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Abstract: The determination of the electrical conversion efficiency (nc) is particularly important to evaluate the
performance of a solar cell. For the evaluation of the efficiency by considering the ideal solar cell characterized by an absence
of parasitic resistances and using the characteristic equation which corresponds to the equivalent electrical diagram, we
determine the electrical parameters such as: the saturation current density (Jo), the short-circuit current density (J,.), the open-
circuit voltage (V,.), the maximum power density point (J,, V) and the fill factor (FF). The saturation current density is
determined using fundamental semiconductor notions. The effect of the ideality factor on the electrical efficiency and the
various parameters is also highlited. The results are applied to heterostructures based on CulnS, and CulnSe,. The performance
of the cell increases with a raising of the ideality factor (n) for the ideal solar cell model. By varying the ideality factor from 1
to 3, the calculated efficiency varies theoretically from 8.4% to 25.3% under AM1.5 solar spectrum for the structure based on
CdS(n)/CulnS,(p) named model (b) with a photocurrent density evaluated at 17 mA.cm™ by numerical calculation method. The
efficiency varies from 6.8% to 20.45% for the structure based on CdS(n)/CulnSe,(p) named model (a) with a photocurrent
density evaluated at 31 mA.cm™ for the same used parameters. The open-circuit voltage varies from 0.5 V to 1.5 V for model
(b) and from 0.27 V to 0.8 V for model (a). The results obtained (efficiency and electrical parameters) for each model remain
within the range of experimental values published in the literature for solar cells based on chalcopyrite materials such as CIGS
(Culn,Ga,,Se, or Culn,Ga,_«(S,Se,.y),), and thus allowing to validate the different methods established to model the studied
phenomena.

Keywords: Ideal Solar Cell, CulnS, — CulnSe,, Electrical Parameters, Ideality Factor, Efficiency

resistances, as well as the reducing of the diode quality due to
the phenomenon of recombination of the electron-hole pairs,
the quality of the diode is modeled by m. The current
saturation current Jo results from transport phenomena and
depends on the structure considered. The second model
named double diode model is given by the relation (2) and
figure 2 [3, 4]. The saturation current density Jo, results from
the recombination phenomena by trap centers in the space
charge region.

1. Introduction

The performance of a solar cell (in particular the electrical
conversion efficiency) depends on the electrical parameters.
The photodiode model is used usually to model the operation
of a solar cell (in the case of inorganic materials). The
models most used to model the operation of a photovoltaic
cell are generally the single diode and double diode models
[1-2]. The single diode model is the most used and given by
the relation (1) and figure 1 [2-3]. This model takes into a(V+Rs)) ViRy
account the presence of the shunt Ry, and series R, J=Jon=Jo (9 nKT - — 1) - T:

(1)
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Figure 1. Equivalent electrical diagram of a single diode model.
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Figure 2. Equivalent electrical diagram of a double diode model.

The relation between the current supplied by the solar cell
and the current density is:

=] x A 3)

Ay is the active surface of solar panels (m?), I is the current
(A) delivered by the photovoltaic cell and J current density
(A.m™).

Generally the currents of the two diodes are combined to
bring back to the single diode model [3]. The single diode
model (as well as the double diode model) that describes the
relation J and V by taken into account presence of parasitic
resistances does not have an analytical solution, it is a
transcendent equation. This model contains 5 physical
parameters to be determined J;, Ry, Ry, M, Jon, [5, 6, 7, 8]
while the double diode model contains 7 parameters to be
determined. Several models are used to solve this nonlinear
equation [3, 9-13], these formulations are generally
traditional or metaheuristic [10]. An analytical (traditional)
method for solving this equation is proposed using the
LambertW function [14-15]. Lambert's function W is a
solution of the equation type:

w

we% =x 4)

The Lambert W function is defined as the multivalued
function that satisfies:

w = Lambert W (x) (5)
We have:

Lambert W (x)elambert W) = x (6)

The explicit (analytical) solution of the equation (1) can be
expressed using the Lambert function W, it is given by [3, 5]:

J= =1V Lambert Wx] — — 4 et pn) T UOH?)W (7
Rg Rs Rs(1+R—S>
sh
With:
KT
Vin =~ (3)
Rs (Jo+Jpn)+V
x = Rs Jo e n Vth(1+%) (9)

Rs
Ven(1475)
nVtn Rsn

Due to the implicit relation of the J-V equation, several
other formulations (metaheuristic) to solve the equation of the
single diode model have been developed to extract the
parameters of the solar cell. We can mention among these
methods the curve-fitting method, iterative 5-point method,
analytical 5-point method [3, 16-22], PS optimization
technique [3], Newton's method [23], genetic algorithm (GA)
[10, 24], particle swarm optimization (PSO) [10, 25],
simulated annealing (SA) [10, 26], etc.... However the results
obtained with metaheuristic algorithms are better than those of
traditional ones and each method has its limits [10, 27].

Several factors influence the current-voltage characteristic of
a photovoltaic cell, such as the thickness of the active layers, the
composition of the layers, the temperature of the cell, the
illumination (flux of photons), etc... In chalcopyrite materials
based on CulnSe,/CulnS,, alloys can be produced by
substituting selenium (Se) atoms with sulfur (S) atoms forming
the quaternary family Culn(S,Se,.,),, the band gap of these
alloys varies between 1.04 eV and 1.53 eV. However, the rate of
substitution of selenium atoms by sulfur atoms greatly
influences the electrical parameters of the cell (Rsh, Rs, Jo, n
etc...). The efficiencies obtained with these alloys are generally
less than 12% [28-29]. The electrical conductivity of CulnSe,
based solar cells also depends on the ratio CwIn, this ratio
influences the electrical parameters and the J-V characteristic
[30-32]. The efficiency of ternary CulnSe,/Culns, based solar
cells are generally less than 15% [33-34]. Improvements of
efficiency are obtained by substituting part of the Indium (In)
atoms with Gallium (Ga) atoms leading to quaternary materials
type Culn,_,Ga,Se, denoted CIGS whose forbidden energy band
gap width varies between 1.04 and 1.68 eV by varying x from 0
to 1 [35-37]. Solar cells based on Cu(In,Ga)Se, exhibit a record
efficiency more than 20% [38]. They can be grown on Mo
substrate (plate of Mo) or on a flexible plastic substrate [38-41].
The electrical parameters (Rsh, Rs, Jo, 1 etc...) of a CIGS based
solar cell and the J-V characteristic largely depend on x, the best
efficiencies are obtained for x in order of 0.3 [42-46] resulting in
band gaps between 1.1 and 1.2 eV. CIGS based solar cells are
considered to be one of the most promising in the thin film
sector because of its various characteristics (many features) such
as their good efficiencies in terms of module and cell [47],
simple manufacturing process (chemical bath, electrodeposition,
ultrasonic spray pyrolysis, etc...) [42, 48], low manufacturing
cost [42], excellent durability and stability [49]. CIGS based
solar cells have other attractiveness such as flexibility and light
weight [50-51], a high absorption coefficient in order of 10 cm’!
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in the visible range [48-53] and direct band gap.

In this work we consider the model of the ideal solar cell.
In this model the losses due to the presence of parasitic
resistances in the materials which form the device, are not
taken into account. The ideal case is represented by Rsh
equal to infinity and Rs equal to zero in the single diode
model. The model of the ideal solar cell presents an
analytical resolution from equivalent model equation
allowing to determine easily some of the characteristic
parameters of the solar cell such as the short-circuit current
density (Ji), the open-circuit voltage (V,.), the maximum
power density point (J,,, V) and the fill factor (FF). The
determination of the saturation current density (J,) is based
on fundamental notions of semiconductor physics, the
assumptions of quasi Fermi level and Schockley-Read are
exploited for the determination of this parameter and we
consider the regime of low injections of carriers [54-55].

2. Materials and Methods

2.1. Characteristic Equation of Ideal Solar Cell and
Saturation Current Density

Without illumination, a photodiode operates like a
conventional diode and obeys Schokley's relation [55]:

Jo=—Jo- (eTVi/m™T —1q) (10)

Jo 1s the saturation current density of the photodiode, K is
the Boltzmann constant, 7 is the ideality factor, T is the
temperature, q is the elementary charge. Under illumination,
we take into account the photo-generated current density [,
and obtain:

J=Jpn+ 1Ty =Jpn—Jo- (e7Vi/™T —1) (11)

Jpn is the photocurrent density generated by the illumination,
its expression is given by previous studies [56-57]:

Jon = [} @ X F X EQE dE ~ %[ Jyp (Ey) + Jrp (Eynas) +

(13)

F represents the flux of photons versus the energy, it is
expressed in cm™.s'.eV™! [57]. EQE is the external quantum
efficiency. J is the current density supplied by the photodiode,
V; is the bias voltage across the n/p junction. The voltage V;
can be expressed as a function of the bias voltage V which
appears at the terminals of the load supplied by the solar cell.
For the model of the ideal solar cell, we have: V; = V.

The characteristic equation of the ideal solar cell is given
by:

Jrp = q X F X EQE

J=Jon—Jo- (eV/1T —1) (14)

The corresponding equivalent electrical diagram is shown
in figure 3 and the diagram of n/p junction is represented in
figure 4.

e 1
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Figure 3. Equivalent electrical diagram of an ideal solar cell.
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Figure 4. Junction n/p diagram.

Using fundamental notions of semiconductor physics, the

231 Jrp (Ei)] (12)  assumptions of quasi Fermi level and Schockley-Read and
the regime of low injections of carriers [54-55], the
With: E € [1,4]; E; = 1; Epyyq = 4; 0E = Eme1— By expression of saturation current density J, for a n/p junction
Ejpy = Ey + i+ 6 with: i:1..m m modeled by figure 4, can be written as:
H Hy 1 —Eg 1 ~Egp
Jo = ava [0(z2)]  ndy &[dl(bff ) A PRV (Wen )2 eZKE g x L+ Wepthop)2eZXT (15)
0 Ln sh(IZ—:) Nap Lp sh(lz—g) Ndn Tn 2 n Tp 2 p
With:
1
e (i _mn ) a6
n dNgn €nNgntepNap
1
 (2Ndan . €n-€p 2
Wp ¥ (q Nap €nNgntépNap d) (17)
— EgptEgn _ [Egn_Egp _ kT (Ncn Nyp )]
V4 » > +xXn—Xpt p, In —Nanap (18)
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The thickness of the space charge area is written as:

w=w, +w,

The intrinsic carrier densities in n and p regions are respectively given by:

The various parameters used are defined in table 1.

Table 1. Nomenclature of the various parameters used.

Ideal Solar Cell Electrical Parameters and Ideality Factor Effect on the Efficiency

(19)

(20)

e2))

Eg,» Eg,

Hn’ HP 9n>

qXn> 9 Xp

thickness of the
semiconductor n, p

Ngp Nap

concentration of the concentration of the
ionized donors in the ionized acceptors in
semiconductor n the semiconductor p

electron affinity of the
semiconductor n, p

energy band gap of the
semiconductor n, p

Nin, Nip

concentration of
intrinsic carriers in the
semiconductor n, p

Ncnl N cp

density of states in the
conduction band of the
semiconductor n, p

T Tp

lifetime of the carriers in
the space charge zone of
the semiconductor n, p

Nyns Nyp

density of states in the
valence band of the
semiconductor n, p
G &

electric permittivity of
the semiconductor n, p

D,, D,

diffusion coefficient
of electrons and
holes

Ly, Ly

diffusion length of
electrons and holes

Table 2. Data of used parameters.

Material Ny,(em™) N (em™) Eg(eV) x(eV) 7TuTp(s) e€(F.m™") NgN,(cm™) Hy Hy(um) f;:lr':)p D(nc,':Lg.s"l)
CdS (n) 5x 10%° 1x10%° 2.35 4.4 1078 10 X €, 7.6 x 107 0.1 0.4 0.64

CulnS; (p) 2 x 10 5x 108 1.57 4.04 1078 15 X € 1.9 x 10Y7 1 3 5.13
CulnSe; (p) 2 X 10*° 5% 108 1.04 4.58 1078 15 X €, 1.9 x 10Y7 1 3 10.27

K=138%x10"23J.K™1; ¢, =8.85418782 x 10712 F.m™! ;
(AM1.5) [58-59].
The values of table 2 are considered in the rest of this paper.

2.2. Ideal Solar Cell Model and Electrical Parameters

2.2.1. Quantum Efficiency and Photocurrent Current Density

q=1602x10"°C ; T =300K; Py = 83.4mW.cm™2

Basing on previous studies [57], the expression of the external quantum efficiency EQE can be given by:

EQE = EQE, + EQE,, + EQE, (22)
With:
Splp —anHp
O (e e - ) N .
n — 27 2_ SpLp ntp
(‘anP 1) D sh( p)+ch( p)
EQE, = —(1 — R){e™Hn x [e=®nWn — 1] 4 e~nltntwn) x [e=aWp — 1]} (24)
_Snln) ,—ap(Hn+Hp+w)  ,—ap(Hn+w) [Snln Hp
ap Ly(1-R) _ (“PL" D ) ’ ’ i [ Ch( )+Sh( )] -
EQE, = — iR x el(ap —an)(Hp+wn)] n + — ayL e~ @HntW) [ (25)
P (ap?La? -1) S"L" h[Ln]+ch[Ln] S"L" h[Ln]+ch[ ] pem
EQE, represents the contribution of region n to the The internal quantum efficiency IQE is given by:
external quantum efficiency, EQE, represents the
contribution of region p to the external quantum efficiency, IQE = IQE, + IQE,, + IQE, (26)
and EQE,, is the contribution of the space charge region to L
. With:
the external quantum efficiency. @, and «, represent
respectively the absorption coefficients of the regions n and IQE, = EQEn 27)
p, they depend on of the photon energy. S,, represents the =R
recombination velocity of electons at the surface of region p IQE,, = EQEy (28)
and S,, is the recombination velocity of holes at the surface of Yo 1-R
region n. R represents the reflection coefficient of the I0E, = EQEp (29)
illuminated front layer. P 1-r
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IQE,, represents the contribution of region n to the internal
quantum efficiency, IQE, is the contribution of region p to
the internal quantum efficiency and IQE,, represents the
contribution of the space charge region to the internal
quantum efficiency.

Jon = @ X 5 X {F(Ey) X EQE(Ey) + F(Epy1) X EQE(Enyyy) + 251, F(E;) X EQE(E;) }

We have taken for this calculation:

E,=1eV; Ep,., =3.88¢eV;8E =0.03eV;m =96

Eiy1=E,+i-0Ewith:i:1..m

The discretized values of the external quantum efficiency
of each model and of the solar spectrum AM1.5 noted F are
represented in table 6.

2.2.2. Short-Circuit Current Density (J¢.)
The short-circuit current is the current obtained when the
bias voltage V is zero, the equation (14) can be written as:

Jsc =]ph (31)

So the short-circuit current density corresponds to the
photocurrent density generated by the solar cell.

2.2.3. Open Circuit Voltage (V,.)

The open circuit voltage is the voltage that appears at the
terminals of the solar cell when the current density J is zero.
We obtain:

Voe = 27 n(1+22)

Jo (32)

A decrease of the saturation current density J, causes an
increase of the open circuit voltage. We note in expression
(32) that the open-circuit voltage increases with the ideality
factor  and also with the photocurrent density J,,. So it
increases with lighting for a given temperature. Experience
shows that an increase of the temperature results in a
decrease of the open-circuit voltage [60].

2.2.4. Maximum Power Density Point (P)
The expression of the electrical power density P is given by:

P =V [~ o+ (&7/147 - 1)

The maximum power density point characterized by a
current density [, and a voltage V,, is defined by the relation:

(33)

dap
= (34
We obtain:
_ KT qVim
Voe =V + 27 In (1+ _m) (35)

Equation (35) is implicit, it can be solved by using a
numerical method of resolution to determine V;,,, we used the
secant method [61]. The current density J,, is calculated from
the following relation:

Jm = Jpn = Jo - (e9Vm/MKT — 1)

The maximum power density B, is given by:

(36)

The expression of the photocurrent density Jph is given by
the relation (12). For this calculation, we propose a numerical
integration method and use the Newton quadrature. The
photocurrent can be written as:

(30

P =Jm Vin = (Jpn =Jo - (7" /™T =1)). %, (37)

The optimal load Ryp¢ima; is defined by:

Vin Vin

Roptimal = Tm = Tpn—Jo-(e4Vm /IKT_1) (38)
2.2.5. Fill Factor (FF)
The fill factor is given by the relation:
Pm
FF = JscVoc (39)
It can be written as:
—Jo-(eqVm /mKT _qY).
g = UpntoCe )V (40)

]ph-(vm+'”;—T-ln(1+‘;%))

2.2.6. Electrical Conversion Efficiency (1¢)
The electrical conversion efficiency of the photovoltaic
cells is given by:

Ne = Pm =FF><VOC><]SC (41)
¢ Psolar Psolar
Psotar is the solar radiation

(W/m?), Pyorar = 100 mW.cm™2 under standard conditions
(AM 1.5 G) and Psy ey = 83,4 mW.cm™2 under AM 1.5
solar spectrum [58-59].

In the case of an ideal solar cell, the electrical conversion
efficiency can be written as:

P (Upp-Jo(e@Vm /KT 1))y,
Ne = = (42)
Psolar Psolar
So we can write:
KT qVm
FF ]ph-(vm+ "—-1n(1+ i ))
Ne = 1 = (43)

Psolar

3. Results and Discussion

The results obtained are applied to the heterojunctions
CdS(n)/CulnSe;(p) named model (a) and CdS(n)/CulnS,(p)
named model (b). We apply the established results to plot the
internal and external quantum efficiencies, the current
density - voltage characteristic noted J (V) (J is the current
density supplied by the solar cell and V the voltage at its
terminals) and determine theoretically the characteristic of
electrical parameters of solar cells.

From the data in table 2 and the equations (15-18), we
determine the saturation current density J,, it is estimated at
Jo =4.117 x 1078 mA - cm™2 for a junction CdS(n)/CulnS,



14 El Hadji Mamadou Keita et al.: Ideal Solar Cell Electrical Parameters and Ideality Factor Effect on the Efficiency

(p) and at J, =1.169 X 1073 mA-cm™2% for a junction
CdS(n)/CulnSey(p). According to the same considered
parameters and using equation (18), the diffusion voltage V,
for the two structures is approximately equal to 1.033 V. The
intrinsic carrier densities (equations 20 and 21) in CdS layer
is estimated at 4.011 X 1071 ¢m™3, in CulnS, layer at
6.424 - 10° cm™3, in CulnSe;, layer at 1.825 x 10'° cm™3.
The photocurrent density Jph is calculated using equation
(22-25 and 30) and tables 2 and 6, it is estimated at 17
mA-cm~? for the junction CdS(n)/CulnS,(p), and it is
estimated at 31 mA-cm™® for the junction
CdS(n)/CulnSe,(p) under spectrum AM1.5.

3.1. Spectral Response Curves
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Figures 5 and 6 represent the contribution of each region to
the internal quantum efficiency versus the photon energy. In
figure 7 we compare the external quantum efficiency of each
model using a window layer based on ZnO, the influence of
ZnO layer on the external quantum efficiency is neglected only
its reflection coefficient has been taken into account. The solar
cells are sensitive to the spectrum ranging from near infrared
to visible. The band gaps of CulnS, and CulnSe, are
respectively in order of 1.57 eV and 1.04 eV. We note that the
response of the cells depend widely on the space charge region
(IQE,,) and the region p (IQE,). The discretized values of the
energy, the photon flux and the external quantum efficiency in
figure 7 allow to determine photocurrent density Jph by using
a numerical integration method (equation 30). Table 6

indicates the discretized values and is represented in appendix.
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Figure 7. AM1.5 photon flux and external quantum efficiency vs. photon
energy: comparison between model (a) CdS(n)/CulnSes(p) and model (b)
CdS(n)/CulnS:(p).

3.2. Current - Voltage Characteristic

350 T

T . _ CdS/CulnSe,
o 280F \ Model (2)
1, 245k 7
S 2101 \ i}
-S !"(y-l.] -1
_\‘5 1401 / [| "
L 105F Model® | Ea
= J0F CdS/CulnS, | o
X sk | £l
=~ PO SR SR SN | N T

0
00102030405060.708
Voltage (V) —»

Figure 8. Comparative study of the evolution of the current density | versus
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Model (b):  CdS(n)/CulnSa(p) ( Jo =4117x 108 mA-cm™2; J,, =
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Figure 9. Comparative study of the evolution of the electrical power density
P versus bias voltage V for the two models.

Case of Ideal solar cell (Rg = 0 2.cm? and Rgy =  0.cm?)

Model (a): CdS(n)/CulnSex(p) ( Jo = 1.169 X 1073 mA-cm™%; |, =
31mA-cm™2;n = 2)

Model (b):  CdS(n)/CulnSa(p) ( Jo =4117x 108 mA-cm™2; J,, =
17mA-cm™%;n = 1.5)
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In figure 8, we compare by considering the ideal case, the
profiles of the current densities J versus the bias voltage V
for the two models (a) and (b). In figure 9 we compare the
profiles of the electrical powers P versus the bias voltage V.
Regarding the ideality factor (n) for these graphs, we have
considered some values taken from the literature [62-64]. The
characteristic electrical parameters of each model, resulting
from this comparative study are summarized in table 3. We
note that the calculated values of the electrical parameters for
the two models are in the same magnitude order of those
published in the literature [65].

3.3. Ideality Factor Effect on the Performance of the Ideal
Solar Cell

In Figures 10-13, we study the effect of the ideality factor
on the performance of the ideal solar cell. In figures 10 and
11, we respectively represent the evolution of the current
density and the electrical power density versus the bias
voltage for different values of the ideality factor n (varying
from 1 to 3) for the model (b) CdS(n)/CulnS,(p) considering
the ideal case (Rg=0£0.cm? and Rgy =0 N.cm?). In
Figures 12 and 13 the same studies are done for the model (a)
CdS(n)/CulnSes(p).

We note that the performance of the ideal solar cell
increases with a raising of the ideality factor of the
photodiode. Indeed, this improvement is explained by the
fact that an increase of the ideality factor n reduces the diode
current caused by the forward bias voltage. Thus, this allows
an increase of the open-circuit voltage V.. So the maximum
electrical power density of the solar cell increases with the
ideality factor 1 . It should be noted that unlike the
photovoltaic operating mode (solar cell in generator mode),
the performance of the diode in dark conditions (absence of
illumination) and under forward bias voltage (receiver mode)
is reduced by an raising of the ideality factor 7.
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Figure 10. Evolution of the current density | versus bias voltage V for
different values of the ideality factor (n = 1 to 3).
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Figure 11. Evolution of the electrical power density P versus bias voltage V
for different values of the ideality factor (n = 1 to 3).
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Figure 12. Evolution of the current density | versus bias voltage V for
different values of the ideality factor 1 = 1 to 3)
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Figure 13. Evolution of the electrical power density P versus bias voltage V
for different values of the ideality factor (n = 1 to 3).
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Table 3. Electrical parameters of models (a) and (b) considering the ideal solar cell model (taken from figures 8 and 9).

Rg

RSH

Jm

v

P,

R

optimal

Jse

Vol.‘

m 0,
Model @.cm? @cm?) 1 @mAcm? (V) mW.cm?) (Q.cm?) (mA.cm?) vy FF o omc®)
CdS/CulnS; 0 © 15 16053 0657  10.547 40927 17 0769 0807 12.646
CdS/CulnSe, 0 o 2 27556 0413 11.379 14989 31 0.526  0.698 13.644

Table 4. Characteristic electrical parameters of mode (b) for different values of the ideality factor n considering the ideal solar cell model (taken from figures

10 and 11).
R :.zﬂs cm?) :.zﬂs.ﬂcmz) 1 {;':1 A.cm™?) :/V"; gn’:w. cm™?) gimz;::zl) {;:1 A.cm™?) :/I;)c FF nc (%)
CdS/CulnS, 0 [ 1 16.053 0.438 7.031 27.285 17 0.513 0.8062 8.431
CdS/CulnS, 0 [ 1.5 16.053 0.657 10.547 40.927 17 0.769 0.8068 12.646
CdS/CulnS, 0 [ 2 16.053 0.876 14.062 54.569 17 1.025 0.807 16.861
CdS/CulnS, 0 [ 2.5 16.053 1.095 17.578 68.211 17 1.282 0.8065 21.077
CdS/CulnS, 0 © 3 16.053 1.314 21.094 81.854 17 1.538 0.8068  25.292

Table 5. Characteristic electrical parameters of model (a) for different values of the ideality factor n considering the ideal solar cell model (taken from figures

12 and 13).
Structure ff; cm?) :.zf;flcmz) n {::1 A.cm™?) :% g;;"w. cm™?) :.af;v?::lazl) {::1 A.cm™?) :/I;)c FF e (%)
CdS/CulnSe, 0 0 1 27.5526 0.206 5.676 7.477 31 0.263 0.6962 6.8
CdS/CulnSe, 0 o 1.5 27.5526 0.31 8.541 11.251 31 0.395 0.6975  10.241
CdS/CulnSe, 0 3] 2 27.5526 0.413 11.379 14.989 31 0.526 0.6978  13.644
CdS/CulnSe, 0 o 2.5 27.5526 0.516 14.217 18.728 31 0.658 0.6969  17.047
CdS/CulnSe, 0 o 3 27.5526 0.619 17.055 22.466 31 0.79 0.6964  20.45

The various characteristic electrical parameters of the solar
cells resulting from figures 10 and 11 are summarized in
table 4 for the model (b) CdS(n)/CulnS,(p) and the electrical

Year

2020
2018
2016
2015
2013
2011
2010
2008
2006
2005
2003
2001
2000
1998
1996
1995
1993

parameters resulting from figures 12 and 13 are summarized
in table 5 for the model (a) CdS(n)/CulnSe,(p).

CUID.I -xGaxSe'_’

(CIGS)

0 1 2 3 4 5 6 7 8 9 101112 13 14 1516 17 18 19 20 21 22 23 24 25

Efficiency (%)

Figure 14. Bar histogram graph of the efficiency of solar cells based on Cu(In,Ga)(Se,S), during some years (1993-2021) adapted from [66].
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Figure 15. Evolution of the efficiency of solar cells based on Cu(In,Ga)(Se,S); during some years (1993 to 2021) adapted from [66].

In figures 14 and 15 we represent the evolution of the
efficiency of solar cells based on Cu(In,Ga)(Se,S), (CIGS)
during some years (1993-2021). A notable advance in
conversion efficiency is observed, the efficiencies of these
photovoltaic cells now exceed 22% for CIGS based solar
cells with the introduction of gallium atom (Ga) and remain
lower than 15% (without its introduction) for solar cells
based on CulnSe,/CulnS,. However, our results obtained
(table 3 to table 5) are well within magnitude order of solar
cells based on chalcopyrite materials Culn,Ga,_(SySe_y)..

The variations of the parameters in the modeling study
reflect several factors which influence the efficiency of the
solar cells such as the transition from one alloy to another
(variation of x and y), the influence of doping elements, the
introduction of passivation elements (incorporation of
sodium Na, aluminum oxide Al,O;, chemical treatments
etc...), the influence of the defects (which can be passivated
by the introduction of certain elements), the treatment of the
layers by annealing etc.... However, the theoretical limit
efficiencies of solar cells for single junctions are predicted by
the theory of Shockley and Queisser, which determines the
limit of the conversion around 33.7% corresponding to an
optimal gap of the order of 1.34 eV for an incident solar
power of 1000 W.m > (AM 1.5 G solar spectrum) [59].

4. Conclusion

The determination of electrical parameters (saturation
current density, photocurrent density, short-circuit current
density, open-circuit voltage, fill factor, maximum power
density point) of an ideal photovoltaic cell (absence of
parasitic resistances) has been essentially developed in this
paper. The determination of these parameters is important to
determine the energy conversion efficiency relative to solar

irradiation AM1.5 and to evaluate the performance of the
solar cell. The results obtained were applied to
heterostructures based on CulnS, and CulnSe;:
CdS(n)/CulnSe,(p) named model (a) and CdS(n)/CulnS,(p)
named model (b). The influence of the ideality factor on the
current - voltage characteristic is also highlighted. The
raising of this parameter increases the open circuit voltage
and improves the performance of the ideal solar cell.

With the model (b) CdS(n)/CulnS;,(p), in the ideal case (no
parasitic resistances) and depending on the used parameters,
we obtain under AM 1.5 solar spectrum, a theoretical
conversion efficiency ranging from 8.4% to 25.3% for
ideality factors ranging between 1 and 3. The photocurrent
current density used with this model is evaluated at 17
mA.cm™ based on the considered parameters, it
corresponds to the short-circuit current density. The open-
circuit voltage varies from 0.5 Vto 1.5 V.

For the model (a) CdS(n)/CulnSe,(p), we obtain in ideal
case, a theoretically conversion efficiency varying from 6.8%
to 20.45% for ideality factors ranging from 1 to 3 under the
same solar irradiation conditions according to the used
parameters. The photocurrent density is estimated at 31
mA.cm™? based on the considered parameters, it
corresponds to the short-circuit current density. The open-
circuit voltage varies from 0.27 V to 0.8 V.

However, the results obtained for each model (photocurrent
density, short-circuit current density, open-circuit voltage, fill
factor, maximum power point, saturation current density) are
in agreement and remain within the range of experimental
values published in the literature for ideality factor lower than
2 and predict results for ideality factor greater than 2. Globally,
the results obtained remain within the range of experimental
values published in the literature for solar cells based on CIGS
(Culn,Ga,4Se, or Culn,Ga;(SySe;.y),) allowing to validate
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the different methods established to model the studied

Appendix

phenomena.

Table 6. Discretized values of the energy (E), the external quantum efficiency (EQE) and the photon flux (F).

E (eV) EQE CdS/CulnS, EQE CdS/CulnSe,

F x 10" (cm™s'.eV") E (eV) EQE CdS/CulnS, EQE CdS/CulnSe, F x 10" (cm”.s'.eV?")

1 0 0 3.006 2.47 0.877 0.877 0.677
1.03 0 0.033 3.004 2.5 0.854 0.854 0.644
1.06 0 0.749 1.884 2.53 0.795 0.795 0.624
1.09 0 0.834 0.632 2.56 0.653 0.653 0.608
1.12 0 0.879 2.221 2.59 0.507 0.507 0.575
1.15 0 0.911 2.58 2.62 0.496 0.496 0.544
1.18 0 0.927 2.632 2.65 0.484 0.484 0.518
121 0 0.94 2.631 2.68 0473 0.473 0.493
124 0 0.951 2.139 271 0.462 0.462 0.462
127 0 0.961 1.625 2.74 0451 0.451 0.418
1.3 0 0.969 0.889 277 0.44 0.44 0.377
133 0 0.976 0.763 28 043 0.43 0.338
136 0 0.981 1.248 2.83 0419 0.419 0.304
139 0 0.985 1.132 2.86 0.409 0.409 0.293
142 0 0.987 1.071 2.89 0.399 0.399 0.282
145 0 0.99 1.144 2.92 0.389 0.389 0.271
148 0 0.892 2.1 295 0.379 0.379 0.261
1.51  0.004 0.893 2.117 298 0.37 0.37 0.23
1.54 0.013 0.893 1.96 3.01 0.361 0.361 0.184
1.57 0.04 0.894 2.031 3.04 0.352 0.352 0.142
1.6 0.197 0.894 1.943 3.07 0.344 0.344 0.134
1.63  0.422 0.894 1.499 3.1 0.335 0.335 0.126
1.66  0.642 0.894 1.841 3.13 0.327 0.327 0.119
1.69 0.742 0.894 1.708 3.16 0.318 0.318 0.112
1.72 0.8 0.894 1.721 3.19 0.311 0.311 0.106
1.75  0.827 0.894 1.66 3.22 0.303 0.303 0.1
1.78  0.846 0.894 1.604 3.25 0.296 0.296 0.094
1.81 0.854 0.894 1.55 3.28 0.29 0.29 0.088
1.84  0.86 0.894 1.498 3.31 0.283 0.283 0.083
1.87  0.865 0.894 1.435 334 0.278 0.278 0.077
1.9 0.869 0.893 1.374 3.37 0.273 0.273 0.072
1.93 0.872 0.893 1.317 34  0.271 0.271 0.068
1.96 0.875 0.893 1.263 343 0.269 0.269 0.063
1.99 0.877 0.892 1.213 3.46 0.267 0.267 0.059
2.02  0.879 0.892 1.165 3.49 0.266 0.266 0.055
2.05 0.881 0.892 1.125 3.52 0.264 0.264 0.051
2.08 0.882 0.891 1.088 3.55 0.263 0.263 0.047
2.11  0.884 0.891 1.041 3.58 0.262 0.262 0.043
2.14 0.885 0.891 0.986 3.61 0.261 0.261 0.038
2.17  0.886 0.89 0.934 3.64 0.259 0.259 0.034
2.2 0.886 0.89 0.893 3.67 0.256 0.256 0.029
223  0.887 0.89 0.869 3.7 0254 0.254 0.025
226 0.887 0.889 0.846 3.73  0.252 0.252 0.021
2.29 0.887 0.889 0.824 3.76  0.249 0.249 0.018
232 0.887 0.889 0.794 3.79 0.247 0.247 0.014
2.35  0.887 0.888 0.748 3.82 0.246 0.246 0.01
2.38 0.887 0.888 0.73 3.85 0.244 0.244 0.007
241 0.886 0.887 0.712 3.88 0.242 0.242 0.004
244  0.884 0.884 0.694
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