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Abstract

In this work, the AFORS-HET digital simulation software was used to calculate
the electrical characteristics of the cell/n-ZnO/i-ZnO/n-Zn (O, S)/p-CIGSe,/p +

tact Using AFORS-HET Digital Simulation
Software. Modeling and Numerical Simula-
tion of Material Science, 12, 13-23.
https://doi.org/10.4236/mnsms.2022.122002

-MoSe,/Mo/SLG. When the thickness of the CIGSe, absorber is between 3.5
and 1.5 um, the efficiency of the cell with an interfacial layer of MoSe; re-
mains almost constant, with an efficiency of about 24.6%, higher to that of a
conventional cell which is 23.4% for a thickness of 1.5 pm of CIGSe,. To
achieve the expected results, the MoSe;, layer must be very thin less than or
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severely affects the fill factor and the open circuit voltage of the solar cell with
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1. Introduction

Global energy needs are mainly based on the exploitation of energies fossils and
fissiles (petroleum, natural gas, coal, uranium, etc.). At the rate of current energy
consumption, a depletion of available resources is expected in less than three
half centuries [1]. In addition, soaring costs, the fight against greenhouse gas
emissions and the concept of sustainable development make the consumption
and diversification of new so-called clean energy sources urgent. The use and
development of renewable energies therefore appear to be a means that would

contribute to the healthy satisfaction of the planet’s energy needs in this context
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of diversification of energy resources and especially of sustainable development.
The development of the generation of photovoltaic cells based on Cu (In, Ga) Se;,
suggests many advantages at the environmental and economic levels. They have
many advantages, such as high conversion efficiency, high stability, low cost, and
adjustable bandgap. Cu (In, Ga) Se; has become one of the most promising ma-
terials for thin film solar cells.

CIGSe-based high efficiency solar cells have been the subject of many years of
theoretical and experimental research. Several researchers have demonstrated the
efficiency of CIGS solar cells greater than 21%. Solibro achieved 21% efficiency,
the Solar Energy and Hydrogen Research Center and Solar Frontier claim 21.7%
and 22.3% efficiencies respectively, but these values reported as exceptions [2]
[3] [4] [5] [6] remain quite close to the result obtained from the crystalline sili-
con solar cell which is about 25% [7].

In addition to these technological advances observed, significant efforts have
been devoted to understanding the physical properties of the key material of
these cells, namely the CIGSe absorbent layer. Indeed, the performance of these
cells largely depends on the physical properties of the CIGSe alloys which are not
yet fully clarified. These include the nature and energy levels of CIGSe absorbent
layer defects and buffer/absorber interface defects.

One of the challenges is to drastically reduce the thickness of the CIGSe, ab-
sorber. In this case, the rate of photogeneration of the carriers near the rear con-
tact can no longer be negligible and the rate of recombination at the rear inter-
face is essential. Another approach is to create an electric field inside the absor-
ber by gradation of the band gap located in the appropriate regions. This results
in various cellular structures with different CIGS composition profiles: the “front
grading” which has a higher bandgap towards the buffer layer, the “back grad-
ing” which has a higher bandgap towards the rear contact layer and the “double
grading” which combines the first two gradation profiles. Thus, the forward
gradation reduces recombination at the buffer/absorber junction and the rear
gradation is near the rear side pushing the minority carriers towards the collec-
tor junction, then reducing the recombination of carriers at the rear of the ab-
sorber [8].

The aim of this work is therefore to analyze the influence of the interfacial
layer of MoSe, on the performance of a solar cell/n-ZnO/i-ZnO/n-Zn (O, S)/
p-CIGSe,/p + -MoSe,/Mo/SLG.

2. Numerical Modelling and Device Simulation

To understand the influence of the rear contact on the performance of the cell in
the case where a MoSe, layer is inserted between the absorber and the rear Mo:
CIGSez/MoSez/Mo contact, calculations are carried out using the software of
numerical simulation AFORS-HET (Automate FOR Simulation of HETero-
structures) developed by the Helmholtz-Zentrum-Berlin (HZB) laboratory since

2000 [9] for the modeling of homo- or heterojunction multilayer solar cells. It
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solves, by the finite difference method, the Poisson, continuity equations for
electrons and one-dimensional holes at thermodynamic equilibrium given re-

spectively by R. Varache [9].

oV (x,t
_gog,%:q[p(x,t)—n(x,tﬁ ND(x)—NA(x)]+ Z Ppiege (1)
piege
103,(xt) an(x,t)
T =G(xt)-R,(xt)- p )
16Jp(x,t)_ _ _8p(x,t)
PR =G(xt)-R, (xt) — (3)

where ¢ and & are respectively the relative dielectric constants and vacuum, V'
the electric potential, p and n the densities of carriers, N, and Np the concentra-
tions of acceptor and donor atoms, /, and J, the current densities of electrons
and holes, Gand R,, n are the rate of generation and recombination of holes and
electrons respectively. To these equations, we add the one-dimensional transport

equations which express the current density for each type of carrier:

dn(x)
J = D 4
2 =qu,n(x)s+0qD, ™ (4)
dn(x
J, =qu,p(x)e+0qD, d(x) (5)

3. Presentation of the AFORS-HET Software

The AFORS-HET digital simulator can be used to achieve several types of re-
sults, among others, the JV characteristic, the external (EQE) and internal (IQE)
quantum yields, the capacitance-voltage (CV), capacitance-frequency (Cf) and
temperature capacity (CT). A graphical interface makes possible to visualize,
store and compare all the simulated data. It is therefore an intermediate tool
between the theoretical model and experience. It thus makes it possible to trans-
late the physical reality by taking into account the various constraints linked to
the physical phenomena which intervene in the operation of the device or the
associated mathematical models which link all the variables. The operation of
the device can be simulated under voltage, direct current (DC), transient or
weak sinusoidal modulation (AC) and/or under lighting. The handling of this
simulator is quite easy because it has an intuitive graphical interface which al-
lows to define the solar cell structures (assembly of layers) and to control the
physical parameters. This interface is divided mainly into three areas which are;
the main program control panel, the external parameters panel and the mea-

surements panel (Figure 1).

3.1. The Main Program Control Panel

This is the area where we can define the structure to be simulated and the para-

meters of each layer of material used (thickness, dielectric constant, gap, electron
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affinity, mobility, density of effective states, doping, absorption coefficient, energy
level of defects, density of defects). It is possible to define from the “define struc-
ture” tab, the type of fault distribution and the effective capture section (Figure
2 and Figure 3). This panel also allows the mesh of the cell for a more precise

calculation.

3.2. External Settings Panel

It is used to define the external parameters such as the temperature, the illumi-
nation spectrum and the range of variation of the voltage or current of the cell

Figure 1.

3.3. Measurements Panel

This is the area that allows the variations in characteristic (J-V) and quantum ef-
ficiency (EQE) to be numerically assessed. It also makes possible to choose the

measurement to be carried out, for example curve I-V, EQE, IQE, the surface

photo-tension according to the tension (VD-SPV, etc.) Figure 1.

External
parameters

—

program
control

—

Automat FOR  Simulation of

external parameters ; measurements.
[llumination % Messurement list
o | gon vingll I wrrym]
structures ek () Beak [ 1om I W
pressF1 | Y soecalfil.  AM1SIn [ vaonet Measurements
for H
vadl eip O e 1 Ploe —
i - D . PEL
I
nrogram control; st Fimee
| &t || Define Structure | B s,
[[vospy A
EXNEDE R
- : [io-spv
Patameter Variation
Eulae e S
P Fit/ Optimizati I Bt
‘Brameter Fit mization
device temparature [K] : 300 .
B
Calculation ffoundary . = (] ow
Tode @E@ zero potential st | positivepole v DC'V
Cer
[assec
Initiel values for caloulation; Boundary control OC: B | al
[ Sove | [ Losc ] £ 18780000081
(hen) (iond ) © et Voltage V] , || show only ’ HELMHOLTZ
| wisize | | Calculate ||| ©ex Curem b (21087862 pestgrpn ZENTRUM BERLIN
_ 1| = i Materlalion und Energlo

Vi 'rtcming maximum Eer Comrgeng Eroblems? iterstion; 100, accmg 626212435¢ 84286 ,GP/DGL 159/,

Figure 1. Interface graphique du simulateur numérique AFORS-HET.
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Table 1. Simulation input parameters.

4. Material Properties

CIGS polycrystalline solar cells are made up of several different layers. Numeri-

cal values or material properties cannot be derived directly from the theoretical

concept. To perform a simulation, you always have to start from a basic struc-

ture. By performing a simulation, the quantitative analysis on the performance

parameters and behavior of the cell can be studied. It is possible to determine the

relationship between the performance parameters that influence the perfor-

mance or behavior of the solar cell [10]. Figure 4 shows the structures of the cell

to be simulated with a thin layer of MoSe, at the contact interface. pCIGSe,/

pMoSe,/Mo and the parameters which were used for the simulation of our cells

are listed in Table 1.

n-ZnO:Al

i-ZnO

n-ZnS (buffer)

SDL

p-Cu(In,Ga)Se,

interfacial layerp-MoSe,

SLG

Figure 4. Structure of the CIGS solar cell with a MoSe:
layer at the rear contact interface.

Parameters MoSe: CIGSe: SDL ZnS i-ZnO ZnO:Al
Thickness (pm) 0.03 1.50 0.015 0.03 0.02 0.03
Relative permittivity, e 14.90 13.60 13.60 9.00 9.00 9.00
Band gap, E; (eV) 1.41 1.19 1.34 3.60 3.20 3.20
Electron affinity y (eV) 4.40 4.50 4.50 4.15 4.50 4.50
Density of states in conduction band, Nc¢ (cm™) 22%x10%  6.8x107 6.8x107 22x10% 3.10'8 3.107
Density of states in valence band, Nv (cm™) 1.8 x10® 15x10Y 15x10° 1.8x10¥ 1.7x10Y 1.7x10Y
Electron mobility, i (cm?/Vs) 100 100 10 100 100 100
Hole mobility, up (cm?/Vs) 50 50 1,25 25 31 31
Donor concentration, Nz (cm™) 0 0 0 1018 1018 10%
Acceptor concentration, N, (cm™) 10" 6.10"7 6.10"7 0 0 0
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5. Result and Discussion

We sought to optimize the thickness of the MoSe, interfacial layer, inevitably
produced between the absorber layer and the rear Mo contact, by varying its
thickness from 0.01 to 0.10 pm in order to observe its impact on the electrical
performance of the cell (Figure 5).

The electrical performance of the cell improves as the thickness of the MoSe;,
interfacial layer increases Figure 5. The efficiency of the cell increases to about
24.6% for an interfacial layer thickness of 0.03 microns. For higher thicknesses, it
remains almost constant with a slope of 0.05% per micron. In fact, too wide a
thickness of the MoSe;, leads to photogeneration of the carriers in this region and
therefore extends the width of the region p (Figure 5(c)). Besides being in agree-
ment with experimental studies, an excessive thickness of this layer could affect
the FF (Figure 5(b)), [11] and consequently the performance of the cell. The thick-

ness of the MoSe, layer must therefore be carefully controlled.
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Figure 5. Effect of the thickness of the MoSe: interfacial layer on the electrical perfor-
mance of the cell.
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The quantum efficiency of the cell with the MoSe, interfacial layer and the
CIGSe, absorber layer, with respective thicknesses of 0.03 um and 1.5 pm, was
evaluated (Figure 6). For wavelengths between 300 nm and 600 nm which con-
stitute more than half of the visible, the quantum efficiency increases rapidly. In
fact, this portion of the solar radiation is mostly absorbed in the first layers of

the cell, in particular in the absorber layer.

5.1. Influence of the Thickness of the CIGSe; Layer

To observe the effect of the CIGSe absorber layer on the electrical performance
of the cell with the 0.03 um thick MoSe, interfacial layer, we varied the thickness
of the CIGSe, from 0.1 to 10 um. The performance of the cell is considerably
better from the first microns of the CIGSe layer, that is to say for the ultra-fine
cells of CIGSe,. When the thickness of this layer is greater than 1.5 pm, the elec-
trical performance of the cell is practically constant (Figure 7(a), Figure 7(c)
and Figure 7(d)).

In contrast, Figure 7(b) shows a slight decrease in the form factor when the
thickness of the CIGSe; is greater than 1.5 um. As we can see, the beneficial
strengths of the MoSe, interfacial layer are observable for ultrafine layers of
CIGSe,.

5.2. Band Structure and Effect of the MoSe; Layer on the Schottky
Barrier at the Rear Contact Interfaces

A study on the band diagram at the interface of the back contact with the MoSe,
interfacial layer using the AFORS-HET digital simulation software is shown in
Figure 8. The input parameters (Table 1), show that epCIGSe, > e¢Mo which
means that the CIGSe,/Mo contact is of the Schottky type. Indeed, we witness in
more detail a CIGSe,/MoSe,/Mo contact with two interfaces: CIGSe,/MoSe,; which
is an SS contact and MoSe,/Mo which is an MS contact whose nature generally
depends on the types of doping, on the offsets, bands (conduction and valence)

and work out of the materials involved.

1.0+
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

0.0 lcrtnro
250 500 750 1000 1250
A (nm)

EQE (%)

Figure 6. Cell quantum yield with 0.03 micron MoSe»
interfacial layer.

DOI: 10.4236/mnsms.2022.122002

20 Modeling and Numerical Simulation of Material Science


https://doi.org/10.4236/mnsms.2022.122002

D. Soro et al.

90+

900,
(a) (b)
850‘%
8001 §5 - TD=Om0mOmOmOmOmOmOmOmOmm OO OmOmO)
~ 7501
= 3
E 700 s
3] <]
; 650- = 80
6001
5501
509 T T T T T T T T T T 1 75 T T T T T T T T T T 1
01234567829T10I11 01234567 891011
{(CIGSe,) WM {(CIGSe,) )
30+
40- d
(©) (d)
351 25
30 ~
g S
L < 204
E 251 put
<
2 207 15
15+
10 — T
10+
012345¢6 7891011 0123t4567m891011
{(CIGSe,) (1m) (CIGSe,) B

Figure 7. Effect of the thickness of the CIGSe absorber layer with MoSe; interfacial layer
of 0.03 um thickness.
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Figure 8. Band structures of the cell with the MoSe; interfa-

cial layer contacting CIGSe2/Mo.

For the CIGSe,/MoSe; contact, the MoSe, gap greater than that of the CIGSe;,
causes a spike at the level of the conduction band which pushes the electrons
towards the CIGSe,/ZnS where the probability of collection is high and the Na

concentration improves the diffusion of the holes towards the rear contact.
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n-ZnO:Al (0.03pum)

i-Zn0 (0.02um)

n-ZnS (buffer) (0.03pum)

SDL (0.015um)

p-Cu(In,Ga)Se, (1.5pm)

interfacial layer p-MoSe, (0.03um)

SLG

Figure 9. Thickness of the layers of the cell
obtained after the simulation.

Table 2. Electrical parameters of the cell obtained after the simulation.

Thickness Thickness Of interfacial

Voc FE ]sc n

Of CIGS layer MoS
e ayer loses (mV) (%) (mA/cm?) %

(pm) (pm)
1.50 0.03 829.20 85.40 35.15 24.60

For the MoSe,/Mo contact, in addition to avoiding the recombinations of
electrons at the back contact, the Na concentration of the MoSe; layer causes a
curvature towards the Fermi level thus allowing the passage of the holes by
tunneling effect.

The MoSe, interfacial layer therefore transforms the Schottky CIGSe./Mo

contact into a quasi-ohmic contact.

5.3. Structure of the Simulated CIGS Solar Cell with a MoSe; Layer
at the Rear Contact Interface

After optimization of all the cell layer properties, the thickness of the CIGSe,
layer is reduced to 1.5 um and an additional very thin layer of MoSe, tunnel
layer of 0.03 um thickness is formed between the region of the cell. CIGSe, ab-
sorber and back contact Mo. The proposed ultra-thin structure of the CIGS solar
cell after simulation is shown in Figure 9 and its electrical parameters obtained
in Table 2.

6. Conclusion

Various experimental works reported have demonstrated the presence of a thin
layer of MoSe, at the CIGSe,/Mo contact interface. This layer of MoSe, trans-
forms the nature of the Schottky CIGSe,/Mo contact into a quasi-ohmic nature
under a tunnel effect. Due to a strong p-doping, the thin layer of MoSe; allows a
better transport of the majority carriers, by tunneling them from CIGSe; to Mo.
In addition, the band gap of MoSe, is wider than that of the absorbent layer
CIGSe;, so that an electric field is generated nearby at the back surface. The

presence of this electric field reduces the recombination of carriers at the inter-
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face. Under these conditions, we examined the performance of the cell with
MoSe, layer. When the thickness of the CIGSe;, absorber is between 3.5 pm and
1.5 pm, the efficiency of the cell with an interfacial layer of MoSe, remains al-
most constant, around 24.6%, while according to the literature that of solar cell
without MoSe; is order at 23.4%. In addition, a Schottky barrier height greater
than 0.45 eV severely affects the fill factor and open circuit voltage of solar cell

with MoSe, interface layer compared to solar cell without MoSe,.
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