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The Efficiency of a p-n Solar Diode as a Function of the
Recombination Velocity within the Depletion Layer
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ABSTRACT
The role of the carrier’s recombination velocity si within the depletion Layer of p-n junction solar cell and the external bias voltage Va across the junction in determining the current density “J” through the cell is revealed. The unsteady carrier diffusion equation is solved under illumination conditions considering a source spectral function G    .
The efficiency of the device as a function of si , Va , G    is obtained. Computations considering a silicon solar cell
are given as an illustrative example.
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1. Introduction
The performance of a solar cell has aroused the interest
of many investigators [1-17]. The solar p-n cell is a
semiconductor photovoltaic cell. It is a passive transducer. It is fabricated such that one region is more highly
doped denoted by n  or p  region. The density of the
charge carriers in the highly doped region may be of
three orders larger than the other region. This surface is
usually subjected to the incident illuminations (emitter
region). Due to large gradients, diffusion of charge carriers take place, holes from P  region diffuse to the nregion, while electrons diffuse from n-region to P 
region. As a result a depletion layer is formed on both
sides of the contact metallurgical surface between both
sides. This layer is of small thickness   1 μm  and is
called as the space-charge region (SCR). This layer contains the positive ions of the donner atoms on one side of
the contact surface and the negative ions of the acceptor
atoms on the other side, and thus an electric field is built
and one gets what is called the built-in-voltage Vbi  . It
is also called the contact potential or the barrier potential.
The direction of the electric field within the depletion
layer will be from the N-region to the P-region.
At equilibrium the net current (the sum of the diffusion
currents and the drift currents) through the depletion
layer must be zero. Now if the cell is subjected to an external reverse voltage bias, the established external field
will strengthen the internal one, and less current density
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passes through the depletion layer and vice versa [18].
This bias voltage disturbs the thermal equilibrium state
of the device. When light strikes the highly doped surface, the absorbed quanta excite the bound electrons and
electron-hole pairs are produced that move in all directions within the crystal [2]. The electron-hole generation
process is accompanied with recombination processes.
Now if the bias voltage is switched off, the builtin-voltage will change towards its equilibrium value,
through a recombination process between the electrons
and the holes during the decay of the external voltage [3].
The equilibrium state will be restored within a time interval  called as the relaxation time or it is defined as
the minority carrier life time .It is worth to note that the
electric potential across the depletion layer controls its
electric resistance [4]. Different factors affect the charge
transport properties within the cell, such as the electric
potential across the device, the recombination velocity
between the charge carriers. The most important factor is
the doping level [5,6]. This factor can be controlled
through the fabrication technology. These factors affect
the current density passing through the cell and thus
change its efficiency. Different trials are oriented to
study the performance of the solar cell through the study
of the recombination velocity between the charge carriers.
With this respect one finds in principal two trends
namely:
OPJ
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1) The first trend does accept the mechanism where
recombination occurs principally at one end surface of
the semiconductor device (usually it is the highly doped
one). In such a case the coordinate of such a surface is
taken as the origin x = 0, and a boundary condition expressing the charge continuity at this surface is given
[18]. Such a trend accepts also the study of this performance considering the collection efficiency of the base, the
emitter and the depletion layer [1,2,7-12]. It is shown
that the normalized surface recombination velocity depends mainly on two parameters; these are the normalized scanning range and the normalized depth of the generation volume (that is subjected to the incident light).
2) The second trend accepts the mechanism where an
effective interface recombination velocity si that occurs principally within the depletion layer at the metallurgical interface [3,4,13,14]. Indeed, the effect of the
characteristics of the space charge region and the processes taking place within this layer has rarely been considered [3,9]. El-Adawi et al. [15] studied theoretically
the characteristics of the depletion layer. As a result, the
dependence of its thickness and capacity on the doping
ratio and the applied bias voltage is revealed. It is
ND
worth to note that a restriction on the doping ratio
NA
is also obtained [15]. A novel method [16] to estimate
experimentally the thickness of the depletion layer
  6.7 μm  is introduced.
The main objective of the present article is to establish
a relation between the recombination velocity at the metallurgical interface within the depletion layer and the
current density which in turn affects the efficiency of the
solar cell. The unsteady carrier diffusion equation is
solved under illumination conditions.

2. Derivation of the Basic Equations
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Figure 1. A model for the considered cell.

N a , is the concentration of the acceptor atoms,

 , the recombination life time (sec) Dn , the diffusion
 m2 
coefficient 
 G   , x  , is the source function de sec 
fined as [1]

G   , x        1  R  exp   x 
     exp   x 

(2)

where,
    , m2 sec1 the incident solar photon flux [17].
 , m1 absorption coefficient.
R , the reflection coefficient at the front surface.
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Equation (1) is subjected to the following conditions:
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where x = 0 is an arbitrary plane in the depletion layer
si , the recombination velocity between the charge carriers at the boundary x = 0.
Va is the applied bias voltage.
W, is the width of the base region.
Let the solution of Equation (1) be in the form:
 t 
n  x, t   n0  v  x, t  exp  
 

where
n  x, t  , the concentration of the minor charge carriers,
m 3 .
n
n0  i , the concentration at equilibrium, m 3 .
Na
ni , is the intrinsic carrier,



SCR
+

(ii) is a starting (initial) condition.

Consider a p  -n solar device (Figure 1), subjected to
incident solar flux     and a bias voltage Va . For the
unsteady state, the diffusion equation (after switching off
the bias voltage) is written for the minor charge carriers
in the form:

 2  n  x, t   n0  

327

 

(3)

Substitute Equation (3) into Equation (1) to get:
 2 v  x, t  1 v  x, t  G   , x 
t


exp  
2
Dn t
Dn
x
 

(4)

The Fourier separation of variables method is used to
find the solution of the homogeneous part. This is obOPJ
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the equation for si in the form:

tained in the form:

 c  x, t   A exp  Dn  2t  exp  x 

where, A,  are parameters.
While the particular solution can be obtained using the
inverse differential operator.
Equation (4) can be rewritten in the form:
  exp   x 
1
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This gives the solution in the form:
t

 G   , x  exp  
 
V p  x, t  
2
 Dn  1

(7)

where,
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Substituting   x, t  into Equation (3) one gets the
required expression for n(x, t) in the form:
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To find A,  let us apply the boundary conditions.
This gives:
A  exp  t 
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Finally, one gets the solution in the form:
n  x, t   f 0 e x 

where,


 ex  e  x 
 2 Dn  1 



e

Sw
 i
Dn

The boundary condition (iii) makes it possible to get

(17)

In order to estimate the efficiency, one has to compute
the charge current J SC according to the relation:
n  x, t 
x

J SC is obtained in the form:

 f 0  2 Dn  1   


 exp x
J n   qDn  
 
 2 Dn  1
qD  G   , x 
 n2
 Dn  1

(18)

The efficiency  is expressed through the relation:
J sc   

FFVOC J SC
Pin

(19)

where,
FF the fill factor.
VOC the open circuit voltage.
J SC the short circuit current.
Pin the input solar power absorbed at the front surface
of the solar device.
The open circuit voltage VOC is given as [18].

(14)

n  x, t   n  x, t   n0
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f0

3. The Efficiency

(12)

where,

(16)

Equations (15) and (17) are very important expressions
since they establish a relation between the recombination
life time and the recombination velocity for the given
parameters.

  Dn  si 

 si  Dn   2 Dn  1



J SC  J n  qDn

where,
  Dn  2 

f 0  2 Dn  1
1

Discussing the order of magnitude of different physical quantities included in expression (16) one can get the
following results:
f
s
  0 φφ 1 i φφ 

Dn
This gives:

Thus, the general solution can be written in the form:

  x, t   A exp  Dn  2t  exp  x 

(15)

VOC 


kT  J sc
ln 
 1
q  J0


(20)

where,
k  1.38  1023

J
is Boltzmann constant.
K
OPJ
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T , 0 K is the absolute temperature.
A
J 0 , 2 is the diode saturation current density.
m
q  1.6  1019 C is the charge of an electron.
The value of J 0 is expressed as [19]
  Eg 
J 0  AT 3 exp 

 kT 

-6

1.5

x 10

w=200e-6
w=400e-6
w=600e-6

(21)

1

where, A is the ideality factor. It is taken as unity for
simplification.
Eg is the energy gap expressed as [20].

 (sec)

aT 2
Eg T   Eg  0  
T  b 
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0.5

(22)

where, a and b are parameters.

4. Computations
As an illustrative example, computations for a silicon p-n
solar cell are given concerning the above mentioned
functions.
For a silicon solar cell [20]:
a  4.73  104 eV K , b  636 0 K
Eg  0   1.17 eV , T  3000 K

The following values for further parameters are also
considered [1,17,21]:

m2
1  R   0.678, Dn  32.3 104 ,   8 102 m 1 ,
sec
1
n 0  1 1010 m 3 ,   7  1019 2
m sec
1) The recombination life time as a function of the recombination velocity is computed first with “W” as a
parameter, then for Va as a parameter. The obtained
results are illustrated graphically in Figures 2 and 3. It is
clear that as the recombination velocity increases the
recombination life time decreases.
2) The relation between n  x, t  and “x” for following parameters: Va  0.40 Volts , si  20 m sec and
  0.41106 sec , is illustrated graphically in Figure 4.
It is clear that the function n  x, t  decreases with “x”
through the cell.
3) The current density “J” and the efficiency  is
computed. The following values of the applied voltage
Va are considered as parameters: 0.51, 0.52, 0.53, 0.54
volts.
The obtained values are given in Table 1 and are illustrated graphically in Figure 5.

5. Conclusions
The obtained results reveal that:
Copyright © 2012 SciRes.
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Figure 2. A relation between the recombination life time
and the recombination velocity for “W” as a parameter.
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Figure 3. A relation between the recombination life time
and the recombination velocity for Va as a parameter.

1) The recombination velocity si does affect the current density through the depletion layer. It decreases with
the increase of si . This in turns leads to the decrease in
the efficiency.
2) Taking the bias voltage Va as a parameter. One
finds that for a certain recombination velocity the applied
voltage Va has positive effect on the efficiency.
The efficiency increases with Va since J SC increases with Va .
OPJ

M. K. EL-ADAWI, N. S. AL-SHAMERI

330
19

14

20

x 10

va=0.54v
va=0.53v
va=0.52v
va=0.51v

18

12

16
14

Va  0.4volts

12

8



 n(x,t),(1/m3)

10

10
8

6

6

4
4
2

2

0
0

0
20

2

4
x(m)

6

40
60
80
recombination velocity (m/sec)

8

100

-4

x 10

Figure 4. A between n  x , t  and “x” through the cell.

Figure 5. The efficiency  of a silicon solar cell as a function of the recombination velocity si .

Table 1. The current density “J” and the efficiency “η” as a function of the recombination velocity si (m/sec) with the applied
voltage as parameter.
Va = 0.51 volts

si  m sec 

J sc  A m

2



Va = 0.52 volts

%

J sc  A m

2



Va = 0.53 volts

%

J sc  A m

2



Va = 0.54 volts

%

J sc  A m 2 

%

20

2.53

6.

3.68

8.8

5.29

13

7.5

19

40

1.77

4.2

2.6

6.2

3.83

9.2

5.63

14

60

0.85

1.9

1.26

2.9

1.85

4.3

2.73

6.5

80

0.35

0.8

0.51

1.1

0.75

1.7

1.1

2.5

100

0.13

0.3

0.19

0.4

0.28

0.6

0.41

0.9

3) For  si =0  computation revealed that the recombination life time is not affected by the width “w” of the
cell. But it is positively affected by the applied voltage.
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