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Abstract: In this work we study the importance of optimizing the parameters of photoconductive layers to improve the
efficiency of a photovoltaic cell. We compare the evolution of the performance of solar cells based on chalcopyrite materials
by considering a non-decreasing band gap structure named model (a) based on the structure
ZnO(n")/CdS(n)/CulnSe,(p)/CulnS,(p*) and a decreasing band gap structure named model (b) based on the structure
ZnO(n")/CdS(n)/CulnS,(p)/CulnSe,(p"). The two structures are composed of 4 layers named respectively region 1, region 2,
region 3 (base), region 4 (substrate); between regions 2 and 3 is located the space charge region (SCR) where exists a high
electric field. The calculation of the external quantum efficiency of the cell and the short-circuit photocurrent density by
numerical calculation are established by using the continuity equation of charge carriers and parameters such as the absorption
coefficient, diffusion length which models the purity of the material, recombination velocities at the surface and at the interface
which models their states, the thicknesses of the different layers, the solar irradiation. The results obtained applied to models
(a) and (b), are presented in the form of tables and curves widely analyzed and commented. Considering first the same standard
parameters, the model (a) whose absorption threshold is localized in the space charge region and the base, gives the best
performance compared to model (b) whose absorption threshold is localized in the substrate. However, the optimization of the
parameters, shows an improvement of the performances of the two models but above all a great evolution of the performances
of the model (b) which external quantum efficiency becomes appreciably equal to that of the model (a). The short-circuit
photocurrent density for solar spectra (AM0, AM1, AMI1.5) evolves from (44.92 mA.cm™; 33.031 mA.cm™; 30.179 mA.cm™)
— (48.119 mA.cm™; 35.155 mA.cm™; 32.188 mA.cm™) for the model (a), and evolves from (24.525 mA.cm™; 19.309 mA.cm™;
17.507 mA.cm™) — (46.841 mA.cm™; 34.303 mA.cm™; 31.388 mA.cm™) for the model (b).
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established in order to be able to compare the different
spectra used. The solar spectrum in space corresponds to the
air-mass value 0 (AMO), while the value 1 (AMI1)
corresponds to the solar spectrum received on Earth when the
Sun is at the zenith. When the sun makes an angle of 48.2 °
with respect to the zenith, the spectrum received on Earth is
called AM1.5. The photon fluxes @ (L) which correspond to
these reference irradiance spectra are shown in figure 7. The
integration of irradiance over the entire spectrum allows to
obtain the power density (in W.m™) supplied by the radiation.
The integration over the entire spectrum of the product of the

1. Introduction

Solar energy exploited by photovoltaic cells is radiated
over a wide range of wavelengths (covering the whole of the
visible plus a part of UV and IR range). This radiation is
generally represented by an irradiance spectrum versus the
wavelength. The performance of a photovoltaic cell depends
on its geographical position. To avoid confusion, a
standardization has been introduced by defining reference
solar spectra. The notion of Air-mass (AM) was therefore
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photon flux by the external quantum efficiency allows to
obtain the short-circuit photocurrent density. The calculation
is done by using the continuity equation of charge carriers
and parameters such as the absorption coefficient, diffusion
length, diffusion coefficient, recombination velocities at the
surface and at the interface, the thicknesses of the different
layers, the solar irradiation.

The ternary compounds CulnSe, and CulnS, belong to the
semiconductor family I-III-VI, and are increasingly
promising for the mass production of photovoltaic modules
with a low manufacturing cost and a various techniques of
growth and stable devices, they have semiconductor
properties under the chalcopyrite structure [1-9]. The
chalcopyrite structure corresponds to a regular arrangement
of Cu’ and In’" cations in their sub-lattice. These two
materials have quite similar crystalline parameters, band gaps
suitable for solar cell operations (in the order of 1.04 eV for
CulnSe, and 1.5 eV for CulnS,) [10-13]. They have also high
optical absorption coefficients over the entire solar spectrum
covering the visible range which allows a low absorber layer
thickness varying from 1 to 3 pum [14-15]. The Se / S
substitution also allows to produce quaternary alloys which
can pass the band gap between 1.04 eV and 1.57 eV) and an
adjustment of the lattice parameters [16-20].

Solar cells based on CulnS,/Culnse, are generally in the
heterojunction type, that is to say the p and n regions are
formed by different materials. The CulnS,/Culnse, layers are
doped p-type generally with an excess of sulfur/selenium, a
deficit leads to the n-type [21-22]. The doping rate can vary
between 10'° and 10'7 em™ and diffusion length of electrons
in the order of micron. The composition of the cell is
generally as follows: Mo (or ITO) / Culns, (p), Culnse, (p) /
CdS (n) / ZnO (i) / ZnO (n) / Ni- Al. The Molybdenum (Mo)
or ITO (indium tin oxide) plays the role of rear contact.

The ZnO and CdS layers are doped n by Al for ZnO and In
for CdS, due to their high band gaps, they allow visible
radiation to pass (hence their name of window layers) which
is then absorbed in the Culnse, and Culns, layers. The ZnO
and CdS layers form the n-p junction with the CulnSe, and
CulnS, layers. The buffer layer (CdS) allows the electrical
and structural transition between the CulnS, / CulnSe, and
ZnO. Its presence reduces the electrical losses associated
with the recombination mechanisms at the interface.

2. Materials and Methods

To determine the external quantum efficiency and the
resulting short-circuit photocurrent density under given solar
spectrum, the optical properties of the materials will be
represented by the absorption coefficients of the different
layers («;), the purity of the materials by the diffusion length
(Lp, Ly,) and the diffusion coefficient (D), D) of charge
carriers, the surface and interface phenomena resulting from
the contacts between the materials by recombination
velocities at the surface and at the interface (S, Sy,), the
solar irradiation by the corresponding photon flux (F), the
geometric parameters by the thicknesses of the different

layers (H;). These various parameters are integrated into the
continuity equation which governs the phenomenon of
charge transport in semiconductor materials. It should be
noted from these parameters that the absorption coefficient
(ai) and the photon flux (F) depend on the energy of the
photons (we have a;(E) and F (E)).
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Figure 1. Absorption coefficient of CdS, CulnS, CulnSe, materials versus
photon energy [11, 23].
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Figure 3. Reflection coefficient of ZnO material versus photon energy [24].



American Journal of Energy Engineering 2022; 10(3): 53-67

It is assumed that the optical reflection coefficient is
neglected at each interface in the spectral range used. It is
also considered that the space charge region is located only
between the n and p regions and there is no electric field
outside this region. We neglect recombination phenomena in
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the space charge region.

In figures 1 - 3 we represent the optical absorption
coefficients of the different materials and the ZnO reflection
coefficient [11, 23-24]. The diagrams of the structures are
shown in figure 4.
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Figure 4. Diagrams of the structures: model (a) ZnO(n")/CdS(n)CulnSex(p)/ CulnSx(p*); model (b) ZnO(n")/CdS(n) CulnS:(p)/ CulnSes(p*).

2.1. Contribution of Region 1 on the External Quantum
Efficiency

In region 1 (ZnO layer) doped n, the photocurrent is
essentially due to the generated holes, the continuity equation
is written as:

dAp1
dx

@
€)

The efficiency of the collected holes which are generated
in region 1 is given by:

Dy, (B22) = S, Ap; forx =0

Ap, =0 for x = x;

d’Apy  Apy _ —ayF(1-R)e”%1¥ 1 —qD dApq
dx?  Lp,® Dpy M = A e 4)
MR, qF
Basing on previous studies, boundary conditions are given . .
It is written as:
as follow [18, 25].
Spilpy —aqyHq [SPalpa , (H1 Hy
_ a(-R)lp, ( Dp,y +a1Lp1)_ e [ Dp,y Ch(m)ﬁh(m)] aL, e~ %t 5
Ry = (a2t 7-1) ETUTINE TR (7 by, )
Dp, Lpy Lpy
oL . continuity equation is given by:
2.2. Contribution of Region 1 on the External Quantum
Efficiency d?Ap;  App _ —apF(1-R)e”%1H1g—az(x-H1) 6
dx? Lp,? B Dp, ©

In region 2 also doped n, the photocurrent is due to the
generated holes, and results from the contribution of regions
1 and 2. The interface effects are characterized by a
recombination velocity at the interface noted S,, . The

Boundary conditions are given by previous studies as follow
[25-27].
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dAp, dApy _ dipy
P2 ax SPZApz + DP1 dx for x = x, (M 7 ~9Pp2ax = =x2 ©)
RI-R2 = — .
qF
Ap, =0 forx = x, ()
It is written as:
The contribution of regions 1 and 2 (ZnO — CdS) to the
external quantum efficiency is given by:
Sp- L Sp- L
ar(-Rpye-ats [ (T Prasiy,) emeba B2 2en (72 fesn 2 )] a "Ry
Nr1-R2 = (az2Ly,% 1) |Spalvzg, N - Spalpz ), N —a,Ly, e %" (T Spplng " (2 (10)
i “Dp, © (LP2)+C (LPZ) “Dp, © (LP2)+C (LPZ) Dp, (LP2)+C (E)

2.3. Contribution of the Space Charge Region on the External Quantum Efficiency

In the space charge region, the recombination phenomena are neglected. It is formed by two areas (CdS and CulnSe, or
CulnS, layers). In the first area, the thickness is fixed at w; (CdS) and in the second area, the thickness is fixed at w, (CulnSe,
or CulnS,). The continuity equations for the photo-created holes are written respectively as:

_é%-l_ azF(l —R)e_“lHle_“Z(x_Hl) =0 (11)
_1djw, + azF(1 — R)e~@Mig=aa(Hz4w1) y g-aslx—(Hi+Hz4wo)] = (12)
q dx
Boundary conditions are given by:
Jw, (x) = 0 for x = x, (13)
Jw,(x) =0 for x = x, + w, (14)

The contribution of the space charge region (SCR) to the external quantum efficiency is given by:

Jwq (G2 +w1)+]w, ez +w)
qF

(15)

Nscr =
It is written as:
Nser = —(1 — R)e“"l”l{e_"‘z”2 X [e7%2W1 — 1] 4 e~ @2(Ha*W1) x [g=@3W2 — 1]} (16)
2.4. Contribution of Region 4 (Substrate) on the External Quantum Efficiency

In region 4 named substrate and doped p, the photocurrent is due to the photo-created electrons, the continuity equation is
given by:

d?Ang _ Any _ —ay Z2 F(1 — R)e~%tig=a2(Hz4w1) 5 o=a3(Hatws) g —aslx—(H-Hy)] (17)
dx?2 13, Dp,

Boundary conditions are given by previous studies as follow [18, 25].

dAng
a4 gy

An, = 0 for x = x3 (19)

—Sn,An, forx = H (18)

The efficiency of the collected electrons which are generated in region 4 is given by:

dAng
aDny, =g

N, = q—FW (20)

It is written as:
a, Ln4(1 — R) e[(az —a;)Hq] e[(as —az)(Hi+Hy+wy)]
(@ln” 1)
e B -t o I )
Uz

ng n4

+
“n(feJeen(2) (s )een(z)
Dry sh Ins +ch Ing Doy ———=shl g +chl n

X e[(azt —a3)(H—H,)]

M, = —

— (14Ln4€_a4(H_H4) (21)
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2.5. Contribution of Region 3 (Base) on the External Quantum Efficiency

In region 3 named base and doped p, the photocurrent is due to the generated electrons. The continuity equation is given by:

d’ang _ Ang _ B F(1 — R)e MHig=a2(Hztw1) 5 o-aslx—(Hi+Hz+w1)] (22)
dx? L3,  Dng
Basing on previous studies, boundary conditions can be written as [10, 28].
Ang =0forx =x, +w (23)
A A
ng o = =S, ANy + Dy, T2 for x = xy (24)
The contribution of regions 3 and 4 (base — substrate) to the external quantum efficiency is given by:
dAng
D3~y |x =x+W
NRr3-R4 = - @ (25)
It is written as:
NR3-R4 =

_ a Ly (1-R) ellaz —a1)Hy] Dny

( @3l - M) ~ag(H-Hyg) e—ag(H1+H2+w) [S‘ﬂsl“ﬂs h( H3 )+sh< H3

e [(a3 —az)(Hy+Hy+wy)]

Ln3)] _ 0(3L e~ s(Hy+Hy+w)

"Ly 1) Bl T Sl
(a3?Lng . +ch i) ~pash[ 2| ven| 2
ST TETTE] (26)
D3 3 h[L ]+ch[L ]
nz nz nz

2.6. Total External Quantum Efficiency

The total external quantum efficiency EQE is the sum of
the contributions of the different regions on the efficiency, it
is given by:

EQE = Ngi_gz2 + Nscr + Nr3-r4 27

3. Results and Discussion

The values of the standard parameters used for the
modeling are indicated in the following table 1:

Table 1. Physical standard parameters considered.

Model (a) & Model (b)
H;=0.3 pm H;=1pm
Lpi=0.3 um Ln; =3 um
Sp: = 2.107 cm.s™! Sn; =2.10° cm.s™!
Dp; =0.51 cm?.s?! Dn; =5.13 cm?s
H,=0.1 pm H,=98.5 um
Lp,=0.4 pm Lns=1 pm
Sp. = 2.10° cm.s™! Sny;=2.10" cm.s™
Dp, = 0.64 cm*s™ Dny=10.27 cm®s™
W;=0.02 pm W, =0.08 pm

Figure 5 shows the contribution of each region of the
photovoltaic structure on the resulting external quantum
efficiency (EQE) for the models (a) and (b).

3.1. Solar Spectra and External Quantum Efficiency

Figure 6 shows the definition of the air-mass (AM)
standard [29]. Figure 7 represents the photon fluxes which
correspond to the three reference solar spectra AM0, AM1,
AML.5 versus the wavelength, they are adapted from [30].

They correspond to respective irradiations of 1353 W.m™>,
931 W.m™?, 834 W.m?> [29-30]. Figure 8 shows the
comparison of the external quantum efficiency (EQE) of the
two models (a) and (b) versus the wavelength, it is obtained
using equation (27). We note that the solar cells are
sensitive to the spectrum ranging from near infrared to
visible. To determine by numerical method the short-circuit
photocurrent density which corresponds to the maximum
current density of the solar cell, we used the values of
tables 1 and 9. Table | indicates the values of the
parameters used for the modeling and table 9 indicates the
discretized values of the energy, the wavelength, the photon
fluxes and the external quantum efficiency. Table 9 is
indicated in Appendix.

1 ~—~ _EQE (a)

\

Base-Substrate (a)

External quantum efficiency

0.3 0.5 0.7 0.8 11 13
Wavelength (pm)

Figure 5. Contribution of the different regions of the solar cell to the
external quantum efficiency vs. photon wavelength for each model.
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Figure 6. Definition of the AM standard [29].
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Figure 7. Photon flux vs. photon wavelength [30].

In model (b) ZnO(n")/CdS(n)/CulnS,(p)/CulnSex(p"), the
materials are arranged by decreasing energy band gap, the
external quantum efficiency depends on the responses of the
different layers of the structure. Since the spectral response
begins with the photon absorption by the smaller energy band
gap materials, the back layers absorb at first incident photons
(substrate — base — space charge region — window layers).

In model (a) ZnO(n")/CdS(n)/CulnSe,(p)/CulnSy(p"),
materials are not arranged with a decreasing energy band
gap. The base (CulnSe,) has the smallest energy band gap
and a high photon absorption coefficient, it absorbs at first
the incident photons and reduces substrate contribution (base
— space charge region — substate — window layers). This
model has the greatest external quantum efficiency for the
same standard parameters considered of the two structures
indicated in table 1. This difference in efficiency of the two
models differentiated just by the position of the materials
shows the importance of the contribution of the base and the
space charge region.

Model (a)
0.9 P

0.8
0.7
0.6

0.5

0.4 '

0.3 \

0.2 \

External quantum efficiency

0.1

0.3 0.5 0.7 0.9 11 13 15
Wavelength (um)

Figure 8. External quantum efficiency vs. photon wavelength: comparison
between model (a) and model (b).

The difference between models (a) and (b) is that with
model (b) we can avoid the generation of hot carriers by
placing the gaps of materials in a decreasing manner while
with model (a) favors the generation of these carriers. Hot
carriers are carriers generated by photons having an energy
greater than the gap of the material, they pass from the
valence band above the minimum of the conduction band.
These carriers can participate in the phenomenon of electrical
conduction only after losing their excess energy by
thermalization to pass to the minimum of the conduction
band where they can participate in the external quantum
efficiency if they have a sufficient diffusion length. However,
we specify that the influence of hot carriers on the external
quantum efficiency is not taken into account by the
computational model used.
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Figure 9. Resulting photocurrent density vs. photon energy under
polychromatic illumination for AM1.5 solar spectrum.
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In figure 9 we represent, under the spectrum AMI.5, the
resulting photocurrent density J,,(E) versus photon energy.

It is expressed in A.cm™.eV"'. To draw this graph we have
used the relations (28)-(31).

Jon(E) = q F (E) EQE (E) (28)
A (um) = 2 (29)

F (E) = (1) x % (30)
Jon(E) = q ®(2) X =5 EQE (E) (31)

By replacing J,, (E) by the expression (31) we obtain:

1.24

Jse = I} Ton (E)AE ~ % |q D(Ey) X 7 EQE (E1) +q (i) X

With: E € [1,4];
Ejpy = Ey + i+ 6 with: i:1..m

SE = Em4+1—E1
m

We have taken for this calculation:
E,=1eV; E,,.; =3.88¢eV;8E =0.03eV;m =96

Using table 9 and equation (33) we obtain the following
short-circuit photocurrent density established in table 2 for
the three solar spectra AMO, AM1, AM1.5.

Table 2. Short-circuit photocurrent density.

S6E ]ph(El) +]ph(Em+1) +

Jse = [} Jpn (BYAE ~ %

AMO AM1 AML1.5
Model (a) 44.92 mA.cm” 33.031 mA.cm? 30.179 mA.cm™
Model (b) 24.525 mA.cm’ 19.309 mA.cm’ 17.507 mA.cm’

The short-circuit photocurrent density depends on the
parameters considered. Tables 3 - 8 show its evolution by
varying the values of certain parameters such as diffusion
length, thickness and recombination velocity. We can observe
that the Optimization of parameters during growth of
materials is essential to obtain better photocurrent.

3.2. Effect of Parameters

However, in this part we show that the external
quantum efficiency or the collected photo-current can be
improved in the model (b) and also in the model (a), by
making an adequate dimensioning which is according to
the considered structure. For that we will study the
evolution of the short-circuit photocurrent density
according to the variation of each parameter (thickness,
diffusion length, recombination velocity) of the rear area
which is essentially responsible to the spectral response
(substrate, base and space charge region) as the front plays
the role of window layer. Then we determine the optimal

®(A) represents the flux of photons versus the wavelength
(figure 7), it is expressed in cm™.s".um™. F (E) is the flux of
photons versus the energy, it expressed in cm™.s'.eV"'. The
relations between ® (1) and F (E) are given by the equations
(29) and (30). The wavelength A is expressed in pm and the
energy E in eV.

Calculation of the short-circuit photocurrent density J,,
on the solar spectral ranging from 1 eV to 4 eV is given by
the expression (32). For this calculation, we propose a
numerical integration method and use the Newton
quadrature.

257 Jon (o) (32)
2 BQE (Bas) + 237, q ©(E) X 25 EQE (E)| (33)

parameters for each model that gives the greatest
performance. A comparative diagram is then done to
compare the evolution of the current collected according
to the considered parameters of each model.

3.2.1. Effect of Base Thickness

The figure 10 shows the base-substrate response for each
model. The wavelength range greater than 0.8 um models the
absorption of CulnSe, layer used as a base in model (a) and
used as a substrate in model (b). The wavelength range
between 0.5 to 0.8 um shows the absorption of CulnS, layer
used as a substrate in model (a) and as a base in model (b).
The decay of each curve models the absorption of photons by
the space charge region and the front area. For the
wavelength range less than 0.5 pm no photons access the
base.

0.7

Model (a)
0.6 \

0.5 / \
Model (b) /| \
0.4 A 4 ‘

0.3 \/ .

0.2 AL —

0.3 0.5 0.7 0.9 11 13

External quantum efficiency

Wavelength (um)

Figure 10. Base and Substrate response for models (a) and (b) vs. photon
wavelength.
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Table 3. Short-circuit photocurrent density for optimized base thickness.

Model (a) Model (b)

Region 1 Region 3 Region 1 Region 3
H;=0.3 pm H;=6 pm H;=0.3 pm H;=0.1 pm
Lpi=0.3 um Ln; =3 pm Lpi=0.3 uym Ln; =3 pm

Sp: = 2.10” cm.s™! Sn; =2.10° cm.s™ Sp1 = 2.10” cm.s™! Sn; =2.10° cm.s™
Dp, =0.51 cmis! Dn; =5.13 cm’s™ Dp; =0.51 cm’s Dn; = 5.13 cm’s™
Region 2 Region 4 Region 2 Region 4

H,=0.1 pm H,=98.5 um H,=0.1 pm H;=98.5 um
Lp,=0.4 pm Lns=1 pm Lp,=0.4 pm Lns=1 pm

Sp, =2.10° cm.s™!
Dp, =0.64 cm?.s?!

Sns =2.107 cm.s™!
Dns = 10.27 cm?.s™

Sp. = 2.10° cm.s™!
Dp,=0.64 cm’.s!

Snys=2.10" cm.s™
Dnys = 10.27 cm?.s™

SCR 1 SCR 2 SCR 1 SCR 2

W;=0.02 pm W, =0.08 um W;=0.02 um W, =0.08 pm
Spectrum Photocurrent Spectrum Photocurrent

AMO Jsc =46.562 mA.cm™ AMO Jsc =35.43 mA.cm?
AM1 Jsc =34.085 mA.cm™ AM1 Jsc =26.409 mA.cm™
AM1.5 Jsc=31.181 mA.cm™ AM1.5 Jsc =24.058 mA.cm™

Figure 11 represents the evolution of the short-circuit
photocurrent density versus the thickness of the base. For
model (a) the photocurrent increases with the thickness and
tends to a constant value from a certain value of the
thickness. In fact, in this model, since the gap of the base is
smaller than that of the substrate, the photons hardly reach
the substrate; they are all practically absorbed by the base.
The contribution of this region increases with thickness.

Contrary to the model (a), in model (b) the photocurrent
increases by reducing the thickness of the base. In this model
the carriers reach the substrate since the gap of the base is
greater than that of the substrate. The contribution of the
substrate increases by decreasing the thickness of the base,
this reduction allows the carrier generated in the substrate to
reach the space charge zone by covering less distance.

35

\
.
.

30 |-~ w»
25 Model (a)

Model (b)
20 S

N
\

4
i

10

Short-circuit photocurrent (mA.cm)

0 2 4 6 8 10 12
Base thickness (um)

Figure 11. Evolution of the photocurrent for models (a) and (b) vs. thickness
of the base.

Thus the optimization of the base thickness depends on the
structure of the cell, for model (a) it suffices to increase the
thickness and for model (b) to reduce it.

Based on table 1 we will optimize the various parameters

by studying the evolution of the photocurrent according to
each considered parameter. Table 3 indicates the evolution of
the value of the short-circuit photocurrent density for optimal
thicknesses set at 6 pm for the model (a) and 0.1 pm for the
model (b).

3.2.2. Effect of Space Charge Region Thickness

Figure 12 represents the contribution of the space charge
region for each model. Model (a) gives a higher contribution
compared to model (b) and has a wider absorption spectrum
in this area. Indeed this is explained by the fact that in the
space charge region, the absorption is due by the CulnSe, for
the model (a) and by the CulnS, for the model (b). CulnSe,
has a larger absorption and a higher absorption coefficient
allowing to generate more electron hole pairs compared to
CulnS,. In the space charge region, the losses are neglected,
all carriers generated in this area are supposed to be
collected.

0.9 ——

! Model (a)
0.8 N o

0.7

0.6 ‘

0.5

&
0.3 N\

External quantum efficiency

0.2

0.1

0.3 0.5 0.7 0.9 11 13
Wavelength (um)

Figure 12. Space charge region response for models (a) and (b) vs. photon
wavelength.
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Table 4. Short-circuit photocurrent density for optimized space charge region thickness.

Model (a) Model (b)

Region 1 Region 3 Region 1 Region 3
H;=0.3 pm H;=1pm H;=0.3 pm H;=1pm
Lpi=0.3 um Ln; =3 pm Lpi=0.3 um Ln; =3 pm

Sp: = 2.10" cm.s™ Sn; =2.10° cm.s™ Sp: = 2.10" cm.s™ Sn; =2.10° cm.s™
Dp, =0.51 cmis! Dn; = 5.13 cm’s™ Dp, =0.51 cmis Dn; =5.13 cm%s™
Region 2 Region 4 Region 2 Region 4
H,=0.1 pm H;=98.5 pum H,=0.1 pm H,=98.5 um
Lp,=0.4 pm Lns=1 pm Lp,=0.4 pm Lns=1 pm

Sp. = 2.10° cm.s™
Dp, =0.64 cm?s!

Sny=2.10" cm.s™
Dny =10.27 cm*s™

Sp, = 2.10° cm.s™
Dp, =0.64 cm?s™!

Sny=2.10" cm.s™
Dny =10.27 cm®.s™

SCR 1 SCR 2 SCR 1 SCR 2

W;=0.02 pm W,=1pum W;=0.02 pm W,=1pum
Spectrum Photocurrent Spectrum Photocurrent

AMO Jsc =47.372 mA.cm™ AMO Jsc =26.298 mA.cm™
AM1 Jsc =34.563 mA.cm™ AM1 Jsc =20.855 mA.cm™
AM1.5 Jsc =31.633 mA.cm™ AM1.5 Jsc = 18.929 mA.cm™

35
30 = W
= N
Q B
<é e Meodel (a)
=
[ =
g 2
>
o L 3
O \
2 X
o 15 S
= Model (b)
=
3 10
2
S
=
G 5
=
wv

0

0 0.2 0.4 0.6 0.8 1 1.2

Space charge region thickness (um)

Figure 13. Evolution of the photocurrent for models (a) and (b) vs. thickness
of the space charge region.

Figure 13 shows for each model the evolution of the short-
circuit photocurrent density versus the thickness of the space

charge region, the photocurrent increases by increasing the
thickness of the space charge region. Thus, table 4 indicates
the evolution of the value of the photocurrent for an optimum
thickness of the space charge region set at 1 um in the
absorption areas of CulnSe, and CulnS, (SCR2) for each
model. It should be noted that the increase in the thickness of
the space charge region is done by reducing the doping rate
which could favor the cancellation of the photocurrent for a
low forward bias voltage.

3.2.3. Effect of Diffusion Length in the Base

Figure 14 shows the evolution of the short-circuit
photocurrent density versus the diffusion length in the base,
the current increases with this parameter and becomes
constant from a certain value of the diffusion length. We can
notice the influence of the diffusion length much more in the
model (b) compared to the model (a). The evolution of the
photocurrent is indicated in table 5 for an optimal diffusion
length set at 10 pm for each model.

Table 5. Short-circuit photocurrent density for optimized diffusion length in the base.

Model (a) Model (b)

Region 1 Region 3 Region 1 Region 3
H;=0.3 pm H;=1pm H;=0.3 pm H;=1pm
Lpi=0.3 um Ln; =10 um Lpi=0.3 um Ln; =10 um

Sp: = 2.107 cm.s™! Sn; =2.10° cm.s™ Sp: = 2.10” cm.s™! Sn; =2.10° cm.s™!
Dp, =0.51 cm?s! Dn; =5.13 cm%s™ Dp, =0.51 cmis Dn; = 5.13 cm%s™
Region 2 Region 4 Region 2 Region 4

H,=0.1 pm H,=98.5 um H,=0.1 pm H;=98.5 um
Lp,=0.4 pm Lns=1 pm Lp,=0.4 pm Lns=1 pm

Sp, =2.10° cm.s™
Dp, =0.64 cm’s™!

Sns =2.107 cm.s™
Dns = 10.27 cm?.s™

Sp, =2.10° cm.s™!
Dp, =0.64 cm’s™!

Sns =2.107 cm.s™
Dny = 10.27 cm?.s™

SCR 1 SCR 2 SCR 1 SCR 2

W;=0.02 pm W, =0.08 um W;=0.02 um W, =0.08 um
Spectrum Photocurrent Spectrum Photocurrent

AMO Jsc =45.007 mA.cm™ AMO Jsc =24.669 mA.cm™
AM1 Jsc =33.086 mA.cm™ AM1 Jsc =19.413 mA.cm™
AM1.5 Jsc =30.23 mA.cm™ AM1.5 Jsc =17.603 mA.cm™
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Figure 14. Evolution of the photocurrent for models (a) and (b) vs. the
diffusion length in the base.

3.2.4. Effect of Base/Substrate Recombination Velocity
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Figure 15. Evolution of the photocurrent for models (a) and (b) vs.
recombination velocity at the base-substrate interface.

Figure 15 shows the evolution of the short-circuit
photocurrent density versus the recombination velocity at the
base-substrate interface; we notice that the recombination

velocity has little influence on the photocurrent in model (a),
this is explained by the fact that in this model the carriers are
not generated near the base-substrate interface, the carriers
are largely generated from the space charge region and in a
low thickness of the base due to the high absorption
coefficient of the CulnSe, absorbent layer.

For model (b) the recombination velocity at the base-
substrate interface influences the photocurrent much more
compared to model (a). The current reaches its maximum
value and becomes quasi-constant for values of the
recombination velocity lower than 2.10° cm.s”, the
photocurrent decreases for recombination velocity values
greater than 2.10° cm.s™' then reaches its minimum value and
becomes quasi-constant for recombination velocity values
greater than 2.10° cm.s™. The influence of the recombination
velocity on the photocurrent is explained by the absorption of
photons by the substrate because this structure has a
decreasing band gap, these carriers must cross the interface to
reach the space charge region. Also, the absorption
coefficient of CulnS, constituting the space charge region
and the base is lower than that of CulnSe,, the carriers are
generated more in depth and are more subject to the influence
of the interface. In table 6 we indicate the evolution of the
current for an optimal value of the recombination velocity set
at 2.10° cm.s™ for the two models.

Table 6. Short-circuit photocurrent density for optimized recombination
velocity at the base-substrate interface.

AMO AM1 AML1.5
Model (a) 46.644 mA.cm? 34116 mA.cm”  31.202 mA.cm”
Model (b) 41.371 mA.cm?  30.671 mA.cm”  28.003 mA.cm’

3.2.5. Optimization of All Parameters

In Table 7 we present the results for the optimization of all
parameters in the base and the substrate. In table 8 we present
the results for the optimization of all parameters in the space
charge region, in the base and the substrate. The evolution of
the results of tables 2 — 8, is represented in histogram and
graph forms in figures 16 and 17 respectively.

Table 7. Short-circuit photocurrent density for optimized parameters in the base and the substrate.

Model (a) Model (b)

Region 1 Region 3 Region 1 Region 3
H;=0.3 pm H;=6 pm H;=0.3 pm H;=0.1 pm
Lpi=0.3 um Ln; =10 um Lpi=0.3 uym Ln; =10 um

Sp: = 2.107 cm.s™! Sn; =2.10° cm.s™ Sp1 = 2.10” cm.s™! Sn; =2.10° cm.s™
Dp, =0.51 cm?s! Dn; =5.13 cm%s™ Dp; =0.51 cm’s Dn; = 5.13 cm%s™
Region 2 Region 4 Region 2 Region 4

H,=0.1 pm H,=98.5 um H,=0.1 pm H,=98.5 um
Lp,=0.4 pm Lns=5 pm Lp,=0.4 pm Lns=5 pm

Sp, =2.10° cm.s™
Dp, =0.64 cm’s™!
SCR 1

Sns =2.107 cm.s™
Dny = 10.27 cm?.s™
SCR 2

Sp. = 2.10° cm.s™!
Dp,=0.64 cm’.s!
SCR 1

Sns =2.107 cm.s™
Dnys = 10.27 cm?.s™
SCR 2

W;=0.02 pm W, =0.08 um W;=0.02 um W, =0.08 um
Spectrum Photocurrent Spectrum Photocurrent
AMO Jsc =47.815 mA.cm™ AMO Jsc =46.779 mA.cm™
AM1 Jsc =34.944 mA.cm™ AM1 Jsc =34.249 mA.cm™
AM1.5 Jsc =31.989 mA.cm™ AM1.5 Jsc =31.338 mA.cm™
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Table 8. Short-circuit photocurrent density for optimized parameters in the space charge region, the base and the substrate.

Model (a) Model (b)

Region 1 Region 3 Region 1 Region 3
H;=0.3 pm H;=6 pm H;=0.3 pm H;=0.1 pm
Lpi=0.3 pm Ln; =10 pm Lpi=0.3 pm Ln; =10 pm

Sp; =2.10" cm.s™ Sn; =2.10° cm.s™ Sp; =2.10" cm.s™ Sn; =2.10° cm.s™
Dp, =0.51 cm?st Dn; =5.13 cm’s™ Dp, =0.51 cmis Dn; =5.13 cm%s™
Region 2 Region 4 Region 2 Region 4

H,=0.1 pm H;=98.5 pm H,=0.1 pm H;=98.5 pm
Lp,=0.4 pm Lns=5 pm Lp,=0.4 um Lns=5 pm

Sns=2.10" cm.s™
Dny = 10.27 cm®s™

Sp,=2.10° cm.s™!
Dp; = 0.64 cm®.s™

Sp, =2.10° cm.s™!
Dp; = 0.64 cm®.s™

Sns=2.10" cm.s™
Dny = 10.27 cm®s™

SCR 1 SCR 2 SCR 1 SCR 2
W;=0.02 pm W,=1pum W;=0.02 pm W,=1pum
Spectrum Photocurrent Spectrum Photocurrent
AMO Jsc =48.119 mA.cm™ AMO Jsc =46.841 mA.cm™
AM1 Jsc =35.155 mA.cm™ AM1 Jsc =34.303 mA.cm™
AML.5 Jsc =32.188 mA.cm™ AM1.5 Jsc =31.388 mA.cm™
(1) standard parameters;
35 (2) optimization of the base thickness;
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Figure 16. Bar histogram of the photocurrent for models (a) and (b) vs. the
optimization of the parameters for the AM1.5 spectrum.
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Figure 17. Evolution graph of the photocurrent for models (a) and (b) vs.
the optimization of the parameters for the AM1.5 spectrum.

(3) optimization of the space charge region thickness;

(4) optimization of the diffusion length in the base;

(5) optimization of the recombination velocity at the base-
substrate interface;

(6) optimization of the parameters in the base and the
substrate;

(7) optimization of the parameters in the space charge
region, the base and the substrate.

0.9
0.8
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Figure 18. Evolution of the external quantum efficiency for models (a) and
(b) vs. photon wavelength.

Figures 16 and 17 represent the evolution of the short-
circuit photocurrent density according to the optimization of
the parameters for the AM1.5 spectrum.

For model (b) the optimization of all parameters gives the
largest short-circuit current (31.338 mA.cm™ and 31.388
mA.cm™), followed respectively by the optimization of the
recombination velocity at the base-substrate interface (28.003
mA.cm?), the optimization of base thickness (24.058
mA.cm™), the optimization of space charge region thickness
(18.929 mA.cm™) and the optimization of diffusion length
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(17.603 mA.cm™).

Regarding model (a) the optimization of all parameters
gives the largest short-circuit current (31.989 mA.cm? and
32.188 mA.cm™), followed respectively by the optimization
of space charge region thickness (31.633 mA.cm?), the
optimization of the recombination velocity at the base-
substrate interface (31.202 mA.cm™), the optimization of
base thickness (31.181 mA.cm?) and the optimization of
diffusion length (30.23 mA.cm™). Thus the optimization
parameters depend on the structure of the cell (juxtaposition
of the layers).

Figure 18 shows the evolution of the external quantum
efficiency for the optimized parameters in the base and the
substrate, we note an improvement in the efficiency of model
(b) whose spectral response curve is substantially equal to
that of model (a).

4. Conclusion

In this work, we studied the performance evolution of
photovoltaic cells by optimizing some parameters of
photoconductive layers. Two models are considered,
ZnO(n")/CdS(n)/CulnSe,(p)/CulnS,(p") named model (a) and
ZnO(n")/CdS(n)/CulnS,(p)/CulnSe,(p") named model (b). To
show the importance of the optimization of parameters, the
evolution of the performance of these solar cells was studied
by gradually varying the thicknesses, diffusion lengths and
recombination velocities of the absorbent layers (CulnSe,
and CulnS,). This study is based on establishing the external
quantum efficiency of the two models and the resulting short-
circuit photocurrent density by numerical calculation.

This study showed that the model in which the absorber
layer with the smallest band gap is placed in the space charge
region and the base, gives the greatest efficiency. However,
this model may present losses related to the thermalization
phenomenon of carriers which are not taken into account in
the calculation. The losses related to the interfacial defect are
less influenced since the carriers are generated in the space
charge region and in a thin part of the base therefore far from
the interfaces.

The importance of parameter optimization is more
noticeable with the decreasing band gap model where the
carriers are first generated in the back areas and follow the
path: substrate — base — space charge region. These carriers

therefore suffer losses related to the interfacial defects, the
influence of the thickness of the base and the diffusion length
to reach the space charge region where the collection field
reigns. Therefore, the optimization of these parameters is
essential to improve the efficiency of this model. This type of
structure more exploits the solar spectrum by avoiding the
generation of hot carriers which only participate in electrical
conduction after thermalization.

The results obtained showed that for standard parameters
model (a) gives the best performance. Thus by optimizing the
parameters of each model, the study showed on the one hand
an evolution of the performances, and on the other hand
especially that the two models have practically the same
efficiency and give substantially the same performances
(external quantum efficiency and short-circuit photocurrent
density). Optimizations of manufacturing and sizing
parameters are therefore essential for the manufacturer to
improve the efficiency of a photovoltaic cell.

Nomenclature

F: Incident photons flux (cm™2.s7t.eV 1)

R: Reflection coefficient of region 1 (ZnO)

Jpn: Total density of photocurrent (A.cm™2.eV 1)

Jsc: Short-circuit photocurrent density (4.cm™2)

H: Thickness of the structure (um)

w;: Thickness of CdS layer in the space charge region
(SCR) (um)

wy: Thickness of CulnSe, or CulnS, layer in the space
charge region (SCR) (um)

w: Thickness of the space charge region (um)

Absorption coefficient of layer i (cm™1): a;

Diffusion coefficient in layer i (cm?.s™%): Dy, , Dy,

Diffusion length in layer i (wm): Ly, Ly,

Recombination  velocity  (surface  or
(em.s™): Sy, Sn,

Thickness of layer i (um): H;

Density (electrons, holes) (cm™3.eV 1) in layer i: Ap;, An;

External quantum efficiency: EQE

Jw1: Photocurrent density of holes in CdS layer in the
space charge region (SCR) (4.cm™2.eV 1)

Jw2: Photocurrent density of holes in CulnSe, or CulnS,
layer in the space charge region (SCR) (A.cm™2.eV 1)

q: Elementary charge (1.6 X 1071°C)

interface)

Appendix
Table 9. Discretized values of the energy, the wavelength, the photon fluxes and the external quantum efficiency.

E@EV) A(um) ®AMO) x107 (em?*s'. pm?")  ®AM1D) x 10" (em™s’. pm™")  ®AML.5) x 10" (em™”s’. pm?)  EQE (a) EQE (b)
1 1.24 2.834 2.52 2.424 0 0
1.03 1.204 2.96 2.652 2.57 0.026 6.976x107
1.06 1.17 3.082 1.523 1.707 0.656 0.125
1.09 1.138 3.201 0.469 0.606 0.748 0.138
1.12 1.107 3314 2.481 2.247 0.801 0.147
1.15 1.078 3.437 2.975 2.752 0.843 0.154
1.18 1.051 3.57 3.168 2.956 0.867 0.158
1.21 1.025 3.697 3.311 3.106 0.887 0.162
1.24 1 3.817 2.997 2.652 0.905 0.166
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E@EV) A(um) ®OAMO) x107 (em™s'. pm?")  ®AMID) x 10" (em™>s’. pm?")  ®AML.5) x 10" (em™s’. pm?)  EQE (a) EQE (b)
1.27 0.976 3.932 2.573 2.114 0.923 0.17
13 0954  4.019 1.535 1212 0.938 0.173
1.33 0932  4.035 1.035 1.089 0.951 0.176
1.36 0912  4.05 221 1.861 0.962 0.179
1.39 0.892  4.095 2.137 1.764 0.97 0.181
1.42 0.873 4.184 2.121 1.742 0.975 0.183
1.45 0.855 4281 2.126 1.94 0.979 0.184
1.48 0.838 4375 3.812 371 0.884 0.167
151 0.821 4.464 3.827 3.892 0.887 0.17
1.54 0.805 4.548 4.17 3.749 0.888 0.175
1.57 0.79 4.594 4226 4,038 0.889 0.19
1.6 0.775 4.638 4279 4011 0.89 0.274
1.63 0.761 4.68 3.297 3212 0.891 0.407
1.66 0.747  4.721 4292 4.091 0.891 0.562
1.69 0.734 476 4.126 3.933 0.892 0.651
1.72 0.721 4.798 4325 4.105 0.892 0.716
1.75 0.709  4.835 4.348 4.101 0.893 0.753
1.78 0.697  4.865 4.349 4,098 0.893 0.785
1.81 0.685 4.891 4338 4.094 0.893 0.801
1.84 0.674 4916 4328 4.091 0.893 0.814
1.87 0.663 4.94 4318 4,046 0.893 0.825
1.9 0.653 4.963 4287 4,001 0.893 0.834
1.93 0.642 4986 4256 3.957 0.893 0.842
1.96 0.633 5.008 4227 3914 0.892 0.849
1.99 0.623 5.029 4.199 3.873 0.892 0.856
2.02 0.614 5.049 4.171 3.833 0.892 0.861
2.05 0.605 5.069 4.167 3.812 0.892 0.866
2.08 0.596 5.076 4.167 3.796 0.891 0.87
2.11 0.588 5.022 4.12 3.738 0.891 0.873
2.14 0.579 4915 4.029 3.641 0.891 0.876
2.17 0.571 4811 3.939 3.545 0.89 0.879
22 0.564 4811 3.882 3.485 0.89 0.881
223 0.556 4811 3.866 3.485 0.89 0.883
226 0549 484 3.868 3.485 0.889 0.884
229 0.541 4931 3.871 3.485 0.889 0.885
232 0.534 4939 3.871 3.448 0.889 0.885
235 0.528  4.858 3.773 3.333 0.888 0.886
238 0.521 4773 3.773 3333 0.888 0.886
241 0.515 4.885 3.784 3.333 0.887 0.886
2.44 0.508  4.909 3.788 3.333 0.884 0.884
247 0.502  4.909 3.787 3333 0.877 0.877
25 0.496  4.858 3.696 3.244 0.854 0.854
2.53 0.49 4976 3.762 322 0.795 0.795
2.56 0.484  4.991 3.761 3214 0.653 0.653
2.59 0479  4.845 3.682 3.11 0.507 0.507
2.62 0.473 4.825 3.606 3.012 0.496 0.496
2.65 0.468  4.805 3.531 2.933 0.484 0.484
2.68 0.463 4.786 3.458 2.855 0.473 0.473
2.71 0458  4.675 3.353 2.737 0.462 0.462
274 0.453 4374 3.179 2.532 0.451 0.451
277 0.448  4.079 3.01 2332 0.44 0.44
2.8 0.443 3.791 2.843 2.136 0.43 0.43
2.83 0.438 3.545 2.681 1.965 0.419 0.419
2.86 0434  3.59 2.522 1.931 0.409 0.409
2.89 0.429 3.701 2366 1.898 0.399 0.399
2.92 0.425 3.712 2.348 1.865 0.389 0.389
295 0.42 3.712 2.348 1.833 0.379 0.379
2.98 0.416 3.544 2231 1.65 0.37 0.37
3.01 0.412 3.236 2.016 1.342 0.202 0.202
3.04 0.408 2.935 1.804 1.058 0.183 0.183
3.07 0.404  2.639 1.597 1.018 0.164 0.164
3.1 0.4 2.348 1.394 0.98 0.146 0.146
3.13 0.396 2.197 1.271 0.942 0.128 0.128
3.16 0.392 2.197 1.236 0.905 0.109 0.109
3.19 0.389 2.197 1.202 0.868 0.091 0.091
322 0.385 2.197 1.168 0.832 0.075 0.075
3.25 0.382 2.197 1.135 0.797 0.062 0.062
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E@EV) A(um) ®OAMO) x107 (em™s'. pm?")  ®AMID) x 10" (em™>s’. pm?")  ®AML.5) x 10" (em™s’. pm?)  EQE (a) EQE (b)
3.28 0.378 2.197 1.103 0.763 0.051 0.051
3.31 0.375 2.132 1.066 0.729 0.042 0.042
3.34 0.371 2.057 1.028 0.695 0.034 0.034
3.37 0.368 1.983 0.992 0.663 0.028 0.028
3.4 0.365 1.95 0.955 0.63 0.026 0.026
343 0.362 1.926 0.92 0.599 0.026 0.026
3.46 0.358 1.903 0.885 0.568 0.027 0.027
3.49 0.355 1.88 0.851 0.537 0.028 0.028
3.52 0.352 1.858 0.817 0.507 0.029 0.029
3.55 0.349 1.836 0.784 0.478 0.029 0.029
3.58 0.346 1.814 0.749 0.446 0.03 0.03
3.61 0.343 1.793 0.704 0.403 0.03 0.03
3.64 0.341 1.772 0.659 0.361 0.03 0.03
3.67 0.338 1.751 0.616 0.32 0.03 0.03

3.7 0.335 1.695 0.573 0.279 0.03 0.03
3.73 0.332 1.615 0.53 0.239 0.03 0.03
3.76 0.33 1.536 0.489 0.2 0.03 0.03
3.79 0.327 1.459 0416 0.161 0.03 0.03
3.82 0.325 1.397 0.318 0.123 0.029 0.029
3.85 0.322 1.34 0.221 0.085 0.029 0.029
3.88 0.32 1.285 0.125 0.048 0.029 0.029

[97 R. R. Gay, “Status and prospects for CIS-based
photovoltaics”, Solar Energy Mater. Solar Cells, Vol. 47,
1997, p. 19.
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