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A composite light in frequency modulation is used for on an n
+
/p/p

+
 

crystalline silicon solar cell. The density of the photogenerated 

minority carriers in the base (p) of the solar cell maintained in short 

circuit is obtained by resolution of the continuity equation, taking into 

account the condition at the back surface limit, characterized by (Sb) 

the recombination velocity. Expressions of this ac recombination 

velocity are obtained through the study of the ac photocurrent, 

depending on the recombination velocity at the junction (Sf). One of 

the expressions takes into account the spectral composition of the 

illumination, while the second materializes the intrinsic recombination 

velocity associated to diffusion. The graphic analysis of the expressions 

of the ac recombination velocity (Sb) according to the thickness (H) of 

the base, leads to the determination of the optimum thickness (Hopt) of 

the base allowing the extraction of the maximum photocurrent. This 

optimum thickness (Hopt) is modelled on the modulation frequency 

() and the effective diffusion coefficient (D ()). A decrease in 

(Hopt) with frequency shows the possibility of reducing the thickness 

of the base of the solar cell during its industrial development process. 
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Introduction:- 
Spectroscopy [1, 2] techniques are used to extract phenomelogological parameters in semiconductor materials that 

make up the solar cell, i.e., lifetime, diffusion length, mobility and recombination velocity of minority  carriers, 

through the analysis of ac-current responses[ 3, 4, 5, 6]. 

 

The complexity of this theoretical and experimental work lies in the possibility of decoupling the effect of bulk and 

surface recombination [7, 8] in the response of the sample under study. Taking into account the selected incident 

signal parameters (frequency and monochromatic absorption coefficient imposing the depth of signal penetration) 

and the geometric parameters imposed by the manufacture (sample thickness and grain size) [9]. 

 

Macroscopic parameters such as impedance, through conductance and capacitance [10, 11], are studied through 

Bode and Nyquist diagrams of signal amplitude and shift phase of the response of the solar cell, to identify the 

electrical equivalent models and their representations [12, 13, 14]. 
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Our study deals with the determination of the optimum thickness (Hopt) [15, 16] from the base of the (n
+
/p/p

+
) 

silicon solar cell subjected to a composite light in frequency modulation. The expressions of ac recombination 

velocity are deduced from the study of the ac photocurrent [17, 18]. The optimum thickness of the base is obtained 

for each frequency, through the graphic technique [19, 20, 21, 22] applied to the ac recombination velocities in the 

rear face of the base and modeled. 

 

Theory  

The structure of the n
+
-p-p

+
 silicon solar cell [2, 23] under front polychromatic illumination, in frequency 

modulation, is given by figure 1. 

 
Figure 1:-Structure of an n

+
/p/p

+
 silicon solar cell. 

 

The excess minority carriers’ density  tx, generated in the base of the solar cellobeying to the continuity equation 

at T temperature, under composite illumination in frequency modulation, is given by [4, 5, 6]: 

D ω .
∂2δ x,t 

∂x2 −
δ x,t 

τ
= −g x, t +

∂δ x,t 

∂t
                                                                           (1) 

The expression of the excess minority carriers’ density is written, according to space coordinates (x) and time t, as: 

δ(x, t) = δ(x) ⋅ eiωt  (2) 

- Carriers generation rate  txG ,  is given by the relationship [24]: 

G(x, t) = g(x) ⋅ eiωt  
(3) 

g(x) =  ai . e−b i .x

3

i=1

 (4) 

- x   is the depth in the base. 

- Coefficients ai et bi  are obtained from tabulated values of radiation in AM 1.5 conditions  

- In general the diffusion is influenced by applied external conditions, such as, temperature[25,26], magnetic 

fiel[27] electrical field[28], dopig rate [29],  grain size and grain recombination velocity[30,31,32], Then in our case, 

D() is the complex diffusion coefficient of excess minority carrier in the base. Its expression is given by the 

relationship [13, 33]: 

D ω = D.  
1 − jω2τ2

1 +  ωτ 2
  (5) 

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: 

∂2δ(x)

∂x2
−  

1

L
 

2

(1 + i ⋅ ω ⋅ τ) ⋅ δ(x) = −
g(x)

D(ω)
 (6) 

With: 

 Lω 
−2 =  

1

L
 

2

(1 + i ⋅ ω ⋅ τ) (7) 
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Lωis the complex diffusion length of excess minority carriers in frequency modulation. 

 isthe excess minority carrier’s lifetime in the base. 

The solution of continuity equation is: 

𝛿 x, ω = A ω ∙ ch  
x

Lω
 + B ω ∙ sh  

x

Lω
 −  

ai ∙Lω
2 ∙e−b i ∙x

D∙ Lω
2 ∙b i

2−1 

3
i=1  (8) 

Lω
2 ∙ bi

2 − 1 ≠ 1 (9) 

Coefficients A and B are determined from the boundary conditions: 

 At the junction ( 0x  ) : 

D ω ⋅  
∂δ(x, ω)

∂x
 

x=o
= Sf ⋅  δ(x, ω) x=0 (10) 

 

 At the rear ( x H ): 

D ω  
∂δ(x, ω)

∂x
 

x=H
= −Sb ⋅  δ(x, ω) x=H  (11) 

Sf and Sb are respectively the recombination velocity of the excess minority carriers at the junction and at the back 

surface. The recombination velocity Sf reflects the charge carrier velocity of passage at the junction, in order to 

participate in the photocurrent. It is then imposed by the external load which fixes the solar cell operating point [34, 

35, 36;]. It has an intrinsic component which represents the carrier losses associated with the shunt resistor in the 

solar cell electrical equivalent model [37, 38]. The excess minority carrier’s recombination velocity Sb on the back 

surface is associated with the presence of the p
+
 layer which generates an electric field for throwing back the charge 

carrier toward the junction [35, 39].  

 

Results and Discussions:- 
Photocurrent  

The photocurrent density is determined from the gradient of minority carriers’ density at the junction. Its expression 

is given by Fick's law: 

Jph  Sf , Sb , ω = q ⋅ D ⋅  
∂δ(x, Sf , Sb , ω)

∂x
 

x=0
 (12) 

Where q is the elementary electron charge. 

The curves of photocurrent density variation according to recombination velocity Sf, show that for large Sf values, 

the photocurrent density presents a null gradient. Thus, we can determine the expression of Sb starting from the 

equation (12) [35]: 

 
∂J

∂Sb
 

Sb >104cm /s
= 0 

 (unité d       (13) 

For a multispectral illumination by the front face of the solar cell, the ac back surface recombination velocity 

expressions are obtained as [13, 17, 40, 41]: 

Sb ω = −
D

Lω
⋅ th  

H

Lω
  (14) 

Equation (14) is the ac intrinsic recombination velocity 

Sb ω =  
D⋅b i ⋅ ch (

H

Lω
)−e−b i ∙H  −

D

Lω
⋅sh (

H

Lω
)

ch (
H

Lω
)−e−b i ∙H−Lω⋅b i ⋅sh (

H

Lω
)

3
i=1 (15) 

While the latter is the ac composite recombination velocity, obviously dependent of composite absorption 

coefficient (bi), and the sum is over the one sun spectrum [24] 

 

Optimum thickness determination 

Using the technique of comparison of the two expressions of recombination velocity [20, 21, 22, 23] inspired by the 

structure of the vertical multijunction[42], thefigure 2, gives the representation allowing us to obtain Hopt from 

intercept curves, for each given frequency (𝜔) . 
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Figure 3:- Sb1 and Sb2 versus base depth for different frequency (D0 = 35cm

2
.s

-1
; T = 300 K). 

 

Table 1, gives, for each frequency (), the optimum thickness, corresponding to the coefficient of effective diffusion 

D () value. 

 

Table 1:- Obtained optimum thickness. 

 

Figure 4 gives the optimum thickness representation according to the frequency.  

 
Figure 3: Optimum thickness versus pulsation. 
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The equation below makes possible to model the curve of figure 3, by the following expression: 

Hop cm = −1.7 ∙ 10−13 × ω2 − 2.2 ∙ 10−8 × ω rad. s−1 + 0.011 (16) 

Figure 4 gives the optimum thickness representation according to the effective diffusion coefficient D ().  

 
Figure 4:- Optimum thickness versus diffusion coefficient  

 

The modeling equation of optimum thickness according to the effective diffusion coefficient   D () is given by: 

Hop cm = 2.1 ∙ 10−4 × D cm2 ∙ s−1 + 0.0035 
(17) 

Large frequencies induce a very short relaxation time for the photo carriers generated[43], therefore the density of 

the carriers is low and moves towards the junction [15, 17] creating a dead zone situation in the depth of the base of 

the photopile, whose rear side behaves like an ohmic contact due to Sb(exponentially very high. Thus, large 

frequencies (>> 1) accommodate thin thicknesses solar cell, for optimum operation. Low frequencies (static 

regime: << 1) allow carriers to relax to undergo new generations. Thus the density of the carriers is important in 

amplitude in the volume of the base of the solar cell, and leads to larger thicknesses [20]. This is why the optimum 

thickness required at the base of the solar cell decreases with the frequency of modulation of the incident light 

(Fig.3).  

 

Similarly, a material with a high value of the diffusion coefficient of minority carriers could be used with large 

thicknesses of the base i.e. thick base solar cell (Fig. 4). 

 

Conclusion:-  
The effective diffusion coefficient D () of minority carriers decreases with the frequency of modulation of the 

incident light on the base of the solar cell. Thus the actual L () complex diffusion length is reduced with the 

increase in this frequency through Einstein's law. 

 

The density of the excess load minority carriers in the base of the solar cell obtained by resolution of the continuity 

equation, decreases with the increase in frequency and its maximum amplitude moves towards the junction, leaving 

behind a dead zone, depopulated of charge carriers (Sb())  very important because the relaxation time is low 

compared to the frequency of arousal of multistral light. 
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The technique of determining the optimum thickness of the base through the graphic study of the expressions of the 

ac recombination velocity of minority carriers in the rear face, allowed to deduce the thickness Hopt for each 

frequency of modulation of the composite light. 

The use of composite light for Hopt's determination better reflects the actual operating conditions of the solar cell, 

and modulation allows the choice of the right thickness for its industrial development. 

 

References:-
 

1. U. Haken, M. Hundhausen, and L. Ley(1995). Analysis of the photocarriers-grating technique for the 

determination of mobility and lifetime of photocarriers in semiconductors. Physical Reviaw B, Vol 51. N
0
.16 

Pp. 579- 590. 

2. C.Longeaud, J.P.Kleider, (1992). General analysis of the modulated-photocurrent experiment including the 

contribution of holes and electrons. Physical Review B, Vol. 45, N0 20, Part 1, pp. 355-358 

3. Ching Yuang Wu. (1980). Solid State 23, 209-216 

4. Wang, C.H. and Neugroschel, A. (1987) Minority-Carrier Lifetime and Surface Recombination Velocity 

Measurement by Frequency-Domain Photpluminescence. IEEE Transaction on Electron Devices, 38, 2169-

2180. http://dx.doi.org/10.1109/16.83745 

5. Konstantinos Misiakos and Dimitris Tsamakis (1994). Electron and Hole Mobilities in Lightly Doped Silicon. 

Appl. Phys. Lett. 64(15), pp.2007-2009. 

6. Luc Bousse, Shahriar Mostarshed, Dean Hafeman, Marco Sartore, Manuela Adami and Claudio Nicolini 

(1994). Investigation of carrier transport through silicon wafers by photocurrent measurement. J. Appl. Phys. 75 

(8), pp.4000- 4008. 

7. E. Gaubas and J. Vanhellemont (1996). A simple technique for the separation of bulk and surface 

recombination parameters in silicon. J. Appl. Phys. 80 (11). Pp. 6293-974. 

8. Th. Flohr and R. Helbig, (1989) Determination of minority-carrier lifetime and surface recombination velocity 

by Optical-Beam-Induced- Current measurements at different light wavelengths J. Appl. Phys. Vol.66 (7), pp 

3060 – 3065.  

9. A Dieng, I Zerbo, M Wade, A S MaigaAnd G Sissoko (2011). Three-dimensional study of a polycrystalline 

silicon solar cell: the influence of the applied magnetic field on the electrical parameters. Semicond. Sci. 

Technol. 26 095023 (9pp). 

10. R. L. Streever; J. T. Breslin and E. H. Ahlstron (1980). Surface states at the n-GaAs-SiO2 interface from 

conductance and capacitance measurements. Solid State Electronics Vol. 23, pp. 863-868. 

11. John H. Scofield (1995). Effects of series and inductance on solar cell admittance measurements. Solar Energy 

and Solar Cells, 37 (2), 217- 233. 

12. R. Anil Kumar, M.S. Suresh and J. Nagaraju (2001). Measurement of AC parameters of gallium Arsenide 

(GaAs/Ge) solar cell by impedance spectroscopy. IEEE Transaction on Electron Devices, Vol. 48, N0 9, pp 

2177-2179. 

13. D. Vanmaekelbergh and F. Cardon (1992). Recombination in semiconductor electrodes investigation by the 

electrical impedance. Electrochimica Acta. Vol. 37 N0 5. Pp. 837-846 

14. Giora Yaron and Dov Frohman-Bentchrowsky (1980). Capacitance voltage characterization of poly Si-SiO2-Si 

structures. . Solid State Electronics Vol. 23, pp. 433-439. 

15. Honma, N. and C. Munakata, (1987). Sample thickness dependence of minority carrier lifetimes measured 

using an ac photovoltaic method. Jap. J. Appl. Phys., 26(12): 2033-203. 

16. E. Demesmaeker, J. Symons, J. Nijs, R. Mertens (1991).The Influence Of Surface Recombination On The 

Limiting Efficiency And Optimum Thickness Of Silicon Solar Cells.10th European Photovoltaic Solar Energy 

Conference  Lisbon, Portugal-Pp.66-67 

17. I. Zerbo, F.I. Barro, B. Mbow, A.Diao, S. Madougou, F. Zougmore, G. Sissoko, (2004). Theoretical study of 

bifacial silicon solar cell under frequency modulate white light: determination of recombination parameters. 

        Proceedings of the 19
th 

European Photovoltaic Solar Energy Conference (7-11 June, Paris, France), pp. 258-261 

18. Nd. Thiam, A. Diao, M. Ndiaye, A. Dieng, A. Thiam, M. Sarr, A.S. Maiga and G. Sissoko (2012). Electric 

equivalent models of intrinsic recombination velocities of a bifacial silicon solar cell under frequency 

modulation and magnetic field effect. Research Journal of Applied Sciences, Engineering and Technology Vol. 

4 , (22): 4646-4655 

19. Masse Samba Diop, Hamet Yoro Ba, Ndeye Thiam, Ibrahima Diatta, Youssou Traore, Mamadou Lamine Ba, El 

Hadji Sow, Oulymata Mballo, Grégoire Sissoko (2019). Surface Recombination Concept as Applied to 

Determinate Silicon Solar Cell Base Optimum Thickness with Doping Level Effect. World Journal of 

Condensed Matter Physics, 9, pp.102-111. https://www.scirp.org/journal/wjcmp 

https://www.sciencedirect.com/science/article/abs/pii/0022309395007075#!
https://www.sciencedirect.com/science/article/abs/pii/0022309395007075#!
https://www.sciencedirect.com/science/journal/00223093/198/part/P1
http://dx.doi.org/10.1109/16.83745
https://www.scirp.org/journal/wjcmp


ISSN: 2320-5407                                                                           Int. J. Adv. Res. 8(09), 580-587 

586 

 

20. Gora Diop, Hamet Yoro Ba, Ndeye Thiam, Youssou Traore, Babou Dione, Mamour Amadou Ba, Pape Diop, 

Masse Samba Diop, Oulimata Mballo and Gregoire Sissoko (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 Vol. 14, No. 23, pp.4078-4085 

21. Meimouna Mint Sidi Dede, Mor Ndiaye, Sega Gueye, Mamadou Lamine Ba, Ibrahima Diatta, Marcel Sitor 

Diouf, El Hadj Sow, Amadou Mamour Ba, Massamba Diop, And Gregoire Sissoko (2020). Optimum base 

thickness determination technique as applied to n/p/p+ silicon solar cell under short wavelengths 

monochromatic illuminationInternational Journal of Innovation and Applied Studies ISSN 2028-9324 Vol. 29 

No. 3 Jun. 2020, pp. 576-586 © 2020 Innovative Space of Scientific Research Journals http://www.ijias.issr-

journals.org 

22. 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 Electromagnetic Analysis and Applications, 11, pp.173-185.  

https://doi.org/10.4236/jemaa.2019.1110012 

23. Le Quang Nam, M. Rodot, M. Ghannam, J. Cppye, P. de Schepper, J. Nijs, (1992). Solar Cells with 15.6% 

efficiency on multicristalline silicone, using impurity gettering, back surface field and emitter passivation. Int. J. 

Solar Energy. Vol. 11, pp.273-279. 

24. Furlan, J. and Amon, S. (1985) Approximation of the Carrier Generation Rate in Illuminated Silicon. Solid 

State Electronics, 28, pp.1241-1243.  https://doi.org/10.1016/0038-1101(85)90048-6 

25. M. Kunst, G. Muller, R. Schmidt and H. Wetzel (1988). Surface and volume decay processes in semiconductors 

studied by contact lesss transient photoconductivity measurelments Appl. Phys. Vol. 46, pp77-85. 

26. N.D. Arora, J. R. Hauser, D. J. Roulston (1982). Electron and hole mobilities in silicon as a function of 

concentration and temperature. IEEE. Trans. Electron devices, vol. ED-29, pp.292-295R. L. Streever; J. T. 

Breslin and E. H. Ahlstron (1980). Surface states at the n-GaAs-SiO2 interface from conductance and 

capacitance measurements. Solid State Electronics Vol. 23, pp. 863-868. 

27. Bester, Y., Ritter, D., Bahia, G., Cohen, S. and Sparkling, J. (1995) Method Measurement of the Minority 

Carrier Mobility in the Base of Heterojunction Bipolar Transistor Using a Magneto transport Method. Applied 

Physics Letters, 67, 1883- 1884. https://doi.org/10.1063/1.114364 

28. M. Zoungrana, B. Dieng, O.H. Lemrabott, F. Toure, M.A. Ould El Moujtaba, M.L. Sow and G. Sissoko(2012). 

External Electric Field Influence on Charge Carriers and Electrical Parameters of Polycrystalline Silicon Solar 

Cell. Research Journal of Applied Sciences, Engineering and Technology 4(17); 2967-2972. 

29. Fossum. J.G (1977). Physical Operation of Back-Surface-Field Silicon Solar Cells. IEEE Transactions on 

Electron Devices, 2, 322-325. https://doi.org/10.1109/T-ED.1977.18735 

30. M. M. Deme, S. Mbodji, S. Ndoye, A. Thiam, A. Dieng and G. Sissoko (2010). Influence of illumination 

incidence angle, grain size and grain boundary recombination velocity on the facial solar cell diffusion 

capacitance. Revues des Energies Renouvelables, Vol. 13, No.1, pp 109-121 

31. A. M. M. Kosso, M. Thiame, Y. Traore, I. Diatta, M. Ndiaye, L. Habiboullah, I. Ly, G. Sissoko, (2018). 3D 

Study of a Silicon Solar Cell under Constant Monochromatic Illumination: Influence of Both, Temperature and 

Magnetic Field. Journal of Scientific and Engineering Research, 5(7), pp.259-269 

32. J. Dugas, (1994). 3D Modelling of a Reverse Cell Made With Improved Multicrystalline Silicon Wafers. Solar 

Energy Materials and Solar Cells 32, pp.71-88.  

33. Luc Bousse, Shahriar Mostarshed, Dean Hafeman, Marco Sartore, Manuela Adami and Claudio Nicolini 

(1994). Investigation of carrier transport through silicon wafers by photocurrent measurement. J. Appl. Phys. 75 

(8), pp.4000- 4008. 

34. Sissoko, G., Sivoththanam, S., Rodot, M. and Mialhe, P. (1992). Constant Illumination-Induced Open Circuit 

Voltage Decay (CIOCVD) Method, as Applied to High Efficiency Si Solar Cells for Bulk and Back Surface 

Characterization. 11
th
 European Photovoltaic Solar Energy Conference and Exhibition, Montreux, pp.352-354. 

35. G. Sissoko, C. Museruka, A. Corréa, I. Gaye and A. L. Ndiaye (1996). Light spectral effect on recombination 

parameters of silicon solar cell. Renewable Energy, Vol 3, pp.1487-1490. Pergamon, 0960-1481  

36. 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. The 

European Physical Journal Applied Physics, 42, pp.203-211. https://doi.org/10.1051/epjap:2008085 

37. G. Sissoko, E. Nanéma, A. Corréa, P. M. Biteye, M.Adj, A. L. Ndiaye (1998). Silicon Solar cell recombination 

parameters determination using the illuminated I-V characteristic. Renewable Energy, vol-3, pp.1848-51-

Elsevier Science Ltd, 0960-1481/98/#. 

https://doi.org/10.4236/jemaa.2019.1110012
https://doi.org/10.1016/0038-1101(85)90048-6
https://doi.org/10.1063/1.114364
https://doi.org/10.1109/T-ED.1977.18735
https://doi.org/10.1051/epjap:2008085


ISSN: 2320-5407                                                                           Int. J. Adv. Res. 8(09), 580-587 

587 

 

38. El Hadji Ndiaye, Gokhan Sahin,  Moustapha Dieng, Amary Thiam, Hawa Ly Diallo, Mor Ndiaye, Grégoire 

Sissoko (2015). Study of the intrinsic recombination velocity at the junction of silicon solar cell under 

frequency modulation and radiation. Journal of Applied Mathematics and Physics, 2015, 3, 1522-1535 

Published Online November 2015 in SciRes. http://www.scirp.org/journal/jamp 

http://dx.doi.org/10.4236/jamp.2015.311177. 

39. Joardar. K., Dondero. R.C. and Schroda. D.K (1989). Critical Analysis of the Small-Signal Voltage-Decay 

Technique for Minority-Carrier Lifetime Measurement in Solar Cells. Solid State Electronics, 32, pp.479-483.  

40. Y. Traore, N. Thiam, m. Thiame, M. L. Ba, M. S. Diouf et G. Sissoko (2019). AC Recombination Velocity in 

the Back Surface of a Lamella Silicon Solar Cell under Temperature.Journal of Modern Physics, vol. 10, pp. 

1235-1246.  

41. M. Gueye, H. L. Diallo, A. Kosso, M. Moustapha, Y. Traore, I. Diatta et G. Sissoko(2018). Ac Recombination 

Velocity in a Lamella Silicon Solar Cell. World Journal of Condensed Matter Physics, vol. 8, pp. 185-

196,http://www.scirp.org/journal/wjcmp. 

42. Gover. A and Stella. P. (1974). Vertical Multijunction Solar-Cell One-Dimensional Analysis. IEEE 

Transactions on Electron Devices, Vol. ED-21 : 6. pp.351-356. https://doi.org/10.1109/T-ED.1974.17927 

43. Sudha Gupta, Feroz Ahmed and Suresh Garg, (1988).A method for the determination of the material parameters 

D, Lo, S and from measured A.C. short-circuit photocurrent  Solar Cells, Vol. 25, pp 61-72. 

http://www.scirp.org/journal/wjcmp
https://doi.org/10.1109/T-ED.1974.17927

