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Abstract. The key parameters of silicon solar cells with back contact and rear metallization 

(SC-BC), such as the short-circuit current, open-circuit voltage, and photoconversion 

efficiency are modeled theoretically. Among other recombination channels, the model 

accounts for the non-radiative Auger recombination assisted by the deep recombination 

center and recombination in the space-charge region. It has been ascertained that these 

mechanisms are important in the typical commercial SC-BC in the maximal-power regime. 

The theory has been developed for calculating the efficiency as a function of the SC-BC 

thickness. Experimental and theoretical data agree well between each other. In particular, 

the theory has been applied to model the SC-BC produced by SunPower Corp. Depending 

on the surface recombination velocity on the illuminated surface and on the total surface 

recombination velocity on the front and rear surfaces, two mechanisms determine the 

optimal SC-BC thickness, at which the output power reaches its maximal. The first 

mechanism dominates, when the efficiency exceeds 24% under the AM1.5 conditions and 

is related to an essential increase of photon mean free path in the textured silicon SC. The 

other mechanism, more pronounced in the SC-BC with the efficiency below 22%, imposes 

limitations on the optimal thickness due to the surface recombination on the front SC-BC 

surface. 
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1. Introduction 

In this work, the key parameters of commercial silicon 

solar cells with rear metallization (SC-BC) are modeled, 

with the emphasis on the ones produced by SunPower 

Corp. These SCs belong to the most efficient ones in the 

market, having the efficiency of about 22% [1-3]. The 

company SunPower Corp. was founded in 1985, and by 

2001, it developed SCs with the collector junction and 

both contact electrodes located on the rear non-

illuminated surface. Efficient solar panels were based on 

such SC-BC. Their efficiency gradually increased from 

21.8% in 2006 to 22.5% in 2007, 23.3% in 2012, and in 

2014 it was reported to reach 25% [1]. In 2016, the 

efficiency of the SC-BC based on an n-type Cz-silicon 

wafer with the thickness of 130 µm and the area 

153.49 cm
2
 reached the record value of 25.2% with the 

following other photoelectric parameters: open-circuit 

voltage VOC  =  737 mV, short-circuit current density  

JSC  =  41.33 mA/cm
2
, fill factor FF  =  82.7% [2]. The 

solar panels built on these SC-BC also have high 

efficiency, which is lower than the respective “parent” 

SC efficiency by less than 2.5%. In 2016, SunPower 

Corp. produced a solar panel with the efficiency of 

24.1%, which consisted of 72 SC-BC with the efficiency 

of about 25% [2]. The mean efficiency of the solar panels 

presently produced by SunPower Corp. is 21.5% [3]. 

The one-dimensional theory developed here allows 

one to calculate the photoconversion efficiency η and 

other key parameters of SC-BC, such as the short-circuit 

current ISC, open-circuit voltage VOC, and the I-V curve 

fill factor FF. It is valid when the following criteria are 

fulfilled: (1) Ld >> d, (2) SS << DA /d, where Ld is the 

electron-hole pair diffusion length, d – base thickness,  

SS – total recombination velocity at the front and rear 

surfaces, and DA – ambipolar diffusion coefficient. Then, 
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one can neglect the spatial non-uniformity of the excess 

carrier concentration, ∆n(x), where x is the coordinate 

perpendicular to the SC surface. This simplifies 

significantly the analysis of this SC-BC. 

In the theoretical modeling of the SC-BC 

characteristics, the following recombination mechanisms 

in silicon are taken into account: Shockley–Read–Hall 

(SRH) recombination with the lifetime τSRH, non-

radiative exciton Auger recombination assisted by deep 

impurities with the lifetime τnr [4], surface recombination 

on the front and rear surfaces with the respective 

velocities S0 and Sd, radiative recombination with the 

lifetime τr [5], band-to-band Auger recombination [6], 

and the space-charge region (SCR) recombination with 

the velocity SSC. In contrast to the traditional SCs, 

recombination on the front surface plays an important 

role in the SC-BC, so that the condition S0 << DA /d may 

not always be fulfilled. 

The theoretical dependence of the photoconversion 

efficiency η on the SC-BC base thickness d is obtained. 

Two mechanisms are operative in forming the short-

circuit current dependence on the thickness. The first one 

accounts for the increase of the photon mean-free path in 

the textured SC-BC, and the second one is related to the 

effect of the recombination velocity on the illuminated 

surface, S0. 

The theoretical results are shown to be in good 

agreement with the experiment ones.  

 
2. Effective recombination time in silicon 

Taking all the above mentioned recombination 

mechanisms into account, the effective recombination 

time τeff in silicon is 
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where nnn ∆+= 0 , n0 is the equilibrium concentration of 

the majority carriers (assumed for definiteness to be 

electrons), S0S = S00 + S0d – net (front plus rear) surface 

recombination velocity at low injection, τnr(n) = τSRH nx /n 

– non-radiative exciton recombination lifetime [4],  

nx = 8.2⋅10
15 

cm
–3

, τr(n) – radiative recombination 

lifetime [5], and τAuger(n) – Auger band-to-band 

recombination lifetime [6].  

The SRH recombination lifetime τSRH in n-type 

silicon is given by the expression: 
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where ( ) 1
0

−
=τ tpp NC , ( ) 1

0
−

=τ tnn NC , Cp and Cn are 

the capture coefficients for holes and electrons by a 

recombination center, Nt is the recombination center 

concentration, and n1 and p1 are the so-called SRH 

parameters, i.e., the electron and hole concentrations in 

the case when the energy of the recombination level 

coincides with the Fermi energy. 

Note that depending on the energy of the 

recombination center and the capture cross-sections for 

electrons and holes, the SRH lifetime as a function of the 

doping and the excitation level changes between two 

values and can increase, decrease, or remain practically 

constant in a certain range of the doping and excess 

concentrations. In what follows, we will consider the 

case when τSRH is constant within the range of doping  

and excess concentrations of interest, covering 10
14

 to 

10
16

 cm
–3

. 

For the radiative recombination lifetime τr(n) in 

silicon at Т = 300 K, we will use the expression: 
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where the radiative recombination parameter A was 

found in [5] taking into account both band-to-band and 

exciton radiative recombination and the results from [7]. 

It is given by  
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where )( 0 nnEg ∆+∆  is the bandgap narrowing in 

silicon, found in [8]. 

With respect to the band-to-band Auger recom-

bination lifetime, τAuger(n), we used the empirical 

expression from [6].  

Recombination in the space-charge region in silicon 

is due to discreet impurities with the concentration Nt
*
 

and the energy Et close to the middle of the bandgap. 

These impurities can trap electrons and holes with the 

respective capture cross-sections σn and σp. When the 

SRH parameters n1, p1 are much smaller than the 

majority and minority concentrations, the analytical 

expression for the SCR recombination velocity is as 

follows [9, 10]:  
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Here, k is a numerical parameter of the order of unity, 
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( ) 1−∗σ=τ tppR Nv  – SRH lifetime in SCR, vp – hole 

thermal velocity, Nt
*
 – recombination center 

concentration, n0 and p0 are the equilibrium electron and 

hole concentrations, ( ) 2/1

0
2

SiD 2 nqkTL ε=  – Debye 

length, εSi – dielectric constant of silicon, and q – 

elementary charge.  

As shown in [9, 10], the value SSC decreases with 

the excess electron-hole pair concentration ∆n and with 

the SRH lifetime in SCR τR. In the direct-bandgap 

semiconductors, the SRH lifetime τSRH is small (see, e.g., 

[11]), hence, the value SSC can be quite high. SCR 

recombination can actually compete with the quasi-

neutral bulk recombination even at those values of ∆n 

that are characteristic for the maximal-power regime. 

Therefore, SCR recombination should be accounted in 

the SC modeling.  

On the other hand, in the high-efficiency SC-BC, 

the bulk SRH lifetime, τSRH, is close to 10 ms [12], 

whereas the excess concentration ∆n under maximal 

power conditions exceeds 10
15

 cm
–3

. If we assume that 

SRHτ∝τR , then the SCR recombination velocity can be 

estimated as cm/s10 2−≤SCS . At a first glance, SCR 

recombination can be neglected as compared to other 

recombination channels. However, as the analysis 

performed in [9, 10] shows, the main difference between 

the SCR and bulk recombination mechanisms is that the 

lifetime in SCR, τR, can be several orders of magnitude 

smaller than the SRH lifetime in the bulk, τSRH. For the 

cases analyzed in [9, 10], τR is close to 1 µs. In the first 

place, it means that the deep recombination center 

concentration in SCR is much higher than that in the 

neutral bulk. The reasons for this might be related to the 

gettering effect during the high-temperature diffusion in 

the p-n junction formation stage, the presence of boron 

complexes that promote an increase of the deep impurity 

concentration, the effects related to the high electric field 

in SCR, and possibly other mechanisms. As a result, the 

SCR recombination velocity in the high-efficiency SCs is 

also comparable with or even exceeds the recombination 

velocity of other recombination channels, meaning that it 

must be accounted for in the modeling of SC-BC as well.  

 
3. Modeling the open-circuit voltage and short-circuit 

current in SC-BC 

As shown in [13], the open-circuit voltage VOC in silicon 

p
+
-n-n

+
 structures, including SC-BC, is given by the 

expression 
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where ∆nOC is the excess concentration under the open-

circuit conditions. 

In SC-BC, the SCR recombination proceeds not 

uniformly in the whole SC area ASC, but only in those 

regions, where an inversion band bending is created, that 

is, in the boron-doped regions. Their total area AB is 

smaller than ASC. Therefore, when the expression (1) is 

applied to SC-BC, one should replace the term SSC with 

SC

B
SC

A

A
S . 

The I-V curve for illuminated SC-BC is calculated 

according to the expression [13] 
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where IL is the photo-generated current, which equals the 

short-circuit current ISC in the highly efficient SCs IL ≈ 

≈ ISC, RS and RSH are the series and shunt resistances, and 
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is the recombination current with the recombination 

lifetime in the base given by 
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and the excess concentration found from the expression 
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Here, ( ) 0
2
00

2
0 //exp)(/),( nkTETnnETnp gigi ∆=∆=  is 

the equilibrium hole concentration in the n-type base, 

)( 0 nnEg ∆+∆  – bandgap narrowing in silicon, 

determined in the work [8], and ni0 (T) – intrinsic charge 

carrier concentration without band narrowing [7]. The 

latter expression (10) immediately follows from the 

uniformity of the excess concentration profile within the 

base, implying that the difference between the electron 

and hole quasi-Fermi energies equals to the voltage 

across the base times the elementary charge. This voltage 

is given by the difference between the applied voltage 

and voltage drop on the series resistance, V – IRS.  

Then, the product of non-equilibrium electron and  

hole concentrations obeys the relationship 
kTIRVq

i
Sennnnp

/)(2
00 ))((

−=∆+∆+ , which can be 

solved for ∆n, giving (10). 

Multiplying the current I(V) by the applied voltage 

V, we obtain the power P(V). From the maximum power 

condition 0)]([ =dVVPd , we find the voltage Vm at the 

maximal power. Substitution of Vm into (8) gives the 

respective current Im, which allows one to determine the 

photoconversion efficiency ( )lightSCmm PAVI=η  and the  
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Fig. 1. Experimental (symbols) and theoretical (solid line) 

external quantum efficiency for the SCs from [15]. 
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Fig. 2. Experimental (symbols) and theoretical (solid line) dark 

I-V curves of the commercial SCs by SunPower. 
 

 

fill factor ( )OCSCmm VIVIFF = , where Plight is the 

incident irradiance, equal to 0.1004 W/cm
2
 for the 

AM1.5 conditions. 

The short-circuit current is a parameter that should 

be determined experimentally. On the other hand, in the 

textured SCs it can be calculated, if one knows the 

external quantum efficiency of the photogenerated 

current EQE(λ). As shown in the work [14], the external 

quantum efficiency EQE in a textured p-n junction-based 

silicon SCs, as well as in a heterojunction SCs, is 

described in the long-wave region by an empirical 

expression 
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Fig. 3. Experimental (symbols) and theoretical (solid lines) I-V 

curves of the illuminated commercial SCs by SunPower (1) and 

the I-V curves for the illuminated SC from [15] (2). 

 

 

where b is a numerical coefficient exceeding the unity. 

Here, it is assumed that in the long-wave region,  

the external quantum efficiency is approximately the 

same as the internal quantum efficiency EQE(λ,b) = 

= T(λ)⋅IQE(λ,b) ≈ IQE(λ,b), because the transmission 

coefficient T(λ) in this part of the spectrum is close to 

unity. 

Shown in Fig. 1 are the experimental curves 

EQE(λ) for SC-BC from [15] and their approximation by 

the expression (11). The coefficient b, at which the 

theory agrees well with the experiment in the long-wave 

region, equals 1.6. As seen in Fig. 1, the expression (11) 

quite accurately describes EQE(λ) within the wavelength 

range from 800 up to 1200 nm. Hence, for this SC-BC 

one can determine 

 







+λλλ= ∫

λ

800

5.1

0

)()(),( dEQEIqbdJ AMSC







λλλ+ ∫

λ m

dbEQEIf AM

800

5.1 ),()( , (12) 

 

where λ0 = 300 nm, λm= 1200 nm, IAM1.5(λ) is the spectral 

photon flux under the AM1.5 conditions, EQE(λ,b) is 

given by (12), and the coefficient 1≤f  should be chosen 

in such a manner that for λ = 800 nm the values EQE(λ) 

and IQE(λ,b) are the same.  

 
4. Results and discussion 

In order to model SC-BC, one needs to determine the 

recombination parameters τR and br. They can be found 

from the dark I-V curves. Because we could not find the 

dark I-V curves in literature for these SCs (see, e.g., [15, 

16]),  just  the illuminated ones,  we have  measured them  
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Fig. 4. Thickness dependence of the photoconversion efficiency 

η(d) for SCs from [15]. The curves 1 to 5 correspond to S00 = 0, 

1, 2, 3, and 4 cm/s, respectively. 
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Fig. 5. Thickness dependence of the photoconversion efficiency 

for SC by SunPower. The curves 1–3 are plotted for S00 = 0, 

0.4, and 0.6 cm/s, respectively. 

 

 

on some commercial SC-BC with the area ASC = 153 cm
2
 

and the base thickness d = 165 µm. The experimental 

dark current density Jr (V) shown in Fig. 2 was fitted by 

the theoretical expressions above. In the modeling,  

the SRH recombination lifetime was taken to be τSRH = 

= 10 ms, which is consistent with [16]. As a result of this  

fitting, the following parameters have been obtained:  

the net surface recombination velocity at low injection 

S0S = 4 cm/s, the SCR recombination lifetime τR = 20 µs, 

the ratio of the electron to hole capture coefficients  

br = 2·10
–2

. 

Fig. 3 shows the I-V curve for illumination 

conditions, which was measured by us under the AM1.5 

conditions by using commercial SC-BC, as well as the  

I-V curve from [15]. As seen in this figure, the open-

circuit voltage VOC = 0.698 V for the commercial SC, and 

for the SC sample from [15] it equals 0.655 V. The short-

circuit current density JSC of the commercial SC is 

40.04 mA/cm
2
, and for that from [15] it is 40 mA⁄cm

2
. 

By applying the theory to fit the experimental I-V 

curves under illumination, one can determine several 

parameters of these SC-BC, namely: the surface 

recombination velocity S0S and parasitic specific 

resistances Rs and Rsh. The value of S0S in SCs from [15] 

turned out to be 16 cm/s, whereas for the commercial SC 

it was 4 cm/s, which coincides with the value obtained 

from fitting the dark I-V curve of this SC-BC. By fitting 

the illuminated I-V curves, also the products of the 

specific series and shunt resistances and the SC area, ARs 

and ARsh, were found to be, respectively, 1.22 and 

4·10
4
 Ω·cm

2
 for the commercial SC-BC and 1 and 

7·10
2
 Ω·cm

2
 for SC from [15]. 

Having the relationship (13) between the photo-

generated current and the base thickness, JL (d), and the 

parameters found from fitting the illuminated I-V curves, 

one can determine how the photoconversion efficiency 

depends on the base thickness. For SC from [15], the 

respective curve is shown in Fig. 4, curve 1. When 

plotting this curve, it was assumed that the τR and br 

values are, respectively, 20 µs and 2·10
–2

. As seen in 

Fig. 4, the optimal thickness dopt equals 738 µm, which is 

significantly higher than the experimental base 

thicknesses used in SC-BC. Such a high value of dopt in 

this case is due to the high net surface recombination 

velocity at low injection, S0S. 

It should be noted that the obtained result is valid 

only if the criterion S0d/DA << 1 is fulfilled. It is well-

known (see, e.g., [17, 18]) that surface recombination on 

the front (illuminated) surface of silicon SC-BC de-

creases the short-circuit current density JSC according to 
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is the ambipolar diffusion coefficient, )( nDp ∆  and 

)( nDn ∆  are the hole and electron diffusion coefficients, 

which are related to the respective mobilities in accord 

with Einstein’s relation. 

We are analyzing the case of n-type doping, i.e. 

n0 >> p0. We also consider the general case when the 

excess carrier concentration ∆n is not bounded from 

above and may exceed the equilibrium majority 

concentration n0. 

Let us evaluate the effect of the surface recombina-

tion velocity S0 and base thickness d on the photoconver-

sion efficiency in SC-BC. Strictly speaking, the values of 
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Fig. 6. Thickness dependence of η(d) for SCs from [16]. The 

curves 1 to 4 correspond to S00 = 0, 0.06, 0.1, and 0.15 cm/s, 

respectively. 
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Fig. 7. Thickness dependence η(d) for SCs from [2]. The curves 

1 to 4 are obtained for S00 = 0, 0.04, 0.07 and 0.1 cm/s, 

respectively. 
 

 

 

Dp and Dn are not fixed when 0nn ≥∆ . To simplify the 

analysis, let us consider the situation when Dp and Dn 

have their low-injection values, Dp0 = 11.25 cm
2
/s and 

Dn0 = 33.75 cm
2
/s, and the resistivity of silicon is 

sufficiently high. We also take into account that 

S0 (∆n) = S00 (1 + ∆n/n0), where S00 is the low-injection 

recombination velocity on the front surface. Then, the 

expression (14) takes the form 
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Fig. 4 also shows the photoconversion efficiency η 

as a function of the base thickness d for SCs from [15] 

obtained using the expression (15). The total front and 

rear surface recombination velocity at low injection S0S 

was taken to be 16 cm/s. The curves 2–5 correspond to 

the low-injection front surface recombination velocity S00 

equal to 1, 2, 3, and 4 cm/s, whereas for each curve,  

the rear surface recombination velocity was taken as  

S0S – S00. This had practically no effect on the open-

circuit voltage. As seen in the figure, increasing S00 

results in a decrease of both maximal efficiency ηm and 

the optimal base thickness dopt, for which η is maximal. 

The highest value of dopt is about 738 µm, whereas the 

minimal value is 320 µm. But at the typical SC-BC 

thickness of 150 µm, the reduction of η is relatively 

small, being of the order of 0.7%. 

Because this result is caused by the high value of 

S0S in SC-BC from [15], let us analyze the effect of 

recombination velocity at the front surface for 

commercial SC, which I-V curve for illumination 

conditions is also presented in Fig. 2. For this SC, the 

value S0S = 4 cm/s, which is 4 times as low as for SC 

from [15]. Accordingly, the value of S00 is also lower. 

Fig. 5 shows the theoretical photoconversion efficiency 

η(d) for the commercial SC-BC, obtained using the same 

calculation scheme as in the previous case, but with S0S = 

= 4 cm/s. The curve 1 is obtained under the assumption 

that surface recombination velocity does not affect  

the short-circuit current, whereas the curves 2 and 3 

correspond to the low-injection front surface 

recombination velocity S00 of 0.4 and 0.6 cm/s. As seen 

from Figs. 4 and 5, the tested commercial SC is 

characterized by a smaller drop in both the maximal 

efficiency and the optimal thickness as S00 is increased. 

The maximal η-value is 21.8%, which differs by only 

0.5% from the efficiency at d = 165 µm. The initial 

optimal thickness dopt is about 322 µm, which is also 

lower than for SC from [15]. 

Ref. [16] gives the key parameters of high-

efficiency SC-BC produced by the company SunPower. 

The highest photoconversion efficiency is 24.3%, and the 

open-circuit voltage is 0.730 V. Assuming that in this SC 

τSRH = 10 ms, as before, the doping level of 9·10
14

 cm
–3

, 

and τR  = 20 µs and br = 2·10
–2

, we determined the 

thickness dependence of the photoconversion efficiency 

η(d) for this SC-BC. First, from fitting the experimental 

open-circuit voltage VOC, the value of S0S was found to be 

0.6 cm/s. Then, from a comparison between the 

theoretical and experimental η-values at the thickness 

150 µm, the specific resistance value ARs = 0.26 Ω·cm
2
 

was determined. After that, the curves η(d) were plotted 

and shown in Fig. 6 (curve 1). As seen in the figure,  

the maximal η is 24.3% at the optimal thickness  

dopt = 173 µm. The curves 2 to 4 are obtained for the  

low-injection front surface recombination velocity S00 

equal to 0.06, 0.1 and 0.15 cm/s, respectively. Again,  

the values of efficiency η at d = 173 µm are practically 

the same at different values of S00. That is, 

001.00 ≤ADdS . 
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Finally, shown in Fig. 7 are the efficiency vs base 

thickness curves for SC-BC with the record efficiency of 

25.2% from Ref. [2]. The following parameter values 

were assumed: τSRH = 10 ms, doping level 9·10
14

 cm
–3

,  

τR  = 20 µs and br = 2·10
–2

. From fitting the experimental 

open-circuit voltage with the theory, it was found that  

S0S = 0.42 cm/s. Then, but comparing the theoretical and 

experimental efficiency at the thickness 130 µm, the 

specific series resistance value of ARs = 0.25 Ω·сm
2
 was 

found. Finally, the curves η(d) were plotted, see Fig. 7 

(curve 1). As seen in this figure, the maximal efficiency 

has the value of 25.2% at the optimal thickness dopt = 

= 141 µm. The curves 2 to 4 correspond to the low-

injection front surface recombination velocity S00 of 0.04, 

0.07 and 0.1 cm/s, respectively. Again, as in the previous 

case, the efficiency values at d = 141 µm are practically 

the same at different S00. That is, 4
0 10−≤ADdS . 

Comparison of Figs. 6 and 7 indicates that as the 

photoconversion efficiency in SC-BC increases, the 

optimal thickness dopt slightly decreases. 

 
5. Conclusions 

The results of our analysis show that two mechanisms are 

operative in the thickness dependence of the 

photoconversion efficiency in SC-BC. The first one is 

related to an increase of the photon mean free path in 

textured SCs and is the more pronounced the smaller is 

the value of the parameter b in the expression (12). The 

other mechanism has to do with the recombination 

velocity on the front surface. The effect of surface 

recombination on the illuminated surface on the short-

circuit current in the analyzed SC-BC is the smaller the 

lower is the net surface recombination velocity at the 

front and rear surfaces. Besides, the value of S0 is always 

smaller than Sd, which is taken into account in the 

calculations. The open-circuit voltage is affected only by 

the total front and rear surface recombination velocity SS. 

The higher SS, the larger the optimal base thickness 

dopt at which the photoconversion efficiency is maximal, 

and the bigger the shift of dopt to the smaller values in the 

case when S0 is increased. At the same time, the curves 

η(d) in the thickness range between 150 and 800 µm in 

the silicon SC-BC produced by SunPower are rather flat, 

hence using the thickness of (150 ± 30) µm does not lead 

to a significant reduction of the efficiency as compared to 

the maximal values. 
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