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Abstract 

A bifacial silicon solar cell under monochromatic illumination in frequency 
modulation by the rear side is being studied for the optimization of base 
thickness. The density of photogenerated carriers in the base is obtained by 
resolution of the continuity equation, with the help of boundary conditions at 
the junction surface (n+/p) and the rear face (p/p+) of the base. For a short 
wavelength corresponding to a high absorption coefficient, the AC photocur-
rent density is calculated and represented according to the excess minority 
carrier’s recombination velocity at the junction, for different modulation fre-
quency values. The expression of the AC recombination velocity of excess 
minority carriers at the rear surface of the base of the solar cell is then de-
duced, depending on both, the absorption coefficient of the silicon material 
and the thickness of the base. Compared to the intrinsic AC recombination 
velocity, the optimal thickness is extracted and modeled in a mathematical 
relationship, as a decreasing function of the modulated frequency of back il-
lumination. Thus under these operating conditions, a maximum short-circuit 
photocurrent is obtained and a low-cost bifacial solar cell can be achieved by 
reducing material (Si) to elaborate the base thickness.  
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1. Introduction 

The photovoltaic effect is the result of photon-matter interaction in a semicon-
ductor. The semiconductor material widely used in the manufacture of solar 
cells is silicon [1] [2] [3]. This solar cell is composed of an emitter (n+ material) 
attached to an (p) material that is the base and followed by an (p+) material. The 
emitter and base are separated by the Space Charge Region (SCR), where an 
electric field arising from the Helmozt principle prevails [4] [5] [6]. 

The physical mechanisms [7] that take place there are: 
1) The absorption of monochromatic [8] or polychromatic [9] light, at a depth 

x, is related to the monochromatic absorption coefficient α(λ) at the wavelength 
(λ) and the gap energy (Eg) of the material [10] [11]. 

2) The generation of electrical charge carriers, at a depth x, is the appearance 
of electrical charges (electrons and holes) in the material, represented by the re-
lationship of generation rate (G(x)) related to the spectral quality of incident 
light, constant flow [12] or variable i.e. modulated frequency [13] [14] [15] [16] 
[17] or pulsed [18] [19] [20] [21]. Depending on the architecture of the struc-
ture, the incident flow may be perpendicular to the front [22] [23] or back [24] 
[25] surface of the base. It can be also parallel [26] [27] to the surface of the 
space charge area (SCR). Then the elaborate solar cells are, mono or bifacial 
(DSSD) [28] [29] [30] [31] [32] or multiple vertical junctions (MVJ) [33] [34] 
[35] [36]. 

3) The diffusion lengh (L) giving the distance traveled by the photogenerated 
carriers [37] [38], for a time (τ) that is their lifetime [39] [40] [41], with the dif-
fusion (D) [42] and mobility (μ) [43] coefficients 

4) the excess minority carriers recombination that occurs in the volume is as-
sociated with the lifetime (τ) and that on the surfaces [44] are called surface re-
combination velocity, (Se at the n+ front, Sf at the junction n+/p, Sb at the rear 
p/p+, and Sg at the grain joints in the 3D model) [45] [46] [47] [48] [49]. 

The solar cell is therefore a structure from which, the maximum current of 
electrical charges must be drawn (extracted), while keeping an electrical voltage 
most removed (open circuit). This involves optimizing the physical mechanisms 
[50] involved (intrinsic and external) and the size of the geometry of the struc-
ture (grain size (g) and orientation, size of different regions) [51] [52] [53] [54] 
[55]. 

Thus the determination of phenomelogical parameters [56] [57] in the solar 
cell, through theoretical and experimental studies, allows to trace the perfor-
mance of photoconversion. In previous works the solar cell is considered in stat-
ic or dynamic mode (frequency) [58] [59]. 

The proposed study involves a bifacial solar cell with crystalline silicon 
(n+/p/p+), illuminated by the rear side (p+) with a monochromatic light (λ) in 
frequency modulation (ω) in order to determine the thickness of its base, allow-
ing to produce the maximum short circuit photocurrent. The technique used 
[60] [61] is that which studies the excess minority carriers recombination veloc-
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ity at the rear-facing (p/p+) [62] [63]. In this work, the surface recombination 
velocity expressions depend on the frequency (ω) modulation [64] [65] that acts 
on the relaxation of excess minority carriers, and the monochromatic absorption 
coefficient [8] [12], which defines the depth of light penetration, are considered 
for the base optimum thickness (H) determination.  

2. Methodology 

The structure of the n+/p/p+ bifacial silicon solar cell under monochromatic il-
lumination, in frequency modulation, is given by Figure 1.  

The excess minority carriers’ density ( ),x tδ  generated in the base of a bifa-
cial silicon solar cell, back illuminated in frequency modulation, is given by the 
following continuity equation [13] [16] [17] [52]: 

( ) ( ) ( ) ( ) ( )2

2

, , ,
, ,

x t x t x t
D G x t

tx
δ δ δ

ω ω
τ

∂ ∂
× − = − +

∂∂
           (1) 

The expression of the excess minority carriers’ density is written, according to 
the space coordinates (x) at the time (t), with (j) the complex number, and (ω) 
the modulation frequency, as: 

( ) ( ), e j tx t x ωδ δ −= ⋅                       (2) 

AC carrier generation rate ( ),G x t  is given by the relationship: 

( ) ( ), e j tG x t g x ω−= ⋅                       (3) 

With the generation rate from the back illuminated surface expressed [7] as: 

( ) ( ) ( ) ( )( ) ( ) ( )
0 1 e H xg x I R α λα λ λ λ − ⋅ −= ⋅ ⋅ − ⋅              (4) 

H is the depth in the base. I0 is the monochromatic incident flow with wave-
length (λ), producing reflection and absorption coefficients respectively R(λ) 
and α(λ) on the Si material [8] [10] [12] [37].  

( )D ω  is the complex diffusion coefficient of excess minority carrier in the 
base. Its expression is given by the relationship [13] [16] [17] [52]:  

( )
( )

2 2

0 2

1
1

jD D ω τω
ωτ

 − ⋅ ⋅ = ×
 + 

                  (5) 

 

 
Figure 1. Structure of bifacial silicon solar cell. 
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τ and D0 are respectively the excess minority carriers lifetime and diffusion 
coefficient in the base under steady state. 

By replacing Equations (2) and (3) in Equation (1), the continuity equation 
for the excess minority carriers’ density in the base is reduced to the following 
relationship: 

( ) ( )
( )

( )
( )

2

2 2

, ,x x g x
Dx L

δ ω δ ω
ωω

∂
− = −

∂
                 (6) 

( )L ω  is the complex diffusion length of excess minority carriers in the base 
given by Einstein’s relation as: 

( ) ( )
1
D

L
j
ω τ

ω
ωτ

=
+

                       (7) 

Taking into account Equation (4), the solution of Equation (8) is obtained as: 

( ) ( ) ( )
( ) ( ), , cosh sinh e H xx xx A B K

L L
α λδ λ ω

ω ω
− ⋅ −   

= ⋅ + ⋅ + ⋅   
      

    (8) 

With 

( ) ( )
( ) ( ) ( )

2
0

2 2

1

1

I R L
K

D L

α ω

ω ω α λ

⋅ ⋅ − ⋅   = −
 ⋅ − 

 and ( ) ( )( )2 2 1L ω α λ⋅ ≠      (9) 

Coefficients A and B are extracted from the following boundary conditions 
respectively: 

1) At the junction n+/p (x = 0): 

( ) ( )
( )0 0

, , , ,

x x

x x
Sf

x D
δ λ ω δ λ ω

ω
= =

∂
= ⋅

∂
             (10) 

2) On the p/p+, back side in the base (x = H):  

( ) ( )
( )

, , , ,

x H x H

x x
Sb

x D
δ λ ω δ λ ω

ω
= =

∂
= − ⋅

∂
            (11) 

Sf and Sb are respectively the excess minority carrier’s recombination veloci-
ties at the junction and at the back surface. The recombination velocity Sf is the 
charge carrier velocity of passage at the junction, in order to participate in the 
photocurrent. As the solar cell operating point is imposed by the external load, 
junction recombination is then related [41] [47] [48]. It has an intrinsic compo-
nent which represents the carrier losses associated with the shunt resistor in the 
solar cell electrical equivalent model [62] [63] [64]. The excess minority carrier 
recombination velocity Sb on the back surface is associated with the presence of 
the (p+) layer which generates an electric field that pushes the charge carriers 
back to the junction [4] [22] [40] [48], in order to improve the solar cell effi-
ciency. 

3. Results and Discussions 

Figure 2 is the plot of the excess minority carrier density (Equation (5)) versus  
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Figure 2. Module of excess minority carriers density versus base thickness (Sf = 6 × 106 
cm/s), D0 = 35 cm2/s; α = 21,000 cm−1). 
 
base depth, for different frequencies. As the solar cell is back illuminated with 
high absorption coefficient (α), the density is high at the incident surface (back) 
[10] and weak at the junction because of short circuit operating condition (high 
Sf value) [41] [48].  

3.1. Photocurrent 

The AC photocurrent density at the junction is derived from the density of mi-
nority carriers in the base and is given by the following expression: 

( ) ( ) ( )
0

, ,
, ,ph

x

x
J Sf qD

x
δ λ ω

λ ω ω
=

∂
=

∂
                 (12) 

where q is the elementary electron charge. 
Figure 3 gives the plot of AC photocurrent (Equation (12)) versus junction 

surface recombination velocity for different frequencies (ω), at given absorption 
coefficient α(λ). 

At low junction surface recombination velocity values, the photocurrent is low 
whatever the frequency (open circuit condition). It increases and gives constant 
value at short circuit condition i.e. high junction surface recombination velocity 
(Sf). At this operating point the short circuit current decreases with the fre-
quency due to the reduction of excess minority carriers’ relaxation time [59] 
[64]. 

3.2. Optimization 

From the representation of Figure 3, in this interval of the junction recombina-
tion velocity of minority carriers (very large Sf), a constant short-circuit current 
density (Jphsc) whatever the frequencies appears and allows to write [48]: 
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Figure 3. Module of photocurrent density versus junction surface recombination velocity 
for different frequencies (D0 = 35 cm2/s; α = 21,000 cm−1). 
 

( )
5 110 cm s

, ,
0ph

Sf

J Sf
Sf
ω λ

−≥ ⋅

∂
=

∂
                  (13) 

The solution of Equation (13) leads to the expressions of the AC back surface 
recombination velocity [58] [63] [64] given through Equations (14) and (15): 

( ) ( )
( ) ( )1 , tanh

D HSb H
L L
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 

= − ⋅   
 

                (14) 

( )

( )
( )

( ) ( ) ( ) ( ) ( ) ( )
( )

( ) ( ) ( ) ( )
( )

2 , ,

e

e 1

H

H

Sb H

H HL L ch sh
L LD

L H Hch L sh
L L

α λ

α λ

λ ω

ω α λ ω α λ
ω ωω

ω
ω α λ

ω ω

− ⋅

− ⋅

     
⋅ − ⋅ ⋅ +              = ⋅       + ⋅ ⋅ −              

 (15) 

Figure 4 representation gives the comparison [34] of the two expressions of 
back surface recombination velocity versus thickness of the base of the solar cell 
for different values of frequency. The extracted intercept points, give the base 
optimum thicknesses (Hopt) [58] [60] relative to frequency values and presented 
in Table 1.  

Figure 5 is obtained by help of data from Table 1.  
From Figure 5, we can derive Equation (16) that gives: 

( ) ( )8 1cm 6.9 10 rad s 0.0089opH ω− −= − × × ⋅ +           (16) 

Optimum thickness is a decreasing line depending on the frequency. The Eq-
uation (16) allows mathematical modelling to be made. 

Table 1, combined with Equation (5), allows to plot Figure 6, representing 
the profile of the optimal thickness according to the diffusion coefficient. 
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Figure 4. Sb1 and Sb2 versus depth in the base for different frequency (D0 = 35 cm2/s; α = 
21,000 cm−1). 
 

 

Figure 5. Optimum thickness versus pulsation. 
 

 

Figure 6. Optimum thickness versus diffusion coefficient. 
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Table 1. Base optimum thicknesses (Hopt) relative to frequency values. 

ω 
(rad∙s−1) 

102 103 104 2 × 104 3 × 104 4 × 104 5 × 104 6 × 104 7 × 104 8 × 104 9 × 104 105 

Hop 
(cm) 

0.0086 0.0086 0.0084 0.0079 0.0073 0.0065 0.0056 0.0048 0.004 0.0033 0.0026 0.002 

 
Figure 6 provides an equation of correlation between optimal thickness and 

diffusion coefficient given by: 

( ) ( )4 2 2cm 6.5 10 cm s 1.4 10opH D− −= × × − ×             (17) 

The optimum thickness is large at low frequencies, corresponding to the static 
regime ( 1ωτ  ) of the solar cell. In this low frequency interval the relaxation 
time of the minority carriers is large (large D values from Equation (6)), allow-
ing a great distance of travel (Einstein’s relationship), therefore a large base 
thickness is usable. 

At the high frequency values the relaxation time of minority carriers is re-
duced ( 1ωτ  ), corresponding to a short distance of travel (Equation (7)), then 
the optimum thickness needed to collect the maximum carrier must be low [24] 
[25] [29].  

In addition, the generation of carriers by a strong absorption (large α(λ)) of 
the incident flow in the rear face [8] [10] [21] hence the need to reduce the dis-
tance to be covered (closer junction and back face), in order to collect the max-
imum carriers. Other works corroborate our results, showing the decrease in the 
optimum thickness of the silicon solar cell base, when subjected to: 
­ Monochromatic light with a constant flow of absorption coefficient (α(λ)) 

[56] 
­ Monochromatic light α(λ) in frequency modulation (ω) [58] 
­ Constant magnetic field B[66] 
­ Flow of charged particles [67] 
­ Change in the doping rate [60]. 

Studies of silicon wafers of different thicknesses do not guarantee the repro-
ducibility of opto electronic parameters and only compare the results of ma-
croscopic parameters [14] [57]. 

4. Conclusions 

The bifacial solar cells have a definite advantage by recovering the reflected light 
flow (albedo) from its rear side and improves performance.  

However, the illumination by the rear side presents a disadvantage by creating 
the charge carriers away from the junction, where they are collected. 

The study placed the solar cell in adverse operating conditions, i.e. creating 
minority carriers away from the junction, by strong absorption (α(λ)) and by a 
flow of illumination in frequency modulation, which folds the carriers on the in-
cidental rear surface. 

Our work, using electronic optoelectronic parameters, including back surface 
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recombination velocities by its intrinsic(diffusion) and generation (absorption 
α(λ)), components, we have determined the optimum thickness of the base of 
the solar cell illuminated by its rear face by a monochromatic light in frequency 
modulation.  

A modelling of the optimum thickness of the base is therefore obtained and 
can lead to the reduction of the thickness of the material in the development of 
the silicon solar cell. 

Conflicts of Interest 

The authors declare no conflicts of interest regarding the publication of this pa-
per. 

References 
[1] Green, M.A. (1995) Silicon Solar Cells: Advanced Principles & Practice. Bridge 

Printer Pty, Ltd., Roseberry.  

[2] Liou, J.J. and Wong, W.W. (1992) Comparison and Optimization of the Perfor-
mance of Si and GaAs Solar Cells. Solar Energy Materials and Solar Cells, 28, 9-28.  
https://doi.org/10.1016/0927-0248(92)90104-W  

[3] Yadav, P., Pandey, K., Tripathi, B., Kumar, C.M., Srivastava, S.K., Singh, P.K. and 
Kumar, M. (2015) An Effective Way to Analyze the Performance Limiting Parame-
ters of a Poly-Crystalline Silicon Solar Cell Fabricated in the Production Line. Solar 
Energy, 122, 1-10. https://doi.org/10.1016/j.solener.2015.08.005  

[4] Nam, L.Q., Rodot, M., Ghannam, M., Coppye, J., de Schepper, P., Nijs, J., Sarti, D., 
Perichaud, I. and Martinuzzi, S. (1992) Solar Cells with 15.6% Efficiency on Multi-
crystalline Silicon, Using Impurity Gettering Back Surface Field and Emitter Passi-
vation. International Journal of Solar Energy, 11, 273-279.  
https://doi.org/10.1080/01425919208909745  

[5] Martinuzzi, S., Perichad, I. and Stemmer, M. (1994) External Gettering around Ex-
tended Defects in Multicrystalline Silicon Wafers. Solid State Phenomena, 37-38, 
361-366. https://doi.org/10.4028/www.scientific.net/SSP.37-38.361  

[6] Paternoster, G., Bellutti, P., Collini, A., Ferrario, L., Ficorella, F. and Mattedi, F. 
(2013). Back-Contact Vertical Junction Silicon Solar Cells for Concentrating Pho-
tovoltaics. 28th European Photovoltaic Solar Energy Conference and Exhibition, 
Paris, 30 September-4 October 2013, 672-675.  

[7] Meier, D.L., Hwang, J.-M. and Campbell, R.B. (1998) The Effect of Doping Density 
and Injection Level on Minority-Carrier Lifetime as Applied to Bifacial Dendritic 
Web Silicon Solar Cells. IEEE Transactions on Electron Devices, 35, 70-79.  
https://doi.org/10.1109/16.2417  

[8] Antilla, O.J. and Hahn, S.K. (1993) Study on Surface Photovoltage Measurement of 
Long diffusion Length Silicon: Simulation Results. Journal of Applied Physics, 74, 
558-569. https://doi.org/10.1063/1.355343  

[9] Furlan, J. and Amon, S. (1985) Approximation of the Carrier Generation Rate in Il-
luminated Silicon. Solid-State Electron, 28, 1241-1243.  
https://doi.org/10.1016/0038-1101(85)90048-6  

[10] Ray, U.C. and Agarwal, S.K. (1988) Wavelength Dependence of Short-Circuit Cur-
rent Decay in Solar Cells. Journal of Applied Physics, 63, 547-549.  
https://doi.org/10.1063/1.340084  

https://doi.org/10.4236/epe.2021.135014
https://doi.org/10.1016/0927-0248(92)90104-W
https://doi.org/10.1016/j.solener.2015.08.005
https://doi.org/10.1080/01425919208909745
https://doi.org/10.4028/www.scientific.net/SSP.37-38.361
https://doi.org/10.1109/16.2417
https://doi.org/10.1063/1.355343
https://doi.org/10.1016/0038-1101(85)90048-6
https://doi.org/10.1063/1.340084


M. Sall et al. 
 

 

DOI: 10.4236/epe.2021.135014 216 Energy and Power Engineering 
 

[11] Aberle, A.G., Glunz, S. and Warta, W. (1992) Impact of Illumination Level and 
Oxide Parameters on Shockley-Read-Hall Recombination at the Si-SiO2 Interface. 
Journal of Applied Physics, 71, 4422-4431. https://doi.org/10.1063/1.350782  

[12] Rajkanan, K., Singh, R. and Schewchun, J. (1979) Absorption coefficient of silicon 
for solar cell calculations. Solid-State Electronics, 22, 793-795.  
https://doi.org/10.1016/0038-1101(79)90128-X  

[13] Bousse, L., Mostarshed, S. and Hafeman, D. (1994) Investigation of Carrier Trans-
port through Silicon Wafers by Photocurrent Measurements. Journal of Applied 
Physics, 75, 4000-4008. https://doi.org/10.1063/1.356022  

[14] Honma, N. and Munakata, C. (1987) Sample Thickness Dependence of Minority 
Carrier Lifetimes Measured Using an ac Photovoltaic Method. Japanese Journal of 
Applied Physics, 26, 2033-2036. https://doi.org/10.1143/JJAP.26.2033  

[15] Kumar, S., Singh, P.K. and Chilana, G.S. (2009) Study of Silicon Solar Cell at Dif-
ferent Intensities of Illumination and Wavelengths Using Impedance Spectroscopy. 
Solar Energy Materials and Solar Cells, 93, 1881-1884.  
https://doi.org/10.1016/j.solmat.2009.07.002  

[16] Mandelis, A.A. (1989) Combined AC Photocurrent and Photothermal Reflectance 
Response Theory of Semiconducting p-n Junctions. Journal of Applied Physics, 66, 
5572-5583. https://doi.org/10.1063/1.343662  

[17] Wang, C.H. and Neugroschel, A. (1991) Minority-Carrier Lifetime and Surface Re-
combination Velocity Measurement by Frequency-Domain Photoluminescence. 
IEEE Transactions on Electron Devices, 38, 2169-2180.  
https://doi.org/10.1109/16.83745  

[18] Jung, T.-W., Lindholm, F.A. and Neugroschel, A. (1984) Unifying View of Tran-
sient Responses for Determining Lifetime and Surface Recombination Velocity in 
Silicon Diodes and Back-Surface-Field Solar Cells, with Application to Experimen-
tal short-Circuit-Current decay. IEEE Transactions on Electron Devices, 31, 
588-595. https://doi.org/10.1109/T-ED.1984.21573  

[19] Lindholm, F.A., Liou, J.J., Neugroschel, A. and Jung, T.W. (1987) Determination of 
Lifetime and Surface Recombination Velocity of p-n Junction Solar Cells and Dio-
des by Observing Transients. IEEE Transactions on Electron Devices, 34, 277-283. 
https://doi.org/10.1109/T-ED.1987.22919   

[20] Kunst, M. and Sanders, A. (1992) Transport of Excess Carriers in Silicon Wafers. 
Semiconductor Science and Technology, 7, 51-59.  
https://doi.org/10.1088/0268-1242/7/1/009  

[21] Colomb, C.M., Stockman, S.A., Varadarajan, S. and Stillman, G.E. (1992) Minority 
Carrier Transport in Carbon Doped Gallium Arsenide. Applied Physics Letters, 60, 
65-67. https://doi.org/10.1063/1.107375  

[22] Fossum, J.G. and Burgess, E.L. (1978) High Efficiency p+-n-n+ Back-Surface-Field 
Solar Cells. Applied Physics Letters, 33, 238-240. https://doi.org/10.1063/1.90311  

[23] Arora, J.D., Singh, S.N. and Mathur, P.C. (1981) Surface Recombination Effects on 
the Performance of n+/p Step and Diffused Junction Silicon Solar Cells. Solid-State 
Electronics, 24, 739-747. https://doi.org/10.1016/0038-1101(81)90055-1  

[24] Dieng, A., Diao, A., Maiga, A.S., Dioum, A., Ly, I. and Sissoko, G. (2007) A Bifacial 
Silicon Solar Cell Parameters Determination by Impedance Spectroscopy. Proceed-
ings of the 22nd European Photovoltaic Solar Energy Conference and Exhibition, 
Milan, Italy, 3-7 September 2007, 436-440.  

[25] Cuevas, A., Sinton, R.A. and King, R.R. (1991) A Technology-Based Comparison 
between Two-Sided and Back-Contact Silicon Solar Cells. The 10th European Pho-

https://doi.org/10.4236/epe.2021.135014
https://doi.org/10.1063/1.350782
https://doi.org/10.1016/0038-1101(79)90128-X
https://doi.org/10.1063/1.356022
https://doi.org/10.1143/JJAP.26.2033
https://doi.org/10.1016/j.solmat.2009.07.002
https://doi.org/10.1063/1.343662
https://doi.org/10.1109/16.83745
https://doi.org/10.1109/T-ED.1984.21573
https://doi.org/10.1109/T-ED.1987.22919
https://doi.org/10.1088/0268-1242/7/1/009
https://doi.org/10.1063/1.107375
https://doi.org/10.1063/1.90311
https://doi.org/10.1016/0038-1101(81)90055-1


M. Sall et al. 
 

 

DOI: 10.4236/epe.2021.135014 217 Energy and Power Engineering 
 

tovoltaic Solar Energy Conference, Lisbon, 8-12 April 1991, 23-26.  
https://doi.org/10.1007/978-94-011-3622-8_6  

[26] Terheiden, B., Hahn, G., Fath, P. and Bucher, E. (2000) The Lamella Silicon Solar 
Cell. Proceeding of 16th European Photovoltaic Solar Energy Conference, Glasgow, 
1-5 May 2000, 1377-1380.  

[27] Ayvazian, G.E, Kirakosyan, G.H. and Minasyan, G.A. (2004) Characteristics of Solar 
Cells with Vertical p-n Junction. Proceedings of 19th European Photovoltaic Solar 
Energy Conference, Paris, 7-11 June 2004, 117-119.  

[28] Cuevas, A., Luque, A. and Ruiz, J.M. (1980) N+PN+ Double-Sided Solar Cell for Op-
timal Static Concentration. Proceedings of the 14th IEEE Photovoltaic Specialists 
Conference, San Diego, 7-10 January 1980, 76-81. 

[29] Ohtsuka, H., Sakamoto, M., Tsutsui, K. and Yazawa, Y. (2000) Bifacial Silicon Solar 
Cells with 21.3% Front Efficiency and 19.8% Rear Efficiency Prog. Progress in Pho-
tovoltaics: Research and Applications, 8, 385-390.  
https://doi.org/10.1002/1099-159X(200007/08)8:4%3C385::AID-PIP340%3E3.0.CO;
2-B  

[30] Hüber, A, Aberle, A.G. and Hezel, R. (1997) 20% Efficient Bifacial Silicon Solar 
Cells. 14th European Photovoltaic Solar Energy Conference, Munich, 1997, 92-95.  

[31] Bordin, N., Kreinin, L. and Eisenberg, N. (2001) Determination of Recombination 
Parameters of Bifacial Silicon Cells with a Two Layer Step-Liked Effect Distribution 
in the Base Region. Proceedings of the 17th European PVSEC, Munich, 22-26 Oc-
tober 2001, 1495-1498.  

[32] Diasse, O., Diao, A., Ly, I., Diouf, M.S., Diatta, I., Mane, R., Traore, Y. and Sissoko, 
G. (2018) Back Surface Recombination Velocity Modeling in White Biased Silicon 
Solar Cell under Steady State. Journal of Modern Physics, 9, 189-201.  
https://doi.org/10.4236/jmp.2018.92012  

[33] Wise, J.F. (1970) Vertical Junction Hardened Solar Cell. U.S Patent No. 
US3690953A.  

[34] Gover, A. and Stella, P. (1974) Vertical Multijunction Solar-Cell One-Dimensional 
Analysis. IEEE Transactions on Electron Devices, 21, 351-356.  
https://doi.org/10.1109/T-ED.1974.17927  

[35] Hu, C., Carney, J.K. and Frank, R.I. (1977) New Analysis of a High Voltage Vertical 
Multijunction Solar Cell. Journal of Applied Physics, 48, 442-444. 
https://doi.org/10.1063/1.323355  

[36] Sarfaty, R., Cherkun, A., Pozner, R., Segev, G., Zeierman, E., Flitsanov, Y., Kribus, 
A. and Rosenwaks, Y. (2011) Vertical Junction Si Micro-Cells for Concentrating 
Photovoltaics. Proceedings of the 26th European Photovoltaic Solar Energy Confe-
rence and Exhibition, Hamburg, 5-9 September 2011, 145-147. 

[37] Stokes, E.D. and Chu, T.L. (1977) Diffusion Lengths in Solar Cells from Short-Circuit 
Current Measurements. Applied Physics Letters, 30, 425-426.  
https://doi.org/10.1063/1.89433  

[38] Basu, P.K. and Singh, S.N. (1994) On The Determination of Minority Carrier Diffu-
sion Length in the Base Region of n+-p-p+ Silicon Solar Cells Using Photoresponse 
Methods. Solar Energy Materials and Solar Cells, 33, 317-329.  
https://doi.org/10.1016/0927-0248(94)90234-8  

[39] Dhariwal, S.R. and Vasu, N.K. (1981) A Generalized Approach to Lifetime Mea-
surement in pn Junction Solar Cells. Solid-State Electronics, 24, 915-927. 
https://doi.org/10.1016/0038-1101(81)90112-X  

[40] Joardar, K., Dondero, R.C. and Schroda, D.K. (1989) Critical Analysis of the Small- 

https://doi.org/10.4236/epe.2021.135014
https://doi.org/10.1007/978-94-011-3622-8_6
https://doi.org/10.1002/1099-159X(200007/08)8:4%3C385::AID-PIP340%3E3.0.CO;2-B
https://doi.org/10.1002/1099-159X(200007/08)8:4%3C385::AID-PIP340%3E3.0.CO;2-B
https://doi.org/10.4236/jmp.2018.92012
https://doi.org/10.1109/T-ED.1974.17927
https://doi.org/10.1063/1.323355
https://doi.org/10.1063/1.89433
https://doi.org/10.1016/0927-0248(94)90234-8
https://doi.org/10.1016/0038-1101(81)90112-X


M. Sall et al. 
 

 

DOI: 10.4236/epe.2021.135014 218 Energy and Power Engineering 
 

Signal Voltage-Decay Technique for Minority-Carrier Lifetime Measurement in 
Solar Cells. Solid State Electronics, 32, 479-483.  
https://doi.org/10.1016/0038-1101(89)90030-0  

[41] Sissoko, G., Sivoththanam, S., Rodot, M. and Mialhe, P. (1992) Constant Illumina-
tion-Induced Open Circuit Voltage Decay (CIOCVD) Method, as Applied to High 
Efficiency Si Solar Cells for Bulk and Back Surface Characterization. 11th European 
Photovoltaic Solar Energy Conference and Exhibition, Montreux, 12-16 October 
1992, 352-354. 

[42] Rosling, M., Bleichner, H., Mundqvist, M. and Nordlander, E. (1992) A Novel 
Technique for the Simultaneous Measurement of Ambipolar Carrier Lifetime and 
Diffusion Coefficient in Silicon. Solid-State Electronics, 35, 1223-1227.  
https://doi.org/10.1016/0038-1101(92)90153-4  

[43] Misiakos, K. and Tsamakis, D. (1994) Electron and Hole Mobilities in Lightly 
Doped Silicon. Applied Physics Letters, 64, 2007-2009.  
https://doi.org/10.1063/1.111721  

[44] De Vischere, P. (1986) Comment on G.J. Rees “Surface Recombination Velocity 
—A Useful Concept”. Solid-State Electronics, 29, 1161-1165.  
https://doi.org/10.1016/0038-1101(86)90059-6  

[45] Misiakos, K., Wang, C.H., Neugroschel, A. and Lindholm, F.A. (1990) Simultaneous 
Extraction of Minority-Carrier Parameters in Crystalline Semiconductors by Lateral 
Photocurrent. Journal of Applied Physics, 67, 321-333.  
https://doi.org/10.1063/1.345256  

[46] Verlinden, P. and Van De Wiele, F. (1983) Determination of Diffusion Length and 
Surface Recombination Velocity in Inter digitated Back Contact (IBC). Solar Cells 
Solid-State Electronics, 26, 1089-1094.  
https://doi.org/10.1016/0038-1101(83)90007-2  

[47] Diallo, H.L., Seïdou, A., Maiga, Wereme, A. and Sissoko, G. (2008) New Approach 
of Both Junction and Back Surface Recombination Velocities in a 3D Modelling 
Study of a Polycrystalline Silicon Solar Cell. European Physical Journal Applied 
Physics, 42, 203-211. https://doi.org/10.1051/epjap:2008085  

[48] Sissoko, G., Museruka, C., Corréa, A., Gaye, I. and Ndiaye, A.L. (1996) Spectral 
Light Effect on Recombination Parameters of Silicon Solar Cell. World Renewable 
Energy Congress, Denver, 15-21 June 1996, Part III, 1487-1490.  

[49] Oualid, J., Bonfils M., Crest, J.P., Mathian, G., Amzil, H., Dugas, J., Zehaf, M. and 
Martinuzzi, S. (1982) Photocurrent and Diffusion Lengths at the Vicinity of Grain 
Boundaries (g.b.) in N and P-Type Polysilicon. Evaluation of the g.b. Recombina-
tion Velocity. Revue de Physique Appliquée, 17, 119-124.  
https://doi.org/10.1051/rphysap:01982001703011900  

[50] Takahashi, Y., Kondo, H., Yamazaki, T., Uraoka, Y. and Fuyuki, T. (2007) Precise 
Analysis of Surface Recombination Velocity in Crystalline Silicon Solar Cells Using 
Electroluminescence. Japanese Journal of Applied Physics, 46, 1149-1151.  
https://doi.org/10.1143/JJAP.46.L1149  

[51] Gaubas, E. and Vanhellemont, J. (1996) A simple Technique for the Separation of 
Bulk and Surface Recombination Parameters in Silicon. Journal of Applied Physics, 
80, 6293-6297. https://doi.org/10.1063/1.363705  

[52] Gupta, S., Ahmed, P. and Garg, S. (1988) A Method for the Determination of the 
Material parameters D, L, S and from Measured Short-Circuit Photocurrent. Solar 
Cells, 25, 61-72. https://doi.org/10.1016/0379-6787(88)90058-0  

[53] Ducas, J. (1994) 3D Modelling of a Reverse Cell Made with Improved Multicrystal-

https://doi.org/10.4236/epe.2021.135014
https://doi.org/10.1016/0038-1101(89)90030-0
https://doi.org/10.1016/0038-1101(92)90153-4
https://doi.org/10.1063/1.111721
https://doi.org/10.1016/0038-1101(86)90059-6
https://doi.org/10.1063/1.345256
https://doi.org/10.1016/0038-1101(83)90007-2
https://doi.org/10.1051/epjap:2008085
https://doi.org/10.1051/rphysap:01982001703011900
https://doi.org/10.1143/JJAP.46.L1149
https://doi.org/10.1063/1.363705
https://doi.org/10.1016/0379-6787(88)90058-0


M. Sall et al. 
 

 

DOI: 10.4236/epe.2021.135014 219 Energy and Power Engineering 
 

line Silicon Wafer. Solar Energy Materials & Solar Cells, 32, 71-88.  
https://doi.org/10.1016/0927-0248(94)90257-7  

[54] Dieng, M., Seibou, B., Ly, I., Sitor Diouf, M., Wade, M. and Sissoko, G. (2017) Sili-
con Solar Cell Emitter Extended Space Charge Region Determination under Mod-
ulated Monochromatic Illumination by using Gauss’s Law. International Journal of 
Innovative Technology and Exploring Engineering, 6, 17-20.  

[55] Del Alamo, J., Eguren, J. and Luque, A. (1980) Operating Limits of Al-Alloyed 
High-Low Junction for BSF Solar Cells. Solid-States Electronics, 24, 415-420. 
https://doi.org/10.1016/0038-1101(81)90038-1  

[56] Sidi Dede, M., Lamine Ba, M., Amadou Ba, M., Ndiaye, M., Gueye, S., Sow, E., et al. 
(2020) Back Surface Recombination Velocity Dependent of Absorption Coefficient 
as Applied to Determine Base Optimum Thickness of an n+/p/p+ Silicon Solar Cell. 
Energy and Power Engineering, 12, 445-458. http://www.scirp.org/journal/epe 
https://doi.org/10.4236/epe.2020.127027  

[57] Demesmaeker, E., Symons, J., Nijs, J. and Mertens, R. (1991) The Influence of Sur-
face Recombination on the Limiting Efficiency and Optimum Thickness of Silicon 
Solar Cells. 10th European Photovoltaic Solar Energy Conference, Lisbon, 8-12 
April 1991, 66-69. https://doi.org/10.1007/978-94-011-3622-8_17  

[58] Ndiaye, A., Gueye, S., Sow, O., Diop, G., Ba, A., Ba, M., Diatta, I., Habiboullah, L. 
and Sissoko, G. (2020) A.C. Recombination Velocity as Applied to Determine 
n+/p/p+ Silicon Solar Cell Base Optimum Thickness. Energy and Power Engineer-
ing, 12, 543-554. https://doi.org/10.4236/epe.2020.1210033  

[59] Ly Diallo, H., Wade, M., Ly, I., NDiaye, M., Dieng, B., Lemrabott, O.H., Maïga, A.S. 
and Sissoko, G. (2012) 1D Modeling of a Bifacial Silicon Solar Cell under Frequency 
Modulation, Monochromatic Illumination: Determination of the Equivalent Elec-
trical Circuit Related to the Surface Recombination Velocity. Research Journal of 
Applied Sciences, Engineering and Technology, 4, 1672-1676.  

[60] Diop, M.S., Ba, H.Y., Thiam, N., Diatta, I., Traore, Y., Ba, M.L., El Hadji, S., Mballo, 
O. and Sissoko, G. (2019) Surface Recombination Concept as Applied to Determi-
nate Silicon Solar Cell Base Optimum Thickness with Doping Level Effect. World 
Journal of Condensed Matter Physics, 9, 102-111.  
https://doi.org/10.4236/wjcmp.2019.94008  

[61] Maimouna Mint, E.L.Y., Thiam, N., Ndiaye, M., Traore, Y., Mane, R., El hadji, S., 
Mballo, O., Dieng, M.S., Sarr, C.T., Ly, I. and Sissoko, G. (2020) Surface Recombi-
nation Velocity Concept as Applied to Determinate Back Surface Illuminated Sili-
con Solar Cell Base Optimum Thickness, under Temperature and External Magnet-
ic Field Effects. Journal of Scientific and Engineering Research, 7, 69-77.  
http://www.jsaer.com  

[62] El Hadji, N., Sahin, G., Dieng, M., Thiam, A., Ly Diallo, H., Ndiaye, M. and Sissoko, 
G. (2015) Study of the Intrinsic Recombination Velocity at the Junction of Silicon 
Solar Cell under Frequency Modulation and Radiation. Journal of Applied Mathe-
matics and Physics, 3, 1522-1535. https://doi.org/10.4236/jamp.2015.311177  

[63] Thiam, Nd., Diao, A., Ndiaye, M., Dieng, A., Thiam, A., Sarr, M., Maiga, A.S. and 
Sissoko, G. (2012) Electric Equivalent Models of Intrinsic Recombination Velocities 
of a Bifacial Silicon Solar Cell under Frequency Modulation and Magnetic Field Ef-
fect. Research Journal of Applied Sciences, Engineering and Technology, 4, 4646- 
4655.  

[64] Ly, I., Zerbo, I., Wade, M., Ndiaye, M., Dieng, A., Diao, A., Thiam, N., Thiam, A., 
Dione, M.M., Barro, F.I., Maiga, A.S. and Sissoko, G. (2011) Bifacial Silicon Solar 

https://doi.org/10.4236/epe.2021.135014
https://doi.org/10.1016/0927-0248(94)90257-7
https://doi.org/10.1016/0038-1101(81)90038-1
http://www.scirp.org/journal/epe
https://doi.org/10.4236/epe.2020.127027
https://doi.org/10.1007/978-94-011-3622-8_17
https://doi.org/10.4236/epe.2020.1210033
https://doi.org/10.4236/wjcmp.2019.94008
http://www.jsaer.com/
https://doi.org/10.4236/jamp.2015.311177


M. Sall et al. 
 

 

DOI: 10.4236/epe.2021.135014 220 Energy and Power Engineering 
 

Cell under Frequency Modulation and Monochromatic Illumination: Recombina-
tion Velocities and Associated Equivalent Electrical Circuits. Proceedings of the 
26th European Photovoltaic Solar Energy Conference and Exhibition, Hamburg, 
5-9 September 2011, 298-301.  

[65] Gueye, M., Diallo, H.L., Kosso, A., Moustapha, M., Traore, Y., Diatta, I. and Sisso-
ko, G. (2018) Ac Recombination Velocity in a Lamella Silicon Solar Cell. World 
Journal of Condensed Matter Physics, 8, 185-196.  
http://www.scirp.org/journal/wjcmp  
https://doi.org/10.4236/wjcmp.2018.84013  

[66] Diop, G., Ba, H.Y., Thiam, N., Traore, Y., Dione, B., Ba, M.A., Diop, P., Diop, M.S., 
Mballo, O. and Sissoko, G. (2019) Base Thickness Optimization of a Vertical Series 
Junction Silicon Solar Cell under Magnetic Field by the Concept of Back Surface 
Recombination Velocity of Minority Carrier. ARPN Journal of Engineering and 
Applied Sciences, 14, 4078-4085.  

[67] Ba, M.L., Thiam, N., Thiame, M., Traore, Y., Diop, M.S., Ba, M., Sarr, C.T., Wade, 
M. and Sissoko, G. (2019) Base Thickness Optimization of a (n+-p-p+) Silicon Solar 
Cell in Static Mode under Irradiation of Charged Particles. Journal of Electromag-
netic Analysis and Applications, 11, 173-185.  
https://doi.org/10.4236/jemaa.2019.1110012 

 

https://doi.org/10.4236/epe.2021.135014
http://www.scirp.org/journal/wjcmp
https://doi.org/10.4236/wjcmp.2018.84013
https://doi.org/10.4236/jemaa.2019.1110012

	Back Illuminated N/P/P+ Bifacial Silicon Solar Cell under Modulated Short-Wavelength: Determination of Base Optimum Thickness
	Abstract
	Keywords
	1. Introduction
	2. Methodology
	3. Results and Discussions
	3.1. Photocurrent
	3.2. Optimization

	4. Conclusions
	Conflicts of Interest
	References

