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Abstract The objective of this work is to perform a simulation of a Cu,ZnSnS4 (CZTS) based thin film
photovoltaic solar cell to relate the characteristics of this cell with the material parameters to improve its
performance. A device model for the n-CdS/p-CZTS solar cell was used to study the internal quantum efficiency
that takes into account the influence of loss mechanisms on the solar cell performance. The effects of the
thickness of the CZTS absorber layer were investigated.
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Introduction

In recent years, the renewable energy sector continues to produce great interest in the minds of researchers; in
particular, photovoltaic cell technology continues to grow due to the development of new manufacturing
techniques and improvements in the efficiency conversion of solar cells. Nowadays, the solar cell market is still
dominated by crystalline silicon which occupies about 80% of the market [1]. The high cost of these solar cells
is mainly due to the large use of the material and the manufacturing processes that use complicated and very
expensive techniques. Making the production processes simple and cheaper or manufacturing solar cells that
consume less material could reduce the costs of these. One of the alternatives is the thin film solar cell because it
consumes less material. The best cells CdTe and CIGS made in the laboratory have efficiencies of 22.1% and
22.6%, respectively [2]. However, these thin films contain rare and toxic elements (In, Te, Cd, Ga, Se), which
limits the relevance of these two technologies for terawatt-scale energy production. Faced with these difficulties,
measures will have to be taken to counteract these problems of scarcity and toxicity in order to produce low-cost
solar cells that respect the environment. The quaternary material made of copper, zinc, tin and sulfur
(Cu2ZnSnS4) known as CZTS is one such measure.

With a direct and tunable gap energy of about 1.5 eV [3, 4] and a high absorption coefficient of 10* cm-1 [5, 6],
CZTS is an ideal candidate to be used as an absorber layer in thin film solar cells. The constituent elements of
this material namely copper, zinc, tin and sulfur are still available in the earth's crust and are safe for the
environment [1]. Several physical and chemical deposition techniques have been used to fabricate CZTS-based
solar cells such as sputtering [7, 8, 9, 10, 11], thermal evaporation [12, 13, 14], pulsed laser deposition (PLD)
[15, 16, 17], sol gel [18, 19, 20], spray pyrolysis [21, 22, 23, 24], electrodeposition [25, 26, 27], Close Spaced
Vapor Transport (CSVT) [28, 29]. The efficiency conversion of this cell has been improved from 0.66% in 1996
[1] to 12.6% by the International Business Machines laboratory in 2014 [10]. Despite the development of
different manufacturing techniques and efficiency improvements, our understanding of this type of cell remains
relatively limited compared to CIGS and CdTe solar cells [1, 2]. In order to fabricate solar cells with high
efficiencies, a thorough study of the synthesis and fabrication mechanisms is required as well as an
understanding of the solar cell performance. This work focuses on the study of the impact of the absorber layer
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thickness of the CZTS thin film deposited by CSVT following a mathematical model, the physical and
geometrical parameters of the different layers of a CZTS-based thin film photovoltaic solar cell in order to
improve the performance of this cell.

Materials and Methods

Structure of the Cell

The cell structure considered in this study consists of the following materials: n-CdS as a buffer layer, p-CZTS
acts as an absorber layer. Figure 1 illustrates the dimensions and the different regions of the CdS(n)/CZTS(p)
heterojunction. The recombination profile and carrier transport are studied in one dimension using the Poisson
equation and continuity equations for electrons and holes.
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Figure 1: Dimensions and differents regions of CdS(n)/CZTS(p) heterojunction

The transport of the majority charge carriers at the back metal-semiconductor interface is described by the
thermionic emission. The transport of minority carriers is described by their surface recombination rates (Sp).
Recombination at deep bulk levels and their occupancy are treated according to the Shockley-Read-Hall (SRH)
mechanism [31].

In these three regions, solving the continuity equation combined with the Poisson equation and the current
density equation allows us to calculate the current density in each of these three regions.

Considering the phenomenon of the generation rate presented by the rate G(A, x) given by :

G(Ax) = a(WFA)(1 - R(A))e eW= €Y}

And those of the recombination rates presented by U, and U, as follows:

- For electrons in the neutral p region of CZTS:
_An n-—n,

U, = 2
A
- For holes in the neutral n region of CdS:
A —
g =B P=P o
Tp Tp

Where R(A) is the fraction of photons reflected from the front surface, n is the concentration of electrons in the
p-CZTS layer and p is that of holes in the n-CdS layer, n0 and pO0 are the equilibrium concentrations of electrons
and holes, respectively.
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In the first neutral zone N (CdS), the electric field E = 0 and the minority carriers are holes, which, according to
the formula :

Spﬂ — Spﬂ *n i *n —q1Xn
~ (qF(l _ R)ale) >, +a,L, [ >, cosh (Lp) + sinh (Lp)] e ™1
b aily—1 %218 sinh (x—”) + cosh (x—")
Dp Lp Lp
Where L, et D,, are respectively the hole diffusion length and the diffusion coefficient. S, is the hole

—a1X
_alee 1Xn

recombination rate at the CdS front surface.
In the second neutral zone P (CZTS), the electric field E = 0 and the minority carriers are electrons, so according

to:
/

I = (qF(l - R)L, Suln [cosh (f—n) - e‘“zH’] + sinh (f—;) + ayL,e~%2H’
L=

[~a1(xpt+wi)—azwy] _ Dn

e a,L

2 254n [ 7

azl3 -1 ) Snln ¢inh (H—) + cosh (H—)
Dn Ln Ln

Where L, et D, are the electron diffusion length and the diffusion coefficient, respectively. Sa is the
electron recombination rate at the back surface of the CZTS.

In the space charge region, the electric field E # 0, according to:

Jzce = qF (1 — R)e™ (1 — e~ M1W17%2w2)

And the photocurrent density is given by:

Jon (D) = Jp (D) + Jzce (D) + Jn(2)

For this analytical study, we developed the collection efficiency model for thin-film solar cells and established
its mathematical expression. The internal quantum efficiency is the ratio of the number of charge carriers
collected by the photovoltaic device to the number of photons of a given wavelength or energy on the device
[32].

The internal quantum efficiencies are given by:

_ ]ph
T=9Fra—n
_ b
M=YF1—R)
A
2= UFA—R)
_ Jzce
= GF1—R)

With n the total internal quantum efficiency, 7, he emitter or buffer zone (CdS) internal quantum efficiency, 1,
the base internal quantum efficiency (CZTS), and 15 the space charge zone internal quantum efficiency.

RESULTS & DISCUSSION
In this study we present a simulation of the developed theoretical model, investigating the effects of thickness
on the internal quantum efficiency.

Contribution of the different parts of the CdS/CZTS cell

Figures 2 represent the contribution of each part of the cell on the internal quantum efficiency as a function of
the photon energy.

We notice that the contributions of the absorbing layer (p-CZTS) and the space charge zone are very important
compared to the contributions of the buffer layer (n-CdS) corresponding to the volume absorptions. In the range
of higher energies (far from the absorption threshold or the gap of the CZTS), the absorption of incident photons
is superficial, they are almost absorbed by the front; the surface phenomena become decisive leading to the fall
of the efficiency.
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Figure 2: Contribution of the different parts of the n-CdS/p-CZTSS cell

Effect of the thickness of the base

The absorber layer is the most important component of the solar cell, where incident photons are absorbed and
excess carriers are generated. The absorption of photons in a semiconductor material follows the Beer-Lambert
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law. Therefore, as the thickness of the absorber layer increases, more long wavelength photons (low energy
photons) are absorbed, which generates a greater number of excess carriers. This leads to a higher internal
quantum efficiency and thus an increase in cell efficiency. In the present study, the effect of absorber layer
thickness on the internal quantum efficiency of the cell is simulated by changing the thickness of CZTS from 1
to 5 nm (Figure 2). The efficiency of the solar cell initially increases with increasing CZTS layer thickness and
almost saturates at higher values. This saturation of the efficiency is due to an increased probability of SRH
recombination (due to the finite carrier diffusion length) with increasing absorber thickness.
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Figure 3: Evolution of internal quantum efficiency as function of photon energy: effect of absorber layer
thickness (CZTS)
On this plot the internal quantum efficiency drops slightly near 2.4 eV corresponding to the absorption of CdS.
We also notice that the signal does not depend any more on the thickness of the absorbing layer xb beyond 2.4
eV, showing that all the incident photons are absorbed by the CdS and the space charge zone (CdS/CZTS). A
second drastic drop in efficiency is observed beyond 3 eV, which corresponds to the absorption of photons by
the ZnO (Front).

Three dimensional representation of the internal quantum efficiency

The graph studied on figure 4 is represented in three dimensions. This three-dimensional representation allows
to show simultaneously the evolution of the internal quantum efficiency as a function of the photon energy and
of the considered parameter such as: the thickness of the absorber layer.
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Figure 4: Evolution of the internal quantum efficiency as a function of photon energy and base thickness
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Conclusion

In this work, we studied the internal quantum efficiency of CZTS-based solar cells. We have developed a
theoretical model for two layers. We performed a theoretical simulation on all the spectral responses studied by
varying the physical parameters such as the thickness of the absorber layer in order to improve the device
performance. We have shown that the internal quantum efficiency increases with the thickness of the absorber

layer.
References

[1].  J. H. Nkuissi Tchognia, B. Hartiti, J. M. Ndjaka, A. Ridah et P. Thevenin, « Performances des cellules
solaires a base de CuxZnSnS4 (CZTS): Une analyse par simulations numériques via le simulateur
SCAPS », Afrique SCIENCE 11(4) (2015) 16 — 23

[2]. M.A. Green, K. Emery, Y. Hishikawa, W. Warta, and ED Dunlop. Solar cell efficiency tables (version
45). Progress in Photovoltaics: Research and Applications, 23(1):1-9, 2015.

[3]. D. Adewoyin, M. A. Olopade, M. Chendo, « Enhancement of the conversion efficiency of Cu,ZnSnS4
thin film solar cell through the optimization of some device parameters », Optik 133 (2017) 122-131

[4]. H. Arbouz, A. Aissat, J.P. Vilcot, « Simulation and optimization of CdS-n/Cu,ZnSnS4 structure for
solar cell applications », international journal of hydrogen energy xxx (2016) 1-6.

[5]. O. AM. Abdelraouf, N. K. Allam, « Nanostructuring for enhanced absorption and carrier collection in
CZTS based solar cells: Coupled optical and electrical modeling », Optical Materials 54 (2016) 84—88

[6]. M. Courel, J.A. Andrade-Arvizu, O. Vigil-Galan, « Loss mechanisms influence on CuyZnSnS4/CdS-
based thin film solar cell performance », Solid-State Electronics 111 (2015) 243-250.

[7. K and T Nakazawa, “Electrical and Optical Properties of Stannite-Type Quaternary Semiconductor
Thin Films,” Jpn. J. Appl. Phys, (1988), 2094-2097.

[8]. T.P.Dhakal, C. Yi Peng, R. R. Tobias, R. Dasharathy, C. R. Westgate, « Characterization of a CZTS
thin film solar cell grown by sputtering method », Solar Energy 100 (2014) 23-30.

[9]. H. Katagiri, « CuaZnSnS4 thin film solar cells », Thin Solid Films, vol. 480—481 (2005), 426—432.

[10]. M. P. Suryawanshi, G. L. Agawane, S. M. Bhosale, S. W. Shin, P. S. Patil, J. H. Kim, and A. V.
Moholkar, « CZTS based thin film solar cells: a status review », Mater. Technol., 28, (2013), 98—109.

[11]. Jimbo, R. Kimura, T. Kamimura, S. Yamada, W. S. Maw, H. Araki, K. Oishi, and H. Katagiri, «
Cu,ZnSnSs-type thin film solar cells using abundant materials », Thin Solid Films, vol. 515 (15), 2007,
5997-5999.

[12]. T. M. Friedlmeier, N. Wieser, T. Walter, H. Dittrich, H.-W. Schock, and N. W. Theresa Magorian
Friedlmeier, « Heterojunctions based on Cu,ZnSnSs and Cu,ZnSnSes thin films », pp. 1242-1245,
1997

[13]. T. Tanaka et al., « Influence of composition ratio on properties of Cu,ZnSnS4 thin films fabricated by
co-evaporation », Thin Solid Films, vol. 518, (21), 2010. 29-33.

[14]. P. Jackson, D. Hariskos, R. Wuerz, O. Kiowski, A. Bauer, T.M. Friedlmeier, and M. Powalla, «
Properties of Cu(In,Ga)Se solar with new record efficiencies up to 21.7% Status Solidi RRL »,
Phys.Status Solidi, pp. 28-31, 2015

[15]. Moriya, K. Tanaka, and H. Uchiki, « Fabrication of Cu,ZnSnS4 thin-film solar cell prepared by pulsed
laser deposition », Japanese Journal of Applied Physics, vol. 46, (9), 2007, 5780-5781.

[16]. S. A. Vanalakar et al., « A review on pulsed laser deposited CZTS thin films for solar cell applications
», J. Alloys Compd., 619 (2015) 109-121.

[17]. V. Moholkar, S. S. Shinde, A. R. Babar, K.U. Sim, H. K. Lee, K. Y. Rajpure, P. S. Patil, C. H. Bhosale,
and J. H. Kim, « Synthesis and characterization of Cu,ZnSnS, thin films grown by PLD: Solar cells »,
J. Alloys Compd., vol. 509, (27), 2011, 7439-7446.

[18]. Tanaka, N. Moritake, and H. Uchiki, « Preparation of thin films by sulfurizing sol- gel deposited
precursors », Sol. Energy Mater. Sol. Cells, vol. 91 (13), 2007,1199-1201.

[19]. K. Tanaka, M. Oonuki, N. Moritake, and H. Uchiki, « thin film solar cells prepared by non-vacuum
processing », Sol. Energy Mater. Sol. Cells, vol. 93 (5), 2009, 583-587.

XD\}" Journal of Scientific and Engineering Research

135



Mané MS et al Journal of Scientific and Engineering Research, 2022, 9(4):130-136

[20].

[23].

[24].

[25].

[26].

[27].

[28].

e

P
3

K. Tanaka, Y. Fukui, N. Moritake, and H. Uchiki, « Chemical composition dependence of
morphological and optical properties of Cu,ZnSnS4 thin films deposited by sol-gel sulfurization and
Cu2ZnSnS4 thin film solar cell efficiency,” Solar Energy Materials and Solar Cells, vol. 95 (3), 2011,
838-842.

Courel, E. Valencia-Resendiz, F.A. Pulgarin-Agudelo, O. Vigil-Galan, « Determination of minority
carrier diffusion length of sprayed-Cu,ZnSnS; thin films », Solid-State Electronics 118 (2016) 1-3

K. Diwate, K. Mohite, M. Shinde, S. Rondiya, A. Pawbake, A. Date, H. Pathan, S. Jadkar, « Synthesis
and characterization of chemical spray pyrolysed CZTS thin films for solar cell applications », Energy
Procedia 110 (2017) 180 — 187

V. G. Rajeshmon, M. R. R. Menon, C. S. Kartha, and K. P. Vijayakumar, « Effect of copper
concentration and spray rate on the properties CuxZnSnS; thin films deposited using spray pyrolysis »,
J. Anal. Appl. Pyrolysis, 110 (2014) 448—454.

X. Zeng, K. F. Tai, T. Zhang, C. W. J. Ho, X. Chen, A. Huan, T. C. Sum, and L. H. Wong, «
CuyZnSn(S,Se)s kesterite solar cell with 5.1% efficiency using spray pyrolysis of aqueous precursor
solution followed by selenization », Sol. Energy Mater. Sol. Cells, 124 (2014) 55-60.

J. J. Scragg, P. J. Dale, and L. M. Peter, « Synthesis and characterization of Cu,ZnSnS4 absorber layers
by an electrodeposition-annealing route », Thin Solid Films, vol. 517 (7), 2009, pp. 2481-2484.
Jonathan J. Scragg, Dominik M. Berg, et Phillip J. Dale. « A 3.2% efficient Kesterite device from
electrodeposited stacked elemental layers. Journal of Electroanalytical Chemistry », 646 (1-2), 2010,
52-59.

H. Araki et al., « Preparation of Cu;ZnSnSy thin films by sulfurization of stacked metallic layers »,
Thin Solid Films, 517 (4), 2008, 1457-1460.

Sagna, K. Djessas, C. Sene, M. Belaqziz H. Chehouani, O. Briot ¢, M. Moret, « Growth, structure and
optoelectronic characterizations of high quality Cu,ZnSnS; thin films obtained by close spaced vapor
transport », Superlattices and Microstructures 85 (2015) 918-924

Sagna, K. Djessas, C. Sene, K. Medjnoun, S.E. Grillo, « Close spaced vapor transport deposition of
Cu,ZnSnS; thin films: Effect of iodine pressure », Journal of Alloys and Compounds 685 (2016) 699-
704

W. Wang, M.T. Winkler, O. Gunawan, T. Gokmen, T. K. Todorov, Y. Zhu, and D.B. Mitzi. « Device
characteristics of CZTSSe thin-film solar cells with 12.6% efficiency ». Advanced Energy Materials,
4(7), 2014.

S.R. Meher, L. Balakrishnan, Z.C. Alex, « Analysis of Cu,ZnSnS4/CdS based photovoltaic cell: A
numerical simulation approach », Superlattices and Microstructures 100 (2016) 703-722

E.M. Keita*, B. Mbow, M.S. Mane, M.L. Sow, C. Sow, C. Sene, « Theoretical Study of Spectral
Responses of Homojonctions Based on CulnSe; », Journal of Materials Science & Surface Engineering
Vol. 4 (4), 2016, pp 392-399

Journal of Scientific and Engineering Research

136



