003;  Mohammed et al., 1989). 
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TABLE A.1 
 

Absorption Coefficientαi, Generation Rate gi and Grain Boundary Recombination 
Velocity Vg,i  Related to the Incident Wavelength λi 

 
Wavelength λi λ1 λ2 λ3 λ4 

αi (µm-1) 6,33079×10-2 1,02664×10-2 1,47109×10-3 1,76058 

gi (cm-3s-1) 6,46746×1019 5,54674×1018 9,26415×1017 2,03553×1021 

Vg,i with advanced 
treatment (cm/s) 

5×102 6×102 6,5×102 102 

 

The total photocurrent Iph relating to the considered cell is given by: 
    ph B E RI I I I= + +                                where: 

IB and IE stand photocurrent in base and emitter region given by the following formula: 

 
( )

0

,''
d

n
B b z We W

n x zS qDI S J dx
d z = +

∂∆
= =

∂∫                          (A.6)                                                         

( )

0

' ,
'

D
p

E e z We

S qD p x z
I S J dx

D z =

∂∆
= =

∂∫                                   (A.7) 

IR is the photocurrent in space charge layer given as follows (Sze, 1991): 
 

                             ( ) ( )[ ]Wα
α

Wαqg
SI i

i i

eii
R −−

−
= ∑

=

exp1
exp4

1

'                              (A.8)  

Where SS 4' 10=  is the effective area of an elementary cell. 
W is the space charge layer of the n+-p junction; its value is determined using the fully 
depleted layer model of a n+-p junction (Sze, 1991), then: 
 

                       

50

22
02

.

i

DA

A

r

n
NNKTLog

Nq
εW 
















=

ε                                     (A.9)  

While using Green function method (Dugas, 1994; Dugas & Oualid, 1987; Hovel, 
1975), and while accounting to the previously boundary condition, the excess minority carrier 
density of electron ∆n in base region can be given by the general formula: 

                 ( ) ( ) ( )( )
4

, ,
1 1

, cos / 2k i k i
i k

n x z f z C x d
∞

= =

∆ = −∑∑                                 (A.10) 

The Ck,i coefficients are solution of the following transcendent equation (Dugas, 1994): 
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The general solution of fk,i  is expressed under the shape: 
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Where : 
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2
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n
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L
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Using the formula given by equation (A.6), the current in base region can be rewritten as: 
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Using the same method, the emitter current IE is expressed by: 
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The Cj coefficients are solution of the following transcendent equation (Dugas, 1994): 
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Where:  
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µn and τn are respectively the electrons mobility and lifetime given by (Masetti et col., 1986; 
Swirhun et al., 1986): 
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µp and τp are respectively the holes mobility and lifetime defined as (Del Alamo et al., 1985): 
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The carrier densities and the currents in base and emitter region were calculated for 

k and j varying from 1 to 10, which has been found to be sufficient to obtain a good 
convergence whatever the grain dimensions and the superficial recombination velocities. 
 
Dark current 
 

In order to calculate the dark current in the base region, one solves the continuity 
equation which is given by: 
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With the general solution: 
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Using the same method in section A.1, gk is expressed under the shape: 
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The saturation diffusion dark current Id0 is given by: 
 

0 0 0d b eI I I= +  
 
Where Ib0 and Ie0 are respectively the dark current in base and emitter region obtained by the 
same formula in (A.6) and (A.7) given respectively by: 
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The Jk and Jj coefficients are obtained by the following transcendental equation: 
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The saturation recombination current Ir0  is given by (Sze, 1991): 
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