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Abstract

The presence of impurities in £ZInSnS (CZTS) thin film material is harmful on output permance of fabricated solar cells.
Moreover, the formation of unstable and high resise contacts to CZTS can contribute to lowerindpethin film solar cells
efficiency value. In this study, the performanceha baseline ZnO/CdS/CZTS cell structure is nucadlsi evaluated using
AMPS-1D and SCAPS-1D programs. The effect of bamhktact material, acceptor concentration as wellhasabsorber
thickness on CZTS cell performance was done by ANP$®rogram, whereas the influences of the gapggrafrthe absorber
layer and the operating temperature on cell perfoice was simulated by SCAPS-1D program. The simualag¢sult revealed
that it is not necessary to use a thicker absdafbvee want to make a tradeoff between the cellcégficy and the cost for a
mass production. It is also important to contral &m limit the carrier density in the absorber éfficient CZTS solar cells.
The influence of operating temperature on cellgrenince showed that an increase in the tempenatliitrongly affect the
performance of the cell. The presented work isrd&géecause it can contribute to full understagdif the performance of
CZTS solar cell and to the fabrication of cellshwat precise control of the process parameters.

1. Introduction way to overcome to overcome these issues. Recently,
a broad interest has been given to the CZTS materia
Recently, the renewable energy sector has contittued due to its excellent semiconductor properties sich
drive in the mind of researchers a major interest. direct and a tunable band gap energy in the rafge o
particular, photovoltaic (PV) technology contindes 1.4-1.6 eV and large absorption coefficient ovet 10
grow thanks to the development of new fabricationcm® [12, 13]. Moreover, all its elements are non-toxic
techniques and the improvement of the solar cellsand still available in the Earth’s crust [14]. \ars
conversion efficiency. Nowadays, the solar cellkeair  physical and chemical techniques have been
is still dominated by wafer-based silicon technglog investigated to fabricate CZTS thin film, namely co
Due to the indirect band gap of Si, the typicatkniess  sputtering [15], thermal evaporation [16], pulssela
of the cells is about 200m [1, 2]. That means large deposition [17], sol-gel method [18], electrodefosi
quantity of high quality materials is needed beeaafs [19], etc. The conversion efficiency of CZTS-based
the long paths that the photo-generated carrierst mu solar cells has been improved from 0.66% in 1996 to
travel leading to significant increase in the ta@dét of  12.6% in 2014 [18, 20]. Despite the development of
the module. Making simple and low cost productiondifferent techniques and the improvement of
processes for fabricated solar cells which use lessonversion efficiency, our comprehension of thisety
material could reduce considerably their costs.sThi of solar cell is still relatively limited comparéal other
could be possible by developing thin film solarlgel solar cells, like silicon-, CdTe- and CIGS-baseldso
because this technology uses less material. A numbecells. In order to fully understand the performante
of alternative materials have been investigatedtfer CZTS thin film solar cell and to fabricate cellsthwi
development of next generation of cost-effective an higher efficiency, a complete investigation of the
high efficiency solar cells. Among them Copper operation mechanisms of CZTS solar cell is necgssar
Indium Gallium Diselenide (CIGS) [3-5] and An approach to reach this goal is to use numerical
Cadmium Telluride (CdTe) [6,7] have shown high simulation because it enables researchers to perfor
efficiencies of 20.3% and 16.5% respectively aneeha theoretical studies on the overall characteristind
already reached the stage of commercializationl]8-1 performance of solar cells. Although we can observe
However, the scarcity and the toxicity of materials generally marginal differences between the efficien
such as Indium, Telluride, Cadmium and Seleniumof a fabricated solar cell and the one of a sinedlat
could be a difficult problem for the development of solar cell, which is mainly due to the complexitfy o
thin film solar cells based on these materials.fabrication process and which may induce many other
Developing new PV materials, which are cost-physical electronic processes that numerical
effective and composed of non-toxic and abundansimulation cannot replicate or take into accoutt, i
elements in the earth’s crust could therefore gea  offers however a great opportunity to the scientifi
community to understand and explore the working
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principles of various photovoltaic devices priorthe 1.1 Device structure and simulation
practical cell fabrication and characterization. ' ' ' .
In this report, we have evaluated the perforrean In this study, numerical modeling of CZTS tfilm

of CZTS-based solar cells by means of numericalsolar cell has been carried out by AMPS-1D program.
simulations. The effect of back metal contact work The computer simulation software AMPS-1D
function, acceptor concentration, absorber thicknes (Analysis of Microelectronic and Photonic Strucg)re

on the overall performances of the cell is investgg ~ [21] was employed by specifying the semiconductor
by the AMPS-1D program and the influence of the gapparameters in each defined layer of the cell stirecis
energy of the absorber layer and the operatingnput parameters to the simulation. Developed Iey th
temperature on cell performance was simulated byStephen Fonash's group at the Pennsylvania State
SCAPS-1D program. The details of structure andUniversity in USA, the uniqueness of this softwese
simulation of the device are stated in following its ability to examine a variety of device struetsir

sections. such as: [22] homo-junction and hetero-junction p-n
and p-i-n solar cells and detectors, multi-junctotar
1. Improvement of CZTS-based solar cells cell structures, novel photovoltaic and optoeletto
performance using AM PS-1D structures, Schottky barrier devices with optidmatk

layers [22, 23]. In addition, it evaluates the
In this section, we have studied the effect of baekal ~ recombination profile, band diagram under steady-
contact work function, acceptor concentration, state and carrier transport in one dimension based

absorber thickness on the output parameters of théhe Poisson’s equation, the continuity equatiorfriee
CZTS-based solar cells. electrons and the continuity equation for free kole

given respectively by [22]:

d d
(e %) = alpC) —nl) + N§ ()~ Ny () + pix) — () (1)

1/,d

() =~ ) + RGO @)
1/d 3
a(a]p) = Gop(x) + R(x) ( )

where the electrostatic potentip) the free electron n and free hole p, trappedmea, and trapped holg, as
well as ionized donor-like dopinj and ionized acceptor-like dopii concentrations are all given in terms
of the different band gap energy levels by the Bolinn and Fermi-Dirac distributions, and are ationoof the
position"x". J,, and ], are the electron and hole current densities réisedc The termé,,, is the optical carrier
generation rate due to illumination aRds the total recombination rate accounting foedir(band to band) and
indirect (Shockley-Read-Hall) recombination tradfic
simulation. The basic input parameters used in this

The CZTS solar cell structure used in this simulation were selected based on literature, theor
simulation consists of the following layers: ZnO and in some cases reasonably estimated and are
window layer, CdS buffer, CZTS absorber and Mo specific to the device and materials propertiese Th
back contact metal on glass substrate. Figure ZTront contact is considered as a standard ohmitacon
illustrates the vertical cross section of the tgpicell. and the back contact is choosing for optimizingabié
The device is considered to be illuminated from theperformance. The basic input parameters used $ thi
front ZnO to the end of the device with the AM1.5 simulation are shown in Table 1. The front surface
spectrum.  Outputs such as current-voltagereflectivity and the back surface reflectivity aret to
characteristics under dark and under illuminatibe, 0.1 and 0.8 respectively in order to reflect experital
guantum efficiency, the reflectivity and internal quantum efficiency data. The default illumination
quantities such as the electric field, the free andemperature is setto 300 K and the default illuation
trapped carrier concentrations, the electron arld ho spectrum is set to the global standard AM 1.5.
currents, the recombination and generation ratebea
extracted from the solutions provided by an AMPS
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Zn0O

Mo back contact

Figure 1. Typical CZTS solar cell structure

Table 1. Main material properties used in the

simulation
Material window | buffer | absorber
ZnO CdS CZTS
Energy band 3.30 2.40 1.50
gap Eg (eV)
Thickness (nm 200 60 2000
Donor 1x1Ce 1x1C8 0
concentration
Np (cnT3)
Acceptor 0 0 4x1(1¢
concentration
Na (cnT3)
Electron 100 100 100
Mobility MUN
(Cn?IVs)
Hole Mobility 25 25 25
MUP (Cn/Vs)
Relative 9 10 10
permittivity
EPS
Effective 2.2x10° | 2.2x1C¢ | 2.2x1(8
density of
states Nc (Cm
)
Effective 1.8x10° | 1.8x10° | 1.8x10%
density of
states Nv (Cm
%)
Electron 4.40 3.80 4.10
affinity CHI
(eV)
Gaussian 1x10Y 1x10® | 2.61x10°
defect Ns (Cnr
3
)
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1.2 Results and discussion

Figure 2 below shows the simulated J-V charactesist
of the CZTS thin film solar cell obtained with tHata

of Table 1. The results of our simulation were @og
agreement with reported experimental results of the
first Mo/CZTS/CdS/ZnO solar cell 13 mA/cm;
Voc=0.541 V; FF=59.8%n=4.1%) [24]. Parameters
like open circuit voltage (Voc), quantum efficiency
and series resistances (Rs) are the three fundament
factors which limit the performance of CZTS solalic
[25]. The short current density (Jsc) of the sokdris
affected by the electron transport properties &t th
ZnO/CdS interface and also by shading losses caused
by the front metal contact on the top of ZnO layer.
Normally, 11% area of PV cell front surface is
occupied by metallic contacts for charge carriers’
collection and this can limit the Jsc, induce serie
resistive components which deteriorate the carrier
collection efficiency and therefore the performance
[25]. This aspect must be well controlled in orter
improve the performance of solar cells.

Jec = 13.001 mA/Cm?
Vco =0.566 V
FF=60.8

o n=4.478%

Jcc (MA/ICm 2)

00 02 04 06

Veo (V)

Figure 2.Simulated J-V characteristics of the tiadal
Mo/CZTS/CdS/ZnO solar cell

A. Effect of back metal work function

To evaluate the effect of the electron work functod

the back metallic contact, its value was varieanfr®

to 6 eV in this simulation. There is an incredible
improvement in solar cell parameters when incrgasin
the electron work function of the back metal cohtec
shown in Figure 3. One can see in Figure 3 that the
efficiency increases considerably as the back metal
work function increases from 5.0 to 5.6 eV, whish i
due to the increase in Jsc, Voc and FF valuesh@és t
back metal work function increases, the Schottky
barrier created at the back increases and prevents
strong recombination of free charge carriers.
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compared to ¥c which is mostly expected. When the
absorber layer is thicker, more photons with longer
— wavelength are absorbed and as consequence, more

—e—Effi]

:

S T e———s
\é% ol /'/.— A electron-hole pairs are generated. Hence more free
S0 / 1 electrons will be collected at the front and thil w
5 4_/’ 1 increase thes¢ and therefore the efficiency. Due to the
e I —— increase of sk, the efficiency curve increases
b / ] following the same evolution as thec\.]curve and
ef, P saturates also above 2250 nm. As optimal value, our
wosr i simulation indicates that a CZTS thickness up 622
60-’/. T nm is sufficient for photons absorption of the ABKE.
jy B 3 radiation due to the high absorption coefficient an
S oef / ] direct band gap of CZTS material.
8 07 E
> 0" ]
P e S
e : g s e
G 2 e ] S wul ]
8 13.0/ ] % 13/ ]
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Figure 3. Simulated normalized output parametetef 9} 2 ]
CZTS solar cell as a function of back metal wonkdiion N ]
This effect can improve the value of Voc and EZM ]
therefore the efficiency. No changes in valuessaf J S ool P i 1
Voc and FF is observed for back metal work function § oss .//'/' ]
value between 5.6 and 6 eV and this cause the 08 .
efficiency to remain also constant in this range. &n e ] [ e —— P——
thus choose the value of 5.6 eV as the back meted w 5 | /'/' ]
function optimum value for achieving CZTS solar cel E 190} ]
with good performance as shown by our simulation g m‘s/ ]
results. ol . . . . .
1000 1500 2000 2500 3000 3500 4000
B. Effect of the CZTS absorber layer's thickness Thickness of the CZTS thin film (nm)
Thickness is an important parameter for Figure 4. Calculated output parameters of the CZalsr
semiconductor devices especially in thin film where cell as a function of the thickness
the carrier diffusion length is a constraint. lintfilm
solar cells particularly, a large part of the emtir C. Effect of the acceptor concentration in the
device’s thickness is occupied by the absorberrlaye CZTS absorber

which plays the role of the active layer. In thayer, . . .
photons having energy greater than or equal to thé\cceptor — defects, — characterized — with  their
band gap energy of the material are absorbed and afoncentration N can be considered as another
then subjugated to the photovoltaic effect. It is Parameter which limits the solar cell performanbie.
therefore needed to control the absorber layef@ve varied in our simulationA\values in the range
thickness for achieving the consistent output1013'1018 cnt® in order to evaluate its effgct on solar
performance of CZTS solar cells. For that, theatfeé ~ Cell performance. We can see on Figure 5 the
CZTS thickness on cell performance of the soldrisel Simulation results of the effect of aNon output

studied in this report by varying the thicknessifi@00 ~ Parameters. Ascarrier concentration increases, the
to 4000 nm. Figure 4 shows the effect of CZTS thinSémiconductor material becomes degenerate and this

film thickness on the cell performance parameters. can be harmful for the output performance as shown
We can notice important improvements in both©n Figure 5.In Figure 5, we can see that thecJ

values of dc and Vbc and hence in the efficiency when decreases with the carrier concentration whilevtbe

the thickness increases to higher valuess i increases with it. The variations in the valued&eaind

improved for CZTS thickness up to 2250 nm and isYoc caused by Ncan be explained by the following

nearly unchanged after this value. From Figure @, w Simple PN junction model [26].

can observe individual effect of thickness on te#é c

performance where thesglshows a substantial rise

D Dy,
Iy = Aqn? ( °_ + )
91 ° LeNy  LaNp
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(4)

KT I,
VOC = 711’1 <_ (5)

nt)

0

These equations show that the saturation culgen
will decrease if M increases and thereforexywill
increase if § decreases. This is probably due to the

al Issue on Applied Physics in Africa 0010

1.3 Device structure and simulation

In this study, numerical modeling of CZTS thin film
solar cell has been carried out by SCAPS-1D (Solar
Cell Capacitance Simulator) version 3.2.00 computer
software to investigate the effects of absorbedlgap

and operating temperature on the overall CZTS solar
cell device performance. SCAPS-1D is one-
dimensional computer software developed at the
University of Ghent under Marc Burgelman [27].4t i
developed specially to simulate the AC and DC
characteristics of heterojunction thin film solaslls,
especially CIGS and CdTe solar cells. One of the

recombination process which is enhanced byspecial features of SCAPS-1D version 3.2.00 isithat

increasing M. This phenomenon reduces
possibility of free electrons to be collected at tront
after being generated by incident light and thia ca
result to limit the dc. A higher content of Nin the
material will also cause a drop in the value ofskice

the incorporates the defects levels of Gaussian type.

Output parameters such as current voltage
characteristics ithe dark and under illumination can
be extracted from a SCAPS simulation. For solar cel
and detector structures, collection efficienciesaas

long wavelength photons are absorbed deeply in théunction of voltage, light bias, and temperature ca

material and the electrons created there are mor
dependent on diffusion effect to be collected
effectively.

g 15[ —e—Efi| e T T T ]
-~ —
2 wof J
Q
3 .
o st T
1 . " " "
O e—FF
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10F . o«—
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Figure 5. Calculated output parameters of the CZd18r
cell as a function of acceptor concentration

2. Improvement of CZTS-based solar cells

performance using SCAPS-1D
In this section, we have investigated the effedts o

absorber band gap and operating temperature on t
overall CZTS solar cell device performance.
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glso be obtained. In addition, important informatio
such as energy band diagram of the overall cell,
occupation probability of deep defects, -carrier
generation-recombination profiles, individual carri
current densities, electric field distributionsgdrand
trapped carrier populations and recombination [Esfi
as a function of position can be extracted from the
SCAPS program. The traditional structure of theusol
cell of Figure 1 was adopted in this study. By
incorporating different parameters values of materi

in SCAPS software for all aspects of the analyzi®
can record the variations afg) Voc, FF and efficiency
values. The solar cell performance was analyzed fro
the J-V characteristics.

The basic input parameters used in this sinmrat
which were selected based on literature, theori or
some cases reasonably estimated and specific to the
device and materials properties are listed in T&ble
[25, 26]. The default illumination temperature &
300 K and the default illumination spectrum is et
the global standard AM 1.5G.

1.4 Results and discussion

The resulting curve of the J-V characteristics g t
simulation using values dfable 2is shown orFigure

6 below. The simulated efficiency of our solar dsl
10.27% which is close to the one of a practicahisol
cell. This result shows that our solar cell modelalid
and can be used to investigate the effects of réifite
parameters on overall cell performance.

Table 2 Parameters used in this simulation

Parameters ZnO Cds CZTS
Thickness fum) 0.2 0.0 2
Energy banc 3.3t 2.4 15
gap Eg (eV)
eElectron affinity | 4.35 4.0 4.21
(eV)
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Figure 6. J-V characteristics of the simulated CZb&r

D. Influence of energy band gap on CZTS cell

DI‘3 0:4
Voc (V)

cell

performance

T T T
05 06 07

Relative 9 10 10 long wavelength photons because they act like a
permittivity window for these photons. One can note therefore a
Effective 2.2x1(¢ | 2.2x1(%8 | 2.2x1(%8 weak quantity of generated electron-hole pairs and
density of states then a weak quantity of collected free chargedeesyr
Nc (Cnm®) and this can reduce thecJalue. The decrease in the
Effective 1.8x10¢€ | 1.8x10¢ | 1.8x103° efficiency after 1.3 eV is due to the decreasesin J
density of stateg since \bc and FF are almost constants after this value.
Nv (Cnt)
Electron 1x1C 1x1C 1x1(’
thermal velocity y . . . .
(cm/s) - —'7—5@—\\
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Figure 7. Effect of energy band gap on CZTS cell
performance

E. Influence of operating temperature on CZTS
cell performance

Since the cell is confronted to different climate
conditions, it is important and necessary to ingasé

the stability of the cell at different operating
temperatures. The influences of operating temperatu
on the output parameters have been studied with the
temperature ranged from 280 to 400 K by step d£20
As shown in Figure 8, &, FF and efficiency are
strongly affected by the increase of operating
temperature while s¢ increases weakly. When the
operating temperature increases, electrons in ¢lie ¢
gain additional energies. This causes the electimns
become unstable and more likely to recombine with
holes before they reach the depletion region amtgbe
collected. This will lead to the decrease ef-\and fill

The energy band gap of CZTS absorber layer idactor. It is important to control all these asgewt
varied from 1.1 eV to 1.7 eV by step of 0.1 eV. The order to improve the performances of CZTS-based

solar cells.

performance of the cell is shown in terms &f Yoc,
FF and efficiency and one can see changes in the
values of these parameters as shown in Figure 7. It
emerges from Figure 7 thato¥ and FF increase
substantially up to 1.3 eV and remain almost
unchanged after this value whilg-dlecreases linearly.
This decrease can be explained by the fact that
absorbers with large energy band gap don't absorb
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Figure 8. Effect of operating temperature on cell
performance

3. Conclusion

In conclusion, a comprehensive study of numerical
simulations of CZTS thin film solar cells by AMPS-
1D and SCAPS-1D is performed in this report. The
simulations results showed that the cell parameter:
such as CZTS absorber layer thickness, carrielitgens
defect density, energy band gap have differencedfe
on cell performances. It emerges from simulatitwas t
there is a need to fabricate CZTS thin film solaltsc

by reducing the thickness of CZTS absorber layer addl
well as with a not so large energy band gap and a

limited number of carrier density in the absorbeis
necessary to well control these parameters in dader
find a tradeoff between the cell efficiency anddtst
for a mass production.
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