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The development of thin-film solar cells allows researchers to evaluate different materials in order to
improve the efficiency of cell conversion. This is particularly relevant for the third generation of solar pho-
tovoltaic cells, which incorporate layer materials at the nano- and micrometre-scale, avoiding non-toxic and
earth-abundant materials with reduced manufacturing costs. In recent years, scientists have focused their
studies on the lowest-cost and most stable materials, such as kesterite, based on the following elements:
copper, zing, tin, and sulfur (CZTS). It's one of the most efficient absorbing material layers in thin-film solar
cells, with a direct bandgap (1.38-2.0 eV) and a high absorption coefficient (~ 104 cm -1). CZTS has tremen-
dous potential due to its earth abundance, non-toxicity, and low production costs compared to other thin film
materials. However, several challenges still exist regarding the control of secondary phases, compositional
homogeneity, electronic defects, and instability issues during fabrication that limit the efficiency of CZTS-
based solar cells and have yet to be overcome. In this paper, we implement a mathematical model of a het-
erojunction CdS-CZTS thin film solar cell. Hence, the output performance of solar cells can be evaluated by
varying the material, parameters, dimensional ratios, and other variables in the cells; essentially,the con-
version efficiency is given at a value of 7 = 12.79 % results of simulations using Matlab Simulink software.
The improved conversion efficiency obtained through our simulation study falls within the range of experi-
mental values achieved for this type of thin film solar cell design, as demonstrated by the laboratory's record
measured efficiency of around 12.6 % for a similar heterojunction cell based on CZTS reported by Wei Wang
et al., while the theoretical maximum conversion efficiency for an ideal CZTS-based solar cell is estimated
at 32.4 % according to the Shockley Queisser limit. As our simulated efficiency value is close to measured
experimental values while still significantly below the theoretical limit, this suggests that further efficiency

improvements may still be achievable through material property and cell design optimizations.
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1. INTRODUCTION

With exponential population growth, conventional
energy use has increased at a remarkable rate. This
huge energy demand is mainly met by fossil fuels. How-
ever, these fossil fuels are limited resources[1]. 80 % of
energy is generated from these resources e.g. oil, gas,
coal, etc. and the remaining 20 % of energy is from re-
newable energy sources e.g. water, solar, wind, etc[2].
Solar energy is easily available, directly accessible, and
a free source of energy on Earth, and it is free of charge.
The solar insolation on the earth is incident directly ap-
proximately 1.2 x 105 TW [3]. Solar cell technology has
attracted the attention of researchers. About 80 % of the
current photovoltaic market is based on single-crystal-
line (c-Si) and multi-crystalline (mc-Si) wafers called
first generation[4]. Silicon-based solar cell technology is
based on an absorbent material with an indirect band
gap, thereby requiring a thick layer to absorb most of the
incident solar radiation, contributing to the higher cost
of PV devices. Hence, recent PV developers have tended
to focus on thin film PV technologies called second gen-
eration are based on direct band gap materials, which
correspond to a high absorption coefficient between 104
and 105 cm—! and therefore, a thickness of 1-5 um being
generally able to absorb most of the solar radiation [5].
The most commonly used thin film materials are, amor-
phous silicon (a-Si) has an efficiency of 10.2 % + 0.5,
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While cadmium Telluride (CdTe) thin films have pro-
vided record power conversion efficiencies of 21.5 % [6].
Copper indium gallium diselenide (CIGS)-based cells
have recently reached a record conversion efficiency of
21.7 % [7]. Despite this performance, the development of
these materials has been interrupted due, on one hand,
to the toxicity of cadmium (Cd) and its membership in
the heavy metal family and the lack of Telluride (Te) and
the high cost of indium (In) and gallium (Ga) [8-9].
Therefore, researchers have explored other ways of us-
ing eco-friendly materials with earth-abundant ele-
ments, Earth-abundant, nontoxic kesterite CZTS mate-
rial is a promising absorber for thin-film photovoltaics.
Its physical and photovoltaic properties, such as its high
absorption coefficient (> 104 cm - 1), tunable bandgap
(1.0-1.5 eV), and a high theoretical conversion efficiency
of 32 % according to the Shockley Queisser limit [10],
CZTSSe based on molybdenum substrate demonstrated
a record cell efficiency of around 12.6 % via a hydrazine
pure-solution process [8].

2. NUMERICAL STUDY

The numerical method allows us to model and simulate
CZTS thin film solar cells with different software by ex-
ceeding laboratory experimental values Where Wei Wang
et al demonstrated a record cell efficiency of around 12.6 %
and approaching the theoretical conversion efficiency of
32.4 % according to the Shockley Queisser limit.
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Table 1 — Output performance of the numerical simulation
CZTS thin film solar cell by different softwares

Year | n (%) | j (%) Voc FF(%) | soft- Ref
(mV) ware

2012 | 13.41 | 19.31 | 1.002 | 69.35 | SCAPS- | [11]
1D

2015 15.68 | 19.99 0.956 | 82.1 AMPS- [12]
1D

2016 12.1 19.2 0.83 76.06 | Matlab [5]

2016 14.57 | 18.68 1.009 | 77.29 SCAPS- | [13]
1D

2017 | 18.05 | 25.67 | 1.02 | 69.26 | SCAPS- | [14]
1D

2019 12.26 | 18.73 0.97 67.32 SCAPS- | [15]
1D

2019 13 19.3 0.836 | 76.1 Matlab [16]

2021 | 24.50 | 47.73 0.63 80.73 SCAPS- | [17]
1D

In this paper, our simulation carried out by the MATLAB
programming language shows the accuracy in solving
mathematical equations, the resolution of the continuity
equation combined with Poisson’s equation, and the cur-
rent density that are needed in a mathematical model of
a CdS-CZTS thin film solar cell.

3. SIMULATION MODEL

3.1 Cell Structure

Wn Wp
Buffer CdS(n) (1) @ @ Absorher CZTS(p) (2)
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Fig. 1 - Dimensions and structure of thickens CdS/CZTS het-
erojunction thin-film solar cell
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H' is the thickness of the neutral charge zone of the
Playerand:x, =w, —wy; xp = X5 + Wy + Wy s H =wy, +
wy s H' = H — x, = w, — Wy, & and &;is the permittivity of
the buffer and absorber layer (CZTS) respectively, where
V, 1s the diffusion potential given by[18]:

Va = % [Egz + (2 _X1)] + Uy In (M) (3)

NciNy2

where y;and y, are the electronic affinities of the absorbent

and buffer layers, respectively, Ugq = % ~ 26mV is the ther-

modynamic potential, N, and N, are acceptors and donors
concentrations, respectively, N¢; is the effective conduction
band density of the states, Ny, is the effective valence band
density of the states, and E; is the CZTS band gap.
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3.2 Optical Properties

Figure 2 shows the variation of photon flux in the
Sun’s spectrum concerning both wavelength and photon
energy. The photon flux shows a gradual decrease with
increasing wavelength.
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Fig. 2 - Variation of photon flux of Sun’s spectrumAM1.5 as a
function of wavelength and photon energy

The absorption coefficient a(1) for the two materials
CZTS and CdS are given by [19] and [20] respectively:

aggs D) = % (E = Egoas)* )

azrs (D) = B(E = Egezrs)? (5)

Where: A =3224x10* cm~%eV: and B =2x
10% cm~1eV: are constants, E is the photon energy
E=hv= % and Egcqs = 2.4 ev and Eyczrs = 1.5 ev are
the bandgaps of CdS and CZTS respectively.

It is clear from Figure 3 and Figure 4, which repre-
sent the absorption coefficient as a function of wave-
length, Results of calculation using Matlab software
which give us values similar to previous research values
that state that a high absorption coefficient for CZTS
(> 10* cm —1). And on it, we confirm the CZTS absorbs
more photons than CdS Egczrs > Egcads.
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Fig. 3 — Absorption coefficient of the CdS as a function of the
wavelength
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Fig. 4 — Absorption coefficient of the CdS as a function of the
wavelength

3.3 Photocurrent Density

In the three regions, the resolution of the continuity
equation in combination with the Poisson equation and
the current density equation allows us to calculate the
current density in each of these three regions. The total
photocurrent density J,, is the integral of the photocur-
rent to a particular Wavelength J,5(1) over the entire so-
lar spectrum, where Amin and Amax are 0.2 um and
4 pm, respectively.

Jon ) = Jn (D) + Jp(A) + J e (D) 6)
Jon = [t )dA = [t 1) + S () +
Jree())dA ™

Taking into account the phenomenon of generation
presented by the rate G(4, x) given by:

G(Ax)=a(d) D) (1-R(A)).eM) ®)

Where R is the reflectivity.

In the first neutral zone, N (CdS), the electric field
E = 0 and minorities are holes, given by:

J, = —aD, (dpn) _ [q¢>(/1)(1—R(/1))a1Lp] %
Xn

dx (a213-1)

SpL, _ SpL, .

(Mmle)_e a1xn(ﬂcosh"_ﬂ+smh"_n) )
Dp Dp Lp Lp —a X
—aLye”

SpL
P Pgin h(x—n)+cosh(x—")
Dp Ip Lp

X

1
Where: L, = (Dp 'Tp); ; @eqs (B = ag;pyhole concentra-
tion in the N region and D, = U, - u, are holes' diffusion
length and diffusion coefficient respectively. S, is the
hole recombination velocity at CdS front surface.
In the second neutral zone P (CZTS), the electric field
E =0 and minorities are electrons, given by:

@) _ 99W(1-R@) Ln exp(—ay (x; +

Jn=qDy ( 272
dx Xj(wy 4wy asL;—1
Wl) - a2W2) X [aan -
M(cosh(H—’) exp(—a H'))+sinh("—l)+a L, exp(—azH")
Dn in) €XP 2 n 2L nexp 2

S sinh i) +cosh ()
Dn sinh n +cosh! n

) (10

1
Where: L, = (Dy, * 70)2; @cypg (A) = @9 ; ny, the concentra-
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tion of electrons in the P region and D, = Uy - u,, are elec-
trons diffusion length and diffusion coefficient respec-
tively. S, is the electron recombination velocity at the
CZTS back surface. In the space charge region (Depletion
region), the electric field E # 0, given by:

]ZCE = qd)(/l)(l - R(/l))e‘“lxn [(1 — e_a1W1) +
e~ d1W1 (1 — e—azwz)] (11)

3.4 Solar Cell Characteristics

The current-voltage JJ-V characteristic of the cell is
given by the following equation:

ViRs) V+Rs]
J=Tpn=1Jo (e e —1)—T,f (12)

Jo saturation current density; @ diode ideality factor; R,
and R, series and parallel resistances.

The numerical solution of equation J-Vfor V = 0 and
J = 0 gives respectively as a solution the short-circuit
current density /] = J;c = J,, and the open circuit voltage
V = Vco.

The maximum power, B, can be calculated by:

B = (- V)max (13)

And therefore, we can calculate the fill factor and the
conversion efficiency which are respectively given by
Pm
]SCVCO

n="2 (15)

Py

FF =

(14)

P; = 100 mW — cm™2 is the incident power in standard
conditions AM1.5G.

Table 2 — Parameters of the CdS/CZTS cell used during the
simulation

Layer properties |CdS CZTS Ref

Layer thickness 50 3000 [11][21]

w( nm)

Electron affinity, 4.2 4.1 [22]

x(eV)

Relative permittiv- |10 13.6 [21][22]

ity, &,

Electron mobility, 100 100 [23]
cm?

Hn ( v 'S)

Hole mobility, 25 25 [24]
cm?

Hp ( v 'S)

Donor concentration |1 x 1018 - [24]

(em™3)N,4

Acceptor concentra- |— 1x 107 |[24]

tion (cm™3)N,

Band gap energy 2.4 1.5 [21]

E,4(eV), base parame-

ter

Effective conduction | 2.2 X 108 | 2.2 x 1018 | [22]

band density of

states, Nc(cm™3)
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Effective valence 1.8 x 1019 | 1.8 x 10%° | [22]
band density of

states, N, ( cm™3)

Hole recombination 107 - [24]
velocity at CdS front

surface, S, (%)

Electron recombina- |— 107 [24]
tion velocity at CZTS

back surface, S, (%)

Defect density, 1x 107 |1.35 x 10%5|[25]
N.(cm™3)

Electron capture 1017 10~ 14 [48]
cross section,

o.(cm?)

Hole capture cross 10~13 10~ 14 [25]
section, g, ( cm?)

General device properties

Reflectivity, R 0.1 [26]
Series resistance, 0.72 [27]
Rs(Q — cm?)

Diode ideality factor |1.45

Q

Cell temperature, 300

T(K)

4. RESULTS AND DISCUSSION

Depending on the simulation using the CdS/CZTS
parameters in Table 2, we first had to determine the cur-
rent densities due to carriers generated in the two neu-
tral regions N (CdS) and P(CZTS) as well as in the space
charge region. In these three regions, the resolution of
the continuity equation is in combination with the Pois-
son equation and current density equations. Indeed, the
calculation of this photocurrent permit to determine the
electrical characteristics of the photovoltaic thin film so-
lar cell (CdS/CZTS) and to plot the characteristics J(V)
and P(V) that shown in Figures 4 and 6.

Table 3 show the output performance of heterojunc-
tion CdS/CZTS cell, characterized mainly by open circuit
voltage V,¢,short circuit current J¢.,conversion efficiency
1 and form factor FF.

T
% )

Courant (mA;

Volage (V)

Fig. 5 — The output characteristic J(V) courant-voltage of the
CdS/CZTS thin film solar cell
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Fig. 6 — The output characteristic P(V) power-voltage of the
CdS/CZTS thin film solar cell

Table 3 — The output performance of heterojunction CdS/CZTS
simulation

Voe ]ph ~ Jse
0.735 V 22.5 mA

n FF
12.79 % 77.33 %

4.1 Spectral Response

The spectral response in Figure 7 is defined as the
ratio between the number of electrons collected and the
quantity of photons incident at each wavelength (1).
From 0.2 to 0.4 pm, the quantum efficiency corresponds
to the solar spectrum adapted to the CdS buffer layer.
And are also caused by the absorption of photons in this
layer with the recombination of holes recombinant veloc-

7
ity S, = 10:m In the second part, from 0.52 to 0.83 um
the quantum efficiency corresponds to the solar spec-

trum adapted to the CZTS absorber layer, showing the

absorption of photons in this layer with recombination of
107cm

electrons at recombinant velocity S, = , for a value
of 3 um thickness for the CZTS layer and E; = 1.5 eV.

spectral response (AAV)

02 03 04 05 [ o7 08 0 1
Wavelength (.m)

Fig. 7 - Spectral response of a CdS/CZTS thin film solar cell

5. CONCLUSION

The aim of this paper conducted a comprehensive
simulation of the heterojunction CdS(n)/CZTS(p) struc-
ture. the objective was to analyze the current densities
generated within the neutral regions (n and p) and the
space charge region, including the parameters of each
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material, through the application of the continuity equa-
tion combined with Poisson’s equation. The derived pho-
tocurrent density played a crucial role in uncovering cru-
cial insights regarding the solar cell's J(V) and P(V)
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YucesbHe MOJEJTIOBAHHA TA MiABUINEHHS IPOAYKTHBHOCTI TOHKOILIIBKOBUX COHIYHHUX eJieMe-

uris CZTS

Mohammed Zebach!, Abderrahmane Hemmani2, Hamid Khachab3

Tahri Mohammed University, Laboratory of Development Renewables Energies & Their Application in Saharan
Areas, 08000 Bechr, Algeria

Po3pobka TOHKOIUTIBKOBUX COHSIYHUX €JIEMEHTIB JO3BOJISIE JOCTITHUKAM OIIHIOBATH PI3HI MaTepianud 3
MEeTOW0 ITIBUIIEHHA eeKTUBHOCTI ITepeTBOPeHHs ejleMeHTiB. 1le 0cobIMBO aKTya bHO IS TPETHOTO ITOKO-
JIIHHS COHAYHUX (POTOCJIEKTPUYHUX €JIEMEHTIB, K1 BKJIIOYAIOTH IIAPOBI MaTepiaji B HAHO- TA MIKPOMETPO-
BOMY MacIlTadl, YHUKAKOYN HETOKCHYHMX 1 MOIIHPEHUX Y 3€MJIl MaTepiasiB 13 3HHKEHHMM BATPATAMU Ha
BUPOOHUIITBO. B ocTaHHI POKM BUEHI 30Cepeuiii CBOI JOCTIIMKEeHHA Ha HANIEIIeBIINX 1 HalcTaOlIbHIINX
Marepiangax, TAKUX K KEeCTePUT, HA OCHOBI TAKUX €JIEMEHTIB: Milb, IIMHK, 0J10BO 1 cipka (CZTS). Ile ogun i3
Hale)eKTUBHIIINX IIAPIB IMOTJIMHAIYOr0 MaTepiajly B TOHKOILUIIBKOBAX COHSIYHMX eJIEMEHTAaX 13 IPSIMOI0 3a-
6oporenoo 3oH0 (1,38-2,0 eB) 1 Bucokum koedimtienrom mormuaanHg (~ 104 em—1). CZTS mae BesmuesHmi
TMOTEHITIAJ 3aBAAKH BEJIUKINM KIJIBKOCTI 3eMJIl, HETOKCHYHOCTI Ta HU3BKIM BaPTOCTI BUPOOHUIITBA MOPIBHAHO 3
IHIIMMU TOHKOILTIBKOBUMH MaTepiasiamu. IIpore Bee 1e icHye KLIbKA Mpo0sIeM o0 KOHTPOJII0 BTOPUHHUAX
das, KOMIIO3UIIIITHOI OMHOPIAHOCTI, €JIEKTPOHHUX AedeKTIB 1 mpobseM HecTablIbHOCTI IIiT 4aC BUTOTOBJICHHS,
sIK1 OOMEKYIOTh e)eKTUBHICTD COHSTUYHUX esteMeHTiB Ha ocHOBl CZT'S 1 ski 1rie oTpiGHo moosiaty. Y 11iii cTaTTi
MH peasidyeMo MaTeMaThyHy Mojesib rereporepexony CdS-CZTS TOHKOILITIBKOBOIO COHSAYHOIO €JIeMEeHTA.
Orske, TIPOYKTUBHICTD COHAYHUX €JI€MEHTIB MOYKHA OI[IHUTH, 3MIHIOIOUHN MaTepiali, ImapamMeTpH, CIIiBBIIHO-
IIeHHs PO3MipiB Ta iHIN 3MiHHI B eseMmenTax. [lo cyTi, edeKTUBHICTL IepeTBOpeHHsI HaBeJeHa HA PIBHIL
n = 12,79 % pe3ysbrariB MOJEJIOBAHHS 3 BUKOPUCTAHHSM IporpamHoro 3abesmeuenns Matlab Simulink.
Tlokpamena epeKTUBHICTL ITePETBOPEHHS, OTPUMAHA 3aBIAKKM HAIIOMY JOCJIIIPKEHHIO MOJEIOBAHHS, BXO-
JIATH y J1aa30H eKCIIePUMEHTAIbHUX 3HAYEHb, JOCATHYTUX JJIs IIHOTO TUITY JTU3AWHY TOHKOILIIBKOBUX COHS-
YHUX eJIEMEHTIB, K IIPOIEMOHCTPOBAHO PEKOP/IHO BUMIPSHOIO J1a60paTopieo epeKTUBHICTIO MpubJatHo 12,6
% nyis moi0Ho1 reTeporiepexinuol Kiaitnau Ha ocHOBI 3BiTy CZTS 3a pemaxiriero Wei Wang Ta im., Toml sk
TeOpeTUYHA MAKCUMAaJIbHA e(PeKTUBHICTH IEePEeTBOPEHHS JJISA 1JeasibHOI couauHol 6arapei Ha ocHoBi CZTS
OIiHIETHCA B 32,4 % Bimmosimuo 1o oomesxerus [llokii Kseitccepa. Ockinbku Halle 3MOIeJIbOBaHE 3HAYEHHST
e)eKTUBHOCTI HAOJIMIKAETHCS JI0 BUMIPSIHUX €KCIIEPUMEHTAIbHUX 3HAYEHbB, ajie BCe e 3HAYHO HUKYe Teo-
PeTHYHOI Meski, IIe CBIAUUTD IIPO Te, 110 IOAAJIbIIe MiABUINEHHA e()eKTUBHOCTI BCe Ie MOKe OyTH JOCATHYTE
ILJIAXOM OIITHMI3allil BJIACTHBOCTEH MaTepiay Ta KOHCTPYKIIl KOMIPKH.

Kmiouosi cnosa: Cornsuni enementu CZTS, Monemosaunsa, Torka miiska, ['ereponepexia, Matlab.
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