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Abstract-A numerical study has been carried out to extract bulk recombination lifetime of minority carrier in Fe contaminated 

p-type compensated silicon solar cell. In this paper it has demonstrated that the compensation will lead to a substantial increase 

in both intrinsic and Shockley-Read-Hall (SRH) lifetime for minority carrier in p-Si. The utmost importance of this result is the 

control of compensation level that will facilitate strong improvements in silicon solar cell efficiencies. 
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1. Introduction 

Fast diffusion of solar PV requires the cost level cut 

down to acceptable minimum so that it can meet the grid 

parity of conventional electricity. Among several approaches 

to reach this goal, using inexpensive low-grade silicon, such 

as solar grade silicon (SoG), is a way to minimize the cost of 

solar cells production. This low-cost SoG material often 

contain high concentration of unwanted dopant species such 

as B, P and Al. These doping species introduce energy levels 

in the Si bandgap in the vicinity of the conduction band (EC) 

for donor atoms (i.e. P) or in the vicinity of the valence band 

(EV) for acceptor atoms (i.e. B).These energy levels enhance 

the trapping of the free carriers and responsible for low 

minority carrier lifetime due to Shockley-Read-Hall (SRH) 

recombination [1]. Previous works have determined the 

maximum concentrations of dopants that can be tolerated in 

the SoG feedstock without an excessive loss in the efficiency 

of the resulting solar cells, and have demonstrated the solar 

cell performance on compensated material that might be 

comparable with noncompensated solar cells [2,3]. This 

works focused on the Electronic effects of compensation in 

SoG silicon via modeling both the intrinsic recombinations 

(i.eradiative and Auger recombination) and recombination 

through defects (SRH recombination) to extract the minority 

carrier lifetime in p-Si solar cell. The compensation in p-Si 

was done with phosphorus (P) for PV applications and it was 

assumed that cell is intentionally contaminated by interstitial 

iron, Fei. [Fei] equals to defect density Ntwhich acts as 

trap/recombination centre for SRH recombination. Here it is 

shown that compensation in certain cases will lead an 

increase in carrier lifetime. 

2. Theory of Recombination Lifetime 

In thermal equilibrium, electron-hole product (
2

0 0 in p n

) in a semiconductor is constant, hence the generation rate G0 

counterbalance the recombination rate R0. If this equilibrium 

is perturbed by means of optical or thermal excitation, excess 

carriers ( 0n n n    or 0p p p   ) are generated. As 

thermal equilibrium can’t be reached instantaneously after 

switching off the external generation source, the excess 

carrier densities decay successively with net recombination 

rate, 0U R R  , which is a characteristic of the individual 

recombination mechanism and vanishes in thermal 

equilibrium. The time dependent decay of ∆n then follows an 

exponential law. The time constant of this exponential decay 

represents the recombination lifetime, often also referred to 

as the carrier lifetime or lifetime which is thus generally 

defined by the following equation [4]. 
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Crystalline silicon is endowed with both intrinsic 

recombination and recombination through defects/surface 

states [5-7]. Intrinsic recombination comprised of radiative 

and Auger recombination. Radiative recombination is simply 

the direct annihilation of an electron-hole pair. It involves a 

conduction band electron falling from an allowed conduction 

band state into a vacant valence band state (a hole) as shown 

in the uppermost sketch of the fig.1. Traditionally, Auger 

recombination is viewed as a three-particle interaction where 

a conduction band electron and a valence band hole 

recombine, with the excess energy being transferred to a 

third free electron or hole as shown in the middle sketch of 

the fig.1. The charge carriers involved are assumed to be 

non-interacting quasi-free particles. Based on the 

experimental results, Kerr and Cuevas [8] developed a 

general expression for intrinsic recombination lifetime 

describing the combined effect of Auger and radiative 

recombination: 
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The presence of defects in a semiconductor crystal due 

to impurities or crystallographic imperfections such as 

dislocations produces discrete energy levels within the 

bandgap. These defect levels, also known as traps, greatly 

facilitate recombination through a two-step process where a 

free electron from the conduction band first relaxes to the 

defect level and then relaxes to the valence band where it 

annihilates a hole as shown in the bottom sketch of the fig.1. 

The dynamics of this recombination process was first 

analysed by Shockley and Read and Hall [9,10], with the 

recombination rate, USRH, for a single defect level given by 

[4]: 
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 where 0p and 0n are the fundamental capture time 

constants, n1 and p1 equal the equilibrium electron and hole 

densities when the Fermi energy EF coincides with the 

energy level Et of the recombination centre. Plugging 

equation (3) into equation (1), SRH lifetime can be resolved 

as: 
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Fig. 1Radiative, Auger and SRH recombination process, 

respectively. 

Fig.2 shows the injection dependent bulk recombination 

lifetime of minority carrier in noncompensated p-Si solar 

cell. 

 

Fig.2.Bulk recombinationslifetime (SRH recombination, 

radiative recombination and free particle Auger 

recombination.)fornoncompensated p-Si solar cell [11]. 
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3. Results and Discussion 

For the case of compensated p-type silicon ( A DN N ), 

p0 and n0 in the equations (2) and (4) have to be calculated by 

following equations: 
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The compensation level, Cl is defined as ND/NA-ND, NA 

and ND being the total concentrations of acceptor and donor 

species, respectively. 

 

Fig.3.Injection dependent SRH lifetime for four different 

values of p0 for compensated p-Si solar cell. 

Fig. 3 shows the injection level dependent SRH lifetime 

for compensated p-Si solar cell. It can be seen that SRH 

lifetime shifts left for low values of p0. As compensation is 

done by adding donor impurity, hole concentration decreases 

and results in higher SRH lifetime. A linear increase is found 

in SRH lifetime with compensation level change as shown in 

fig. 4. Such injection level effects only occur for deep levels 

impurity, for example Fei in silicon, with a much larger 

capture cross section for minority carriers than for majority 

carriers. The larger capture cross section for electrons results 

in a strong injection dependence in p-Si, and causing an 

increase in lifetime as the degree of compensation is 

increased. 

 

Fig.4. Change in SRH lifetime due to change in 

compensation level. 

In p-Si, it is considered fixed [B] equal to 173 10  cm
-3 

and injection level equal to 10
12

 cm
-3

 while calculating 

intrinsic carrier lifetime. The simulated results are shown in 

fig.4. Although the intrinsic recombination lifetime in 

noncompensated silicon solar cell is almost negligible, from 

the simulated results, it has found a strong increase in 

intrinsic lifetime with Cl. Indeed, an absolute gain of 0.02 

second is observed (shown in fig.5) for every decade change 

in Cl which is a huge for p-Si solar cell. This is due to a 

considerable reduction of the recombination strength of B. 

This predicted result could lead to strong improvements in 

the conversion efficiency of highly B doped solar cells. 

When [B] increases, the Fermi level gets closer to the 

acceptor energy level and enhances its ability for the capture 

of minority carriers. When compensation is done by adding 

donor atoms, a reduction in free carrier concentration in p-Si 

is normally observed which shifts the Fermi level toward the 

centre of gap, meaning that the attractivity of neutral B atoms 

for electron is reduced, and resulting in an increase in carrier 

lifetime [12, 13]. 

 

Fig.5. Intrinsic lifetime of compensated p-Si solar cell. 
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The combined effect of intrinsic and SRH lifetime 

produce effective lifetime as per Equation 7 which is shown 

in fig.6. A linear increase in effective lifetime is observed as 

a logical sequence of improved intrinsic and SRH lifetime 

for compensation effect. 
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Fig.6. Effective lifetime of minority carrier in compensated 

p-Si solar cell. 

Table 1. List of parameters used in this studies 

Parameters used in this study 

      

Intrinsic carrier concentration, ni [cm
-3

] 
101.0923 10  

Density of States in EC, NC [cm
-3

] 
192.84 10  

Density of States in EV, NV [cm
-3

] 
192.68 10  

Energy gap, Eg [eV] 1.124 

Thermal velocity, Vth [cm/s] 
71.1 10  

Donor state energy, Et [eV] 0.38 

electron capture cross section, n [cm
2
] 

153.6 10  

Hole capture cross section, p [cm
2
] 

176.8 10  

Density of defect states, Nt [cm
-3

] 
115 10  

4. Conclusion 

A strong correlation between increased compensation 

level and measured recombination lifetime in p-Si solar cell 

has shown in this study. It was found that compensation lead 

to increased lifetime both for intrinsic recombination and 

recombination through defect processes which in turns will 

results in higher cell efficiencies in-terms of better 

improvement in short circuit current and open circuit voltage 

of a given cell. A positive impact on solar cell device 

electrical characteristics is expected herewith. The 

compensation range between 161 10 and 176 10 has shown 

here to be the interesting range for PV application. It could 

infer that the deliberate compensation of low-cost SoG 

silicon will lead to enhance device performance without 

expensive additional purification steps indeed. 
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