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Abstract  In this article a frequency modulation study on a CIGS-based solar cells under the influence of 
incidence angle and gallium doping is made. The resolution of the minority carrier continuity equation allowed us to 
determine the density of minority carriers, the photocurrent density and photovoltage expressions according to 
modulation frequency, wavelength, incidence angle and gallium doping. Incidence angle and Gallium doping tend to 
decrease the performance of the solar cell by degrading its intrinsic properties. 
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1. Introduction 

Solar cells based on Cu(In,Ga)Se2 (CIGS) have reached 
conversion efficiencies above 21.7% [1] in the laboratory 
for small areas of a few square centimetre ( 𝑐𝑚2 ). 
Moreover, their efficiency can be improved according to 
the layer synthesis method. CIGS is a direct gap 
semiconductor material. The CIGS gap varies according to 
X (the rate of gallium atoms replacing indium atoms in the 
structure) between the values of pure CIS and pure CGS, 
according to the empirical law [2]: 
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To link the characteristics of a thin-film solar cell with 
the properties of the CIGS material, theoretical study 
models have been made. Electrical parameters are 
determined in static mode [5], but also in dynamic mode 
[6] under monochromatic illumination. Thus in this work 
we propose a one-dimensional theoretical study in 
frequency modulation under monochromatic illumination 
on a CIGS-based monofacial solar cells model. The 
effects of angle of incidence and gallium doping on 
minority carrier density, photocurrent density and 
photovoltage are highlighted. 

2. Theoretical Study 

We consider a CIGS-based solar cells whose simplified 
structure is shown in Figure 1. 

 

Where 𝜃 is the angle of incidence, H is the thickness of the base. 
Figure 1. Simplified schema of a CIGS-based solar cells with one 
dimensional dimensions 

In this study, we will neglect the contribution of the 
emitter by focusing only on the bottom-up contribution.  

Under the effect of frequency-modulated monochromatic 
optical excitation, minority charge (electrons) carriers  
are generated in the absorbing layer of the solar cells. The 
continuity equation of the minority carriers in the x- 
axis base in frequency dynamic regime is of the form: 
[7,8]: 
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With Dω  the complex diffusion coefficient of minority 
carriers; ( ), ,x tδ θ  the density of minority carriers; 

( ), ,G x tθ  the generation rate of minority carriers [9,10] 
and 𝜏 the average life of minority carriers.  
The density and generation rate of minority carriers can be 
set respectively in the form [11,12]:  

 ( ) ( ), , ( , ) i tx t x e ωδ θ δ θ −=  (2) 

 ( ) ( ), , ( , ) i tG x t g x e ωθ θ −=  (3) 

Where ( , )xδ θ  and ( , )g x θ  are the spatial component 

and ( )i te ω−  is the temporal component. 
For illumination from the front face of the solar cell and 

depending on the angle of incidence, the spatial 
component of the generation rate is: 

 ( ) ( ) ( ), ( ) ( ) 1 ( ) xg x R cos e α λθ α λ λ λ θ −= Φ −  (4) 

Where ( )α λ  is the absorption coefficient at the 
wavelength λ; R(λ) is the reflection coefficient of the 
material, ( )λΦ  the incident photon flux, and 𝜃  the 
incidence angle. 

By replacing equations (2), (3) and (4) in equation (1) 
we get: 
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𝐿0  intrinsic diffusion length 
𝐿𝜔 the complex diffusion length 
The general solution of the preceding equation (6) is 

given by the relation (7). 
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The constants A and B are determined from the 
following boundary conditions [13]: 
• At junction x=0: 
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• on the rear face of the base (x=H):  
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SF and SB denote the recombination speeds of the 
minority load carriers at the junction and rear face of the 
base respectively. 

The expression of minority carriers density is expressed 
as a function of the CIGS absorption coefficient. This 
coefficient depends on gallium doping and is given by:  

( ), ( ( ))g
hcX A E Xα λ
λ

= −  with A ( 1 1/2cm eV− ) a 

constant [14]. 
Beyond the expressions of minority carriers density, 

photocurrent density and photovoltage are determined 
according to the angle of incidence of gallium doping rate, 
frequency and wavelength. 

3. Results and Discussions 

3.1. Density Profile of Minority Carriers 
Figure 2 shows the profile of the minority carrier 

density module according to the base depth for different 
angles of incidence: 

 

𝑺𝑭 = 𝟑.𝟏𝟎𝟑𝒄𝒎/𝒔  ; 𝑺𝑩 = 𝟑.𝟏𝟎𝟑𝒄𝒎/𝒔  ; 𝝎 =  𝟏𝟎𝟑𝒓𝒂𝒅. 𝒔−𝟏  ;  
𝝀 = 𝟎,𝟔𝟎𝝁𝒎 ; 𝑿 = 𝟎,𝟑 

Figure 2. Module of minority carrier density as a function of base depth 
for different incidence angle values 𝜃 

This Figure 2 shows that for small depth values in the 
base the minority carrier density module increases to a 
maximum corresponding to a base depth x0. Then for 
values of x higher than x0, the module of minority carrier 
density decreases. In this way, in the base of the photopile 
there are two zones delimited by x0: 

the area where 𝑥 𝑥0 
In this area, the density gradient of minority carriers in 

the base of the photopile is positive: charge carriers 
located in this area can cross the junction and participate 
in the photocurrent. This area is considered to be an 
extension of depletion zone. 

the area where 𝑥 > 𝑥0 
In this area of the base, the module of minority carriers 

density decreases: the gradient is negative. Minority 
carriers are blocked and we obey volume and surface 
recombinations. These recombinations are sometimes due 
to the presence of deficiencies, structural defects which 
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are positively charged, and which are mainly VSe 
selenium deficiencies. [15] 

In addition, Figure 2 also shows that the minority 
carriers density module decreases with increasing 
incidence angle. Indeed, the increase in the angle of 
incidence relativizes the sun's inclination according to the 
normal at the front face of the cell. Thus, more than one 
increases the angle of incidence, the greater thickness of 
the atmosphere is traversed by the sun and a part of 
radiation is absorbed. We remark a loss of energy, 
therefore a decrease in the density of minority carriers. 
The density profile of minority carriers as a function of 
Gallium doping is shown in Figure 3: 

 

𝑺𝑭 = 𝟑.𝟏𝟎𝟑𝒄𝒎/𝒔  ; 𝑺𝑩 = 𝟑.𝟏𝟎𝟑𝒄𝒎/𝒔  ; 𝝎 =  𝟏𝟎𝟑𝒓𝒂𝒅. 𝒔−𝟏  ; 𝝀 =
𝟎,𝟔𝟎𝝁𝒎 ; 𝜽 = 𝟎,𝟎° 

Figure 3. Module of minority carrier density as a function of the base 
depth for different doping values X 

In Figure 3 the four curves have the same profile. We 
observe the two zones (area where 𝑥 > 𝑥0 and the one 
where 𝑥 < 𝑥0 ) explained in the previous figure. In 
addition, the increase in gallium doping increases the 
energy of the CIGS gap and therefore the space load zone 
x0. Then there is a decrease in the density of minority 
carriers when gallium doping is increased. We observe a 
distance x1 of about 0,05𝜇𝑚 above which the low-doping 
gallium curves are below. Thus, low doping levels favour 
recombinations in the depth of the base. 

From the expression of minority carrier’s density, we 
can deduce the photocurrent density and the photovoltage 
respectively. 

3.2. Photocurrent density profile 
By applying the FICK law, at the junction of the solar 

cells, we obtain the density of photocurrent given by: 
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q is the elementary charge of the electron. 
There combinations of these electron-hole pairs in the 

depletion zone are among the phenomena that fundamentally 
limit the performance of photovoltaic devices. The speed 
of recombination at the junction partially relativizes the 
effects of these recombination phenomena.  

The module profile of the photocurrent density as a 
function of the recombination velocity at the junction for 
different angle of incidence is shown in Figure 4. 

 

𝑺𝑩 = 𝟑.𝟏𝟎𝟑𝒄𝒎/𝒔 ; 𝝎 =  𝟏𝟎𝟑𝒓𝒂𝒅. 𝒔−𝟏 ; 𝝀 = 𝟎,𝟔𝟎𝝁𝒎 ; 𝑿 = 𝟎,𝟑 

Figure 4. Photocurrent density module as a function of recombination 
velocity at junction for different incidence angle values 

This Figure 4 shows that for large values of the 
recombinant junction velocity (SF) of minority carriers, 
the photocurrent density module tends towards a limit 
which is the density of the short-circuit current Jcc. For 
low values (SF) of the recombination velocity at the 
junction, there is virtually no electron flow through the 
junction. We're at the open circuit operating point.  

In addition, we note that the density of the Jcc short-
circuit current decreases when the angle of incidence is 
increased 𝜃. Indeed, with the inclination of the sun (the 
sun is no longer at Zenith), the level of illumination 
decreases. This leads to a reduction in the generation of 
minority carriers.  

The profile of the photocurrent density module as a 
function of the recombination velocity at the junction for 
different gallium doping rate is shown in Figure 5: 

 
𝑺𝑩 = 𝟑.𝟏𝟎𝟑𝒄𝒎/𝒔 ; 𝝎 =  𝟏𝟎𝟑𝒓𝒂𝒅. 𝒔−𝟏 ; 𝝀 = 𝟎,𝟔𝟎𝝁𝒎 ; 𝜽 = 𝟎,𝟎° 

Figure 5. Photocurrent density module as a function of recombination 
velocity at junction for different doping values X 
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As shown in Figure 4, for low values of the 
recombination speed of minority carriers at the junction, 
the photocurrent density module remains very low and 
then increases until a constant maximum value 
corresponding to the short circuit photocurrent is reached. 
Thus, we find that the more we increase X, the lower the 
short circuit current density Jcc decreases. Indeed, Zunger 
et al. suggested that changing the defect energies of 
generated pairs remains a possible explanation of the 
effects of gallium doping on the photocurrent density 
module [16].  

From these two previous figures we can see that the 
short circuit current density Jcc is more affected by the 
angle of incidence 𝜃. 

3.3. Photovoltage profile 
The photovoltage is deduced from the density of 

minority carriers using the Boltzmann relation: 
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with K*TT
q

V
=

; TV  is the thermal voltage, T is the 

absolute temperature at thermal equilibrium; k is the 
Boltzmann constant; 0n  is the density of the intrinsic 
carriers in the base and  

Nb is the doping rate of impurities in the base. 
In Figure 6, the photovoltage module is shown as a 

function of the recombination velocity at the junction, for 
different angles of incidence and gallium doping 
respectively: 

 

𝑺𝑩 = 𝟑.𝟏𝟎𝟑𝒄𝒎/𝒔 ; 𝝎 =  𝟏𝟎𝟑𝒓𝒂𝒅. 𝒔−𝟏 ; 𝝀 = 𝟎,𝟔𝟎𝝁𝒎 ; 𝑿 = 𝟎,𝟑 

Figure 6. Profile of the photovoltage module as a function of the 
recombination velocity at the junction for different angle of incidence 
values 

The Figure 6 and Figure 7 show that for low SF values 
the photovoltage is maximum. This range corresponds to 
the open circuit voltage Vco. Thereafter, if one tends 
towards the high values of SF, the photovoltage gradually 
decreases and tends towards very small values. This 

domain corresponding to the short circuit. Figure 6 shows 
a slight decrease of the photovoltage module with the 
increase of the incidence angle. Figure 7 shows that the 
photovoltage module increases with increasing gallium 
doping. 

 

𝑺𝑩 = 𝟑.𝟏𝟎𝟑𝒄𝒎/𝒔 ; 𝝎 =  𝟏𝟎𝟑𝒓𝒂𝒅. 𝒔−𝟏 ; 𝝀 = 𝟎,𝟔𝟎𝝁𝒎 ; 𝜽 = 𝟎,𝟎° 

Figure 7. Profile of the photovoltage module according to the 
recombination speed of the carriers at the junction for different doping 
values X 

4. Conclusion 

This article presents the results of the study of a CIGS-
based solar cells, in frequency modulation, under 
monochromatic illumination with the influences of 
incidence angle and Gallium doping on minority carrier 
density, photocurrent density and photovoltage. The 
increase in incidence angle and gallium doping decreases 
the module of minority carriers density and photocurrent 
density. However, the increase in gallium doping 
increases photovoltage. 

References 
[1] P. Jackson, D. Hariskos, R.Wuerz, O. Kiowski, A. Bauer, T.M. 

Friedlmeier, M. Powalla, “Properties of Cu(In,Ga)Se2 solar cells 
with new record efficiencies up to 21.7%”, Phys Status, Solidi 
RRL 9 (2015) 28-31. 

[2] P. D. Paulson, R. W. Birkmire, and W. N. Shafarman. “Optical 
characterization of Cu(In,Ga)Se2 alloy thin films by spectroscopic 
ellipsometry”.Journal of Applied Physics, 94(2), (2003) 879. 

[3] O. Lundberg, M. Edoff, L. Stolt, “The effect ofGa-grading in 
CIGS thin film solar cells”, Thin Solid Films 480-481 (2005)  
520-525. 

[4] A.M. Gabor, J.R. Tuttle, M.H. Bode, A. Franz, A.L. Tennant, M.A. 
Contreras, R.Noufi, D.G. Jensen, A.M.Hermann, “Band-gap 
engineering in Cu(In,Ga) Se2 thin films grown from (In,Ga)2Se3 
precursors”, Sol. Energy Mater. Sol. Cells 41-42 (1996) 247-260. 

[5] Ibrahima WADE*, Mor NDIAYE, Alain Kassine EHEMBA, 
Demba DIALLO, Moustapha DIENG «Junction recombination 
velocity determination initiating the short-circuit and limiting the 
open circuit of a monofacialesolar cells containing thin film 
Cu(In,Ga)Se2 (CIGS) under horizontal illumination in static 
mode», IJESRT,4 (9), (September, 2015). 

[6] Jean Jude Domingo, Alain Kassine Ehemba, Demba Diallo, 
Ibrahima Wade and MoustaphaDieng. «Study of the capacity of a 
manofacial solar cell based on CIGS under horizontal 
monochromatic illumination in frequency dynamic mode: the 
effect of the wavelength» Int. J. Adv. Res. 4(11), (23 November 
2016), 711-719. 

 



 American Journal of Materials Science and Engineering 11 

[7] N. Honma and C. Munakata, «Sample thickness dependence of 
minority carrier lifetimes measured using an ac photovoltaic 
method», Japan. J. Appl. Phys. 26, (1987) 2033-6. 

[8] A. Dieng, I. Zerbo, M. Wade, A. S. Maiga et G. Sisoko, «Three-
dimensional study of a polycrystalline silicon solar cell: the 
influence of the applied magnetic field on the elctrical parameters», 
Semicond. Sci. Technol. 26, (2011) pp: 5023-5032. 

[9] J. N. Hollenhorst et G. Hasnain, «Frequency dependent whole 
diffusion in InGaAs double heterostructure» Appl. Phys. Lett, 
65(15): (1995) 2203-2205. 

[10] F. Ahmed et S. Garg, «simultaneous determination of diffusion 
length, lifetime and diffusion constant of minority carrier using a 
modulated beam» International Atomic Energy Agency. 
International centre for theorical physics. Internal report IC/86/129, 
1987. 

[11] J. Dugas, «3D modelling of a reverse cell made with improved 
multicrystalline silicon wafers». Solar Energy Materials and Solar 
Cells Volume 32. Issue 1, (January 1994). Pages71-88. 

[12] T. Flohr et R. Helbig, «Determination of minority-carrier lifetime 
and surface recombination velocity by Optical-Beam-Iduced-
Current measurements at different light wavelengths» J. Appl. 
Phys. Vol. 66(7), (1989) pp. 3060-3065. 

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

[14] Morales-Acevedo «Effective absorption coefficient for graded 
band-gap semiconductors and the expected photocurrent density in 
solar cells». Solar Energy Materials & Solar Cells 93 (2009) 41-44. 

[15] U. Rau andH.W. Schock. «Electronic properties of Cu(In,Ga)Se2 

heterojunction solar cells-recent achievements, current 
understanding, and future challenges». AppliedPhysics A: 
Materials Science & Processing, 69(2), (August 1999) 131-147. 

[16] Sunghun Jung, SeJinAhn, Jae Ho Yun, JihyeGwak, Donghwan 
Kim, Kyunghoon Yoon a,* «Effects of Ga contents on properties 
of CIGS thin films and solar cells fabricated by co-evaporation 
technique» Current Applied Physics 10 (2010) 990-996. 

 

 


