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1. Introduction 

Nowadays, the world's energy needs are growing steadily. However, the conventional 

sources of energy are limited.  

Solar energy such as photovoltaic energy (PV) is the most available energy source which is 

capable to provide this world’s energy needs. The conversion of sunlight into electricity 

using solar cells system is worthwhile way of producing this alternative energy. The history 

of photovoltaic energy started in 1839 when Alexandre-Edmond Becquerel discovered the 

photovoltaic effect (S.M. SZE 1981, W. Shockley 1949). Photovoltaic system uses various 

materials and technologies such as crystalline Silicon (c-Si), Cadmium telluride (CdTe), 

Gallium arsenide (GaAs), chalcopyrite films of Copper-Indium-Selenide (CuInSe2), etc (W. 

Shockley 1949, W. Shockley et al. 1952). Now, silicon solar cells represent 40 % of the world 

solar cells production and yield efficiencies well higher than 25 % (A. Wang et al 1990). In 

solar technology, the main challenge of researchers is to improve solar cells efficiency. Due 

to this challenge, several investigations have been developed to characterize the solar cells 

by the determining their parameters. Indeed, it is important to know these parameters for 

estimating the degree of perfection and quality of silicon solar cells. 

This chapter first describes the device physics of silicon solar cells using basic equations of 

minority carriers transport with its boundary conditions, the illumination mode and the 

recombination mechanisms. Then, a silicon solar cells recombination and electrical 

parameters are presented (S. Madougou et al 2005a, 2007b). Finally, some methods of 

determination of these parameters are described.  

2. Overview of silicon material 

In most cases, solar cells are manufactured on a silicon material. Its proportion represents 

40% of world-wide semiconductor solar cells production. Pure silicon material is founded 

directly in solid silica by electrolysis. The production of silicon by processing silica (SiO2) 

needs very high energy and more efficient methods of synthesis. Also, the most prevalent 

silicon solar cell material is crystalline silicon (c-Si) or amorphous silicon (a-Si). 
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Crystalline silicon can be separated into multiple categories according to its crystallinity and 
its crystal size. These include: monocrystalline silicon, poly or multicrystalline silicon, 
Ribbon silicon and new structures.  
Compared to amorphous silicon, crystalline silicon absorbs the visible part of the solar 
spectrum more than infrared portion of spectrum. Crystalline silicon has a smaller band gap 
(Eg = 1.1 eV) than amorphous silicon (Eg = 1.75 eV) in live with Shockley-Hall-Read’s 
recombination process experiment (W. Shockley 1949). 
Crystalline silicon solar cells generate approximately 35 mA/cm2 of current, and voltage 550 
mV. Its efficiency is above 25 %. Amorphous silicon solar cells generate 15 mA/cm2 density 
of current and the voltage without connected load is above 800 mV. The efficiency is 
between 6 and 8% (S. W. Glunz et al. 2006). 
But, all solar cells require a light absorbing material contained within the cell structure to 
absorb photons and generate electrons (G. Sissoko et al. 1996). 

3. Device physics of silicon solar cells  

3.1 Silicon solar cells  

Commonly, most silicon solar cells are configured in N-P junctions or vice versa (S.M. 
SZE 1981) in one side and N+-N-P+ structure (or vice versa) for double sides named bifacial 
silicon solar cell (S. Madougou et al. 2004, 2005a, 2005b, 2007a et 2007b). Silicon solar cells 
have all contacts on the back of the cell. Figure 1 shows an example of silicon solar cell with 
its contacts. 
 

 

Fig. 1. Silicon Solar cell with its contacts 

In this section, we will study the structure and the operation of N-P junction (monofacial 
and bifacial silicon solar cells). 

3.1.1 Monofacial silicon solar cell 

N-P junction or a P-N junction is a one side solar cell (W. Shockley 1949). When a P-type is 
placed in intimate contact with an N-type, a diffusion of electrons occurs from the region of 
high electron concentration (N-type) into the region of low electron concentration (P-type). 
Figure 2 shows the N-P junction and its forward biased with its corresponding diode 
schematic symbol and its I-V characteristic curve. 
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Fig. 2. N-P junction: (a) Forward biased N-P junction, (b) Corresponding diode schematic 
symbol (c) silicon diode I versus V characteristic curve. 

3.1.2 Bifacial silicon solar cell 
Bifacial silicon solar cell is a double sided silicon solar cell with N+-N-P+ or N+-P-P+ 
structure or vice versa (S.  Madougou et al. 2004).  
A bifacial silicon solar cell with N+-P-P+ structure has an N+-P front side (surface) and P+-P 
back side (surface). This back surface (P+-P) is an important seat of a Back Surface Field (J. D. 
Alamo et al. 1981). In some solar cells, the front surface doping density ranges from 1017 to 
1019 cm-3.  In the base, the doping ranges 1015 to 1017 cm-3. The bifacial silicon solar cell can be 
illuminated from the front side, the back side or simultaneously from both sides as shown in 
figure 3. 

 

Fig. 3. Bifacial silicon solar cell with n+-p-p+ structure. 

3.2 Recombination mechanisms 

In a conventional silicon solar cell, recombination can occur in five regions (W. Shockley 1949):  • at the front surface;  • at the emitter region (N+); • at the junction (the depletion region of the junction);  

• at the base region (P);  
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• at the back surface.   
They are mainly two types of recombination: the recombination mechanisms in bulk 
(volume) and the surface recombination. 

3.2.1 Recombination mechanisms in bulk of the silicon solar cell 
In a bulk of the silicon solar cell, three fundamental recombination mechanisms are produced. 

• Auger recombination. We have Auger recombination when the energy of the electron 
which falls in the valence band is transferred as kinetic energy to: 
- another free electron which will be transferred to a higher level in the conduction 

band; 
- a hole on a deep level of the valence band. 

• Shockley-Read-Hall recombination (through defect). They are twofold:  
- those due to defects in the crystal lattice or chemical impurities; 
- those that occur when a deep level captures an electron. 

• Radiative or band-to-band recombination. When a junction is forward biased, the 
recombination can be radiative. It is the opposite of the absorption phenomenon. The 
free carriers go directly from the conduction band to the valence band by emission of 

photon. This recombination is related by the lifetime τ of the excess minority carriers. 
They also intervene in the diffusion of charge carriers through the term U(x) given by 
the expression:  

                      ( ) ( )δ= τ
n x

U x  (1) 

Where, δ ( )n x  is the excess minority carriers density, and τ  is its lifetime.  

3.2.2 Surface recombination 

The many faults that characterize the surface of a semiconductor disrupt its crystalline 
structure. The Surface recombination corresponds to a phenomenon where excited electrons 
in the conduction band recombine with holes in the valence band via defect levels at the 
surface, called surface states. These surface states are the result of the abrupt discontinuity 
of a crystalline phase at the surface, which forms unsatisfied dangling silicon bonds. 

3.3 Illumination mode  

The solar cells can be under monochromatic light (single wavelength), constant multispectral 
light or variable and intense light concentration (more than 50 suns) or under other mode. 
The optical generate rate G(x) of monochromatic light is given by (S. Madougou 2007b): 

 ( ) ( )α α= − Φ −0( ) 1 expG x R x  (2) 

Where, R is the reflectivity coefficient, α  is the optical absorption coefficient and Φ0 is the 

incident flux of monochromatic light.  
When the solar cell is illuminated by the multispectral light the generated rate G(x) is given 
by (S. Madougou 2007a):  

 [ ]
=

= −∑3

1

( ) exp( )i i
i

G x a b x  (3) 
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Where, ai and bi are the coefficients deduced from the modelling of the generation rate 
considered for over all solar radiation spectrums. 
Figure 4 shows an experimental set-up of silicon solar cell illuminated with a direct light 
from a lamp. 
 

 

Fig. 4. Experimental set-up of silicon solar cell illuminated with a direct light from a lamp. 

3.4 Basic equations of minority carriers transport 

The basic equations describe the behaviour of the excess minority carriers in the base of the 
solar cell under the influence of an electric field and/or under illumination; both cause 
deviations from thermal equilibrium conditions. These equations can be expressed on one or 
two dimensions. In the following, we will work in one dimension. 

3.4.1 Poisson equation 
The Poisson equation relates the gradient of the electric field E to the space charge density ρ. 
According to W. Shockley(1949), it is given as: 

 
φ ρ

ε ε− = =2

2
0

( ) ( )d x dE x

dx dx
 (4) 

Where, φ  is the electrostatic potential, ε0  is the permittivity of free space and ε  is the static 

relative permittivity of medium. 
In the same conditions, the electrons’ current density In and the holes’ current density Ip are 
obtained as follows:  

 μ= + + ( )
( ) ( )n n n

dn x
I q n x E x qD

dx
 (5) 

 μ= − + ( )
( ) ( )p p p

dp x
I q p x E x qD

dx
 (6) 
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Where, q is the elementary charge, μn and μp are the mobility’s of electrons and holes, Dn and  

Dp are the diffusion constants related through the Einstein relationships: μ=n

n

kT
D

q
; μ=p

p

kT
D

q
.  

k is the Boltzmann constant. 

3.4.2 Continuity equation 

When the solar cell is illuminated, the continuity equation related to photogenerated excess 

minority carriers density ( )δn x  in the base region of the cell is given by (G. Sissoko et al 

1996):  

 
( ) ( ) ( )δ δ∂ − + =∂

2

2 2
0

n x n x G x

x L D
 (7) 

Where, D is the excess minority carriers diffusion constant and L is their diffusion length. 
G(x) is the carriers generation rate in the base.  

The solution ( )δn x of the continuity equation is well defined by the boundary conditions. 

3.4.3 Boundary conditions 

According to G. Sissoko et al. (1996), the boundary conditions defined by the minority 
carriers recombination velocities are:  

- The emitter-base junction at x = 0: 

 
( ) ( )δ δ

=

∂ =∂
0

0
x

n x Sf
n

x D
 (8) 

- The back-surface of the base at x = H: 

 
( ) ( )δ δ

=

∂ =−∂
x H

n x Sb
n H

x D
 (9) 

Where, Sb is the minority carriers recombination velocity at the back-surface and Sf  is the 
minority carriers recombination velocity at the junction. 

3.5 Equivalent circuit of the solar cell 

To understand the electronic behaviour of a solar cell, it is useful to create its model which is 
electrically equivalent at the solar cell. Because no solar cell is ideal, a shunt resistance and a 
series resistance component are therefore added to the model to have the equivalent circuit. 
This equivalent circuit of the solar cell is based on discrete electrical components. Figure 5 
shows an example of an equivalent circuit of a solar cell with one diode. 
For the practical analysis of the solar cell performance the dark current-voltage (I-V) 
characteristics curve is shifted down by a light generated current IL resulting in the 
illuminated I-V characteristics. 
The I – V characteristic of a single-junction P-N under illumination can be written as follows: 

 
⎡ ⎤⎛ ⎞= − −⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦0 exp 1 L

qV
I I I

kT
 (10) 
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Fig. 5. Equivalent circuit of the solar cell with one diode. 

And the dark current density of the P-N junction by:  

 
⎡ ⎤⎛ ⎞= −⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦0 exp 1dark

qV
I I

kT
 (11) 

Where, I0 is the reverse saturation current density, V the voltage and T is the absolute 
temperature. 
Figure 6 below shows the dark and illuminated current-voltage (I-V) characteristics. 
 

 

Fig. 6. Dark and illuminated current-voltage I-V curves of silicon solar cell. 

Solar cells can be also usually connected in series in modules, creating an additive voltage. 
Connecting cells in parallel will yield higher amperage. Modules are then interconnected, in 
series or parallel, or both, to create the desired peak DC voltage and current.  

4. Silicon solar cells electrical and recombination parameters 

The solar cells have two categories of parameters: electrical parameters and recombination 
parameters. 
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4.1 Electrical parameters 
4.1.1 Photocurrent 

The photocurrent density I at the junction of solar cell is obtained from the excess minority 
carriers density of each illumination mode as follows (S. Madougou et al. 2004 et 2007a):  

 
( )δ

=

∂= ∂
0x

n x
I qD

x
 (12) 

Where q and D are constants defined above. 

4.1.2 Voltage  

By means of Boltzmann’s relation, the voltage V can be expressed as (J.F. Phyllips 1997):  

 
δ⎛ ⎞= +⎜ ⎟⎝ ⎠2

(0)
1T B

i

n
V V Log N

n
 (13) 

Where, =T

kT
V

q
 is the thermal voltage, ni the intrinsic carriers density and NB the base 

doping density. 

4.1.3 Power 

The Power generated for the cell is given by: 

 =P V I  (14) 

Where, I and V are the photocurrent and the voltage defined above. 

4.1.4 Fill factor 

The fill factor is given by (W. Shockley 1949):   

 = max max

co sc

V I
FF

V I
 (15) 

Where, Vmax and Imax are voltage and current at maximum power point respectively. VCO is 
the open-circuit voltage and ISC is the short-circuit current.  

4.1.5 Series and shunt resistances 
The series resistance is given by (M. Wolf et al. 1963):  

   
−= co

S

V V
R

I
 (16) 

The shunt resistance is given by (M. Wolf et al. 1963): 

 = −Sh

SC

V
R

I I
 (17) 

I, V, VCO and ISC are defined in sections 4.1.3 and 4.1.4 above. 
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4.1.6 Capacitance 

The capacitance is given by (Edoardo Barbisio 2000; S. Madougou et al 2004): 

 
⎛ ⎞= ⎜ ⎟⎝ ⎠

0 exp
T T

qn V
C

V V
 (18) 

Where, = 2

0
i

B

n
n

N
,  V and VT are the voltage and the thermal voltage defined above. 

4.1.7 Internal quantum efficiency 

The internal quantum efficiency ηIQE  is expressed by (S. Madougou et al. 2007b):  

 ( ) [ ]η = − Φ01
SC

IQE

I

q R
 (19) 

ISC, R and Φ0  are defined above. 

4.2 Recombination parameters 

The different recombination parameters include: the diffusion length L, the minority carriers 
lifetime τ and the recombination velocities (Sf, Sb).  

4.2.1 Diffusion length 

The excess minority carriers diffusion length is given by:  

 τ=L D  (20) 

4.2.2 Lifetime 

The excess minority carriers lifetime is given by: 

 τ = 2L

D
 (21) 

4.2.3 Recombination velocities (Sf, Sb) 

When Sb is higher, the photocurrent tends towards the open-circuit current. Thus, we have 
the relationship: 

 ( )
→+∞

⎡ ⎤∂= ⎢ ⎥∂⎣ ⎦Sb

J
Sf

Sf
 (22) 

When, Sf is higher, the photocurrent density tends towards its maximum value (short-circuit 
current). Thus, we have the following relationship: 

 ( )
→+∞

⎡ ⎤∂= ⎢ ⎥∂⎣ ⎦Sf

J
Sb

Sf
 (23) 
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5. Methods for determining the solar cells parameters  

Research indicates many techniques for determining electrical and recombination 
parameters of solar cells (S. Madougou et al. 2007b, 2005a; G. Sissoko et al 1996; S. K. Sharma 
et al. 1985).  
In this part, we will present some methods of electrical and recombination parameters 
determination. 

5.1 Methods of electrical parameters determination 
For determining solar cells electrical parameters, several methods exist.  

5.1.1 The method based on the current-voltage characteristics 

In these categories of methods, the authors use an algorithm for extracting solar cell 

parameters from I-V-curve using a single or double exponential model (S. Dib et al. 1999; 

C.L. Garrido Alzar 1997). They also use a non linear least squares optimization algorithm 

based on the Newton model using the measured current-voltage data and the subsequently 

calculated conductance of the device (M. Chegaar et al. 2001). To extract the solar cells 

parameters, the authors also utilize an analysing method of the current-voltage (I-V) 

characteristics of silicon solar cells under constant multispectral illumination and under 

magnetic field (S. Madougou et al 2007a). 

5.1.2 The analytical method 

In this method, researchers use the data of some solar cells parameters (measured data of 
current, short circuit current, current at maximum power point, voltage, open circuit 
voltage, voltage at maximum power point) to determine others parameters.  

5.1.3 Others methods 
In those methods, we have: 

- Methods using numerical techniques approaches; 
- The vertical optimisation method; 
- Etc... 

All of these techniques can be extended or modified adequately to cover many cases of solar 
cells.  

5.2 Methods of recombination parameters determination 

Here, we present two methods of recombination parameters determination. The first 

method is a linear fit of Internal Quantum efficiency (IQE) reverse curves versus light 

penetration depth. The second one is a programming method. For each method, after 

determining the minority carriers diffusion length, we calculate the excess minority carriers 

lifetime and recombination velocities. 

In this approach, new analytical expressions of recombination parameters were established. 

5.2.1 Fitting method 

It is a linear fit of the IQE reverse curves versus light penetration depth. From this linear fit, we 
extract the minority carriers diffusion length (S. Madougou et al. 2007b). Figure 7 presents an 
example of a linear fit of measured IQE reverse curves versus light penetration depth. 
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Fig. 7. Linear fit of the reverse of IQE with light penetration depth. 

5.2.2 Programming method 
Some researchers develop an algorithm to calculate the excess minority carriers diffusion 
length. This algorithm searches the weakness square type value between theoretical and 
measured internal quantum efficiency data. At this weakness square type value, we determine 
the corresponding diffusion length value of the solar cell (S. Madougou et al. 2007b).  

6. Conclusion 

This study shows that most of silicon solar cell is configured in N-P junctions. In these solar 
cells, recombination mechanisms occur in five regions and are mainly two types: 
recombination mechanisms in bulk and surface recombination. In practice, the solar cells 
can be illuminated using several illumination modes: under monochromatic light, under 
multispectral light, under intense light concentration or under other modes. Basic equations 
describe the behaviour of the excess minority carriers generated in the base of the solar cells. 
To understand the electronic behaviour in the study, the solar cell is modelled in an 
equivalent circuit containing a shunt resistance and a series resistance. 
 Silicon solar cells have two categories of parameters (electrical parameters and 
recombination parameters) which, the knowledge is very important to ameliorate the 
efficiency of the solar cells. Nowadays, many determination techniques of electrical and 
recombination parameters of solar cells exist. It is a great challenge for researchers to find a 
way to improve the solar cells efficiency. If this challenge is won, solar energy through 
photovoltaic energy can reveal itself to be a unique opportunity to solve energy and 
environmental problems simultaneously. 
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