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Efficiency enhancement

of CZTSSe solar cells via screening
the absorber layer by examining
of different possible defects

Mehran Minbashi'*, Arash Ghobadi?, Elnaz Yazdani'*,
Amirhossein Ahmadkhan Kordbacheh? & Ali Hajjiah*

This study represents the investigation of earth-abundant and non-toxic CZTSSe absorber materials
in kesterite solar cell by using the Finite Element Method (FEM) with (1) electrical, and (2) optical
approaches. The simulated results have been validated with the experimental results to define
guidelines for boosting the cell performance. For improving the cell efficiency, potential barrier
variations in the front contact, and the effect of different lattice defects in the CZTSSe absorber
layer have been examined. Controlling the defects and the secondary phases of absorber layer have
significant influence on the cell performance improvement. Previous studies have demonstrated that,
synthesis of CZTSSe:Na nanocrystals and controlling the S/(S +Se), Cu/(Zn +Sn), and Zn/Sn ratios
(stoichiometry) have significant effects on the reduction of trap-assisted recombination (Shockley-
Read-Hall recombination model). In this work, a screening-based approach has been employed to
study the cell efficiency over a wide range of defect densities. Two categorized defect types including
benign defects (N; < 10%®cm™3, N, defines trap density) and harmful defects (N; > 10%® cm™3) in the
absorber bandgap in the CZTSSe solar cell, by analyzing their position changes with respect to the
electron Fermi level (E;,) and the Valence Band Maximum positions have been identified. It is realized
that, the harmful defects are the dominant reason for the low efficiency of the kesterite solar cells,
therefore, reducing the number of harmful defects and also total defect densities lead to the power
conversion efficiency record of 19.06%. This increment makes the CZTSSe solar cells as a promising
candidate for industrial and commercial applications.

Thin-film photovoltaic (PV) solar cell, known as one of the great promises and flexible means for renewable
energy science, has attracted tremendous research interests among scientists to develop it with high-efficiency
absorbers to harness the solar energy'~’. Due to the mechanism of the solar cell, the two most essential reasons
for choosing a material as an absorber layer are (1) the capability in absorbing light as much as possible to excite
electrons to higher energy states and (2) the ability to move those excited electrons from the solar cell into an
external circuit. Besides, as an essential point, choosing a non-toxic, environmentally friendly, and air-stable
materials play a crucial role in manufacturing thin-film solar cells®*-°.

In comparison to other photovoltaic solar cells, chalcopyrite Cu(In,Ga)(S,Se), (CIGS) and CdTe solar cells
have attained great power conversion efficiencies (PCEs) of 22.6%"' and 22.1%'>'3, respectively. Toxicity of
Cadmium (Cd) and supply limitations for Indium (In) are barriers for the large-scale production of these solar
cells. Therefore, the need for a non-toxic and earth-abundant material is the most critical standard to ensure
an extensive low-cost PV solar cell development. Kesterite based materials including Cu,ZnSnS, (CZTS),
Cu,ZnSnSe, (CZTSe), and Cu,ZnSn(S,Se), (CZTSSe), emerge as potential replacements for the chalcopyrite
and CdTe absorbers>'*~1¢, Kesterite Cu,ZnSn(S,Se), (CZTSSe) solar cells have been seriously studied owing to
their relatively high power conversion efficiency (PCE) with non-toxic and low-cost earth-abundant constitu-
ent elements. CZTSSe has been recognized as a prospective alternative absorber material due to its controllable

!Department of Physics, Tarbiat Modares University, P.O. Box 14115-175, Tehran, Iran. 2Department of Physics,
Politecnico Di Milano, Piazza Leonardo da Vinci 32, 20133 Milan, Italy. 3Department of Physics, Iran University
of Science and Technology (IUST), P.O. Box 16846-13114, Tehran, Iran. “Department of Electrical Engineering,
College of Engineering and Petroleum, Kuwait University, Safat 13133, Kuwait. *'email: mehran.minbashi@
modares.ac.ir; elnaz.yazdani@modares.ac.ir

Scientific Reports |

(2020) 10:21813 | https://doi.org/10.1038/s41598-020-75686-2 nature research


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-75686-2&domain=pdf

www.nature.com/scientificreports/

bandgap (E,) (1.0 to 1.5 eV) and high absorption coefficient (more than 10* cm™). It should be noted that the
bandgap (E,) of the CZTSSe absorber can be controlled by varying S/(S + Se) ratio from ~ 1.0 eV of Cu,ZnSnSe,
(CZTSe) to~ 1.5 eV of Cu,ZnSnS, (CZTS)-2!. Besides, variation of mixed powder of S/Se not only causes
bandgap variation, but also changes the electron affinity (), absorption coefficient, and series resistance (the
higher series resistance decreases the fill factor)?>**-2%. The last confirmed PCE of 12.6% has been recorded for
CZTSSe-based solar cell by using hydrazine based non-vacuum process', and the PCE of 12.3% has been certi-
fied from vacuum-based process®. Recently, D.H. Son et al. recorded the PCE of 12.62% by studying the effect
of solid-H,S gas reactions on the CZTSSe thin-film*. Cationic disorder and the presence of intrinsic defects are
directly affecting the carrier concentration, electrical conductivity, elemental non-stoichiometry (which leads
to the formation of unwanted defects and defect complexes) and other properties of CZTS, CZTSe, and CZTSSe
films, as well as the performance of PV devices. Intrinsic point defects in kesterite structure may form during
the CZTSSe thin-film/bulk crystal growth including vacancies (Vg,, V7, Vs, and Vi), antisites (Cug,, Znc,,
Cug,,, Sng,, Zngy, and Sny,), and interstitials (Cuy, Zny, Sn;, and S(e);). Besides, the donor and acceptor defects may
attract each other and form defect clusters or complexes (V¢ + Znc,, 2Cug, + Zng,, Zng, +2Znc¢,, 2Cuy, +Sny,,...)
because of their lower formation energy than antisite defects. To restrain high concentration of Cuy, antisite
defects, which is a deep one, CZTSSe films have been developed with Cu-poor and Zn-rich (Cu/(Zn+Sn)=0.8
and Zn/Sn = 1.2) phases. According to the similar ionic size (Cu, Zn=1.35 A) and small chemical difference
between Cu and Zn, the cation disorder is formed with the lowest formation energy. This cation disorder can
induce electrostatic band fluctuation which leads a phenomenon called “V-deficit” which is the key factor that
limits the cell efficiency®>*~*. For resolving this crucial problem, the crystallinity of the absorber layer, which
depends on the annealing temperature, annealing time and sulfurization should be improved because impurity
of crystallinity results shallow and deep defect levels within the bandgap, which is a detrimental effect on the
cell efficiency'”***2 Just like defects, the formation of complex secondary phases like Zn(S,Se) and Cu,Sn(S,Se);
should be prevented because they all lead to structural inhomogeneity, local fluctuations of open-circuit voltage
(Voc), and high recombination of photogenerated carriers in CZTSSe films, which negatively affect the efficiency
of CZTSSe-based solar cells. All secondary phases have detrimental effects on the device performance because
the lower optical bandgap of them reduces the open-circuit voltage (V) and fill factor (FF); while the higher
bandgap may increase the series resistance and reduce the fill factor (FF) and short circuit current (J5¢)*> =47,
Also, a non-Ohmic back contact between the absorber layer and Mo causes high electron-hole recombination,
which leads to notable open-circuit voltage (V) loss, and reduces the cell efficiency? *>*¢. Therefore, (1) improv-
ing the crystallinity of the absorber layer, (2) preventing the formation of secondary phases, and (3) improving
the quality of Mo/CZTSSe interface leads to impurity-free and phase-controlled CZTSSe thin films. These result
an increment in the open-circuit voltage (V) and short-circuit current density (J.), and with all these taken
into account, it would be possible to record a better efficiency for the cell®.

A well-controlled heterojunction interface with fewer defects and secondary phases is an essential point to
enhance the device performance, therefore, we try to take defects and unwanted phases under control by the
simulation to improve the cell PCE. Characteristics of harmful defects can be altered by double cation substitution
which is a feasible strategy to reduce the negative effects of the defects. The effects of double cation substitution
by partially substituting of Cu with Ag and Zn with Cd have been explored on Cu,ZnSnS, (CZTS) devices with
10.1% efficiency by Hadke®. It is shown that in substitution of Cd and Ag, Cd improves the cell performance
by altering the defect characteristics of acceptor states close to the valence band, and Ag reduces non-radiative
bulk recombination®. Recently, in order to reduce cation disorder in CZTSSe, isoelectronic cation substitution
of Cd for Zn* Ba for Zn>**!, Ag for Cu®>**, and Sn with Ge**** have been conducted. The isoelectronic cation
substitution with larger ionic size, mismatching between cations, presents an approach, reducing cationic disorder
with fewer defects leads improved solar cell performance®. To control the absorber defects, some approaches
have been proposed, including: (1) synthesizing CZTSSe:Na nanocrystals™, (2) controlling the S/(S+ Se), Cu/
(Zn+Sn) and Zn/Sn ratios (Control Stoichiometry)?**$*%. Moreover, we propose adding Graphene® and Gra-
phyne to the absorber precursors in order to enhance the conductivity which improves the total mobility and
reduces the defects.

In this study, the device simulations are examined using the Finite Element Method (FEM) in a 2D sym-
metric cylindrical coordinate. The simulated results have been validated with the experimental results to define
guidelines for boosting the cell performance. Also, the cell efficiency has been investigated by studying the
potential barrier effect in front contact and the connected semiconductor layer. In the next step, by identifying
harmful defects in bandgap, we suggest a profitable way for improving the cell performance by analyzing defect
position changes, monitoring the electron Fermi level (Eg,) and the Valence Band Maximum (VBM) positions.

According to the results, the farther position of the defect from the electron Fermi level (E,) records a better
cell efficiency (19.06%, which is remarkable efficiency in comparison with other calculations). Besides, minimiz-
ing defects density causes an improvement in cell performance. Identifying the harmful and benign defects, and
reduction in defect density helps us to record the PCE of 19.06%.

Results and discussion

Cell structure. Based on the experimental model, the solar cell structure has been demonstrated in Fig. 1.
Table S1 (supporting information) represents electrical and optical properties of simulated layers in grading

mode using for the simulation of the CZTSSe-based solar cell. Likewise, the basic data for defect concentra-

tion, the defect properties at the interface of graded CZTSSe/CdS, and for graded absorber layer are available in

Tables S2, S3, and S4 in the supporting document, respectively.
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Figure 1. Schematic image of CZTSSe solar cell layers.

Defects and secondary phases control.
(1) Synthesizing CZTSSe:Na Nanocrystals

The presence of undesirable defects in the absorber layer during the deposition process, and formation of sec-
ondary phases, limit the cell performance by reducing open-circuit voltage (V). Synthesizing CZTSSe:Na
nanocrystals is a method to overcome this problem. In fact, Na ions reduce concentration of deep level recom-
bination, which results enhancement in the carrier concentration and open-circuit voltage (Vc), as well as the
device performance®*’.

(2) Controlling the S/(S+Se), Cu/(Zn + Sn) and Zn/Sn ratios (Control Stoichiometry)

As we mentioned above, the CZTSSe bandgap is controllable by varying S/(S + Se) ratio from ~ 1.0 eV of CZTSe
to~1.5 eV of CZTS. The greater bandgap demonstrates more S/(S + Se) ratio in the film. The graded bandgap
implies that different S/(S + Se) ratios of the absorber are formed by different sulfo-selenization temperatures.
Higher sulfo-selenization temperature leads to more S'”. Moreover, the Cu-poor, Zn-rich, Cu/(Zn + Sn) ~0.80,
and Zn/Sn = 1.20, conditions are desirable for higher device performance. The high concentration of defect clus-
ters or complexes results a notable non stoichiometry, which leads to lower device performance. Sulfurization at
high temperature during the post-deposition helps to control the stoichiometry***¢,

Numerical modeling. In this work, the CZTSSe solar cell has been investigated using the Finite Element
Method (FEM), and validated by the experimental results. The simulation contains (1) electrical, and (2) opti-
cal sections, in a two-dimensional cylindrical coordinate based on charge carrier transport equations. In the
provided structure, there is no nanoparticle, and due to the morphological properties of the absorber, the Beer—
Lambert law has been employed to study the optical properties of the cell. The study of the electrical properties
is divided into three parts, in which two parts are based on the Drift-Diffusion equations describing charge car-
riers with respect to the effect of diffusion and drift carriers, and also recombination rate. Furthermore, the third
part is the electrostatic potential based on the Poisson equation®-%. The generation rate is calculated in optical
part, which is available in the supporting.

Charge carrier transport equations in two-dimensional symmetrical cylindrical coordinate (3D
form with symmetry in the angular direction). The Poisson and charge carrier transport equations
were used for validation of the experimental kesterite solar cell case. Three-dimensional form of these equations
are represented below:

VX KBT
V|=D,Vn+npu,( V® + — + —VInN, | | = g4 r,2,90) = U (1)
q q
Vx VE;, KT
V|—DpVP — pup Vo + 7 + T - TVIHNV = g(/’{, r, 2, (/)) —-U (2)
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Vip = Soqb‘r (n —-p— C) (3)

upKpT

where n and p are concentration of electrons and holes, D,, = LELS LAP | Dy, = are electron and hole dif-
fusion coefficients. 1, and pp are electron and hole mobilities, Kg is the Boltzmann constant, T is temperature g
is electronic charge. & (F = —Vd>1) 5is the electrostatic poterlltsial, X is the electron affinity, E, is the bandgap of the
semiconductor, N, = [%ﬂﬂhz] “and N, = [mvziliﬂhz} " are effective density of states of the conduction and
the valence band, % is the Planck constant,m . and m, are effective mass of states of the conduction and the valence
band. g is the generation rate of charge carriers, A is wavelength, and U is the recombination rate of charge car-
riers. Moreover, €p and &, are vacuum and relative permittivity, C = Np(donordensity) — Ny (acceptordensity)
is the impurity density.

The U equation depicts the sum of Shockley-Read-Hall, radiative, and the Auger recombination terms which
described as:

U = Usry + Upag + Uaug (4)
UsrH> Urad> and Uy define as:

np —n?
Tu(p+pt) + 1p(n+ np)

Uspy =

(5)

Urad = Braad (”P - nlz) (6)

Unug = (C;ln + Cép) (np —n?) )

where 7, and 7, are electron and hole lifetimes, #; and p; are electron and hole concentrations of the tra state.

It should be noted that the strongest Usry occurs whenn; = p; = n;. The nj= [N Ny exp(—qEg/Kp T)] 2is the
intrinsic carrier concentration, B,,4 is the coefficient of bimolecular radiative recombination , and C and C,

are electron and hole Auger coefficients. The Auger and radiative recombination are neglected due to their low
effect on the kesterite cell performance®®. In this study, defect distribution is investigated based on Explicit
Trap Distribution (ETD), which is close to Shockley-Read-Hall (SRH) recombination statistics. The equations
are written as:

Ugrp = q(R, — Rp) (8)
Ry = Z Ca'N/' [n —nfy — %ﬁ’} 9)

Rp =GN [pfi + o' (pr'fi = p1)] (10)

where Ugrp is the ETD recombination rate, R, and R, are recombination rate of electrons and holes, N; is defect
carrier density, gp is degeneracy factor, and C, and Cj, are electron and hole trap probabilities, which can be
derived from following equations:

Cn = (on)vil (1)
Cp = (op)vlf (12)

where (0;) and (o) are electron and hole trap cross sections, vy h and v" are thermal velocity of electrons and
holes, and as we mentioned above, n and p are concentration of electrons and holes, which can be calculated
with the following equations:

(%)

n=yphjege KT (13)
£ bfp)

p= Vp”i,eﬁe< KpT (14)

where y,, and ¥p constants are related to the Maxwell-Boltzmann distribution function, and we assume they are
equal to one (y, =y = 1). Also, Ef,, and Ej, are electron and hole Fermi level energy respectively, and n; ¢ is the
inherent density, which is calculated by:

E
Mief = (NCNV)‘/Zexp<—ﬁ) (15)
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Trap type Trapped species | Occupied charge | Unoccupied charge | N}

Donor trap Electron 0 + NP
Acceptor trap Hole 0 - NA
Neutral electron trap | Electron - 0 N
Neutral hole trap Hole + 0 N?

Table 1. Defect types with respect to i subscript in Egs. (5) and (6)°"%.

Component Cu/(Zn+Sn) |Zn/Sn | Voc (V) | Jsc (mA/cm?) | FF (%) | n (%)
Cu,ZnSn(S,Se),% 0.925 1.0 0.622 15.87 60.0 5.90
Cu,ZnSn(S,Se),*” 0.79 1.11 0.420 30.40 52.70 7.20
Cu,ZnSn(S,Se),% 0.90 1.10 0.497 20.0 54.32 5.40
Cu,ZnSn(S,Se),* 0.80 1.22 0.5627 24.07 60.0 8.13
Cu,ZnSn(S,Se), """ 0.80 1.20 0.516 28.60 65.0 9.66
Cu,ZnSn(S,Se), > 0.80 1.20 0.517 30.80 63.70 10.10
Cu,ZnSn(S,Se) > - 0.4598 34.50 69.80 11.10
Cu,ZnSn(S,Se), (experimental case-this work) 0.80 1.20 0.501 35.34 65.62 11.62

Table 2. reported performance parameters (Ve Jso, FE and 1) of Cu,ZnSn(S,Se), (CZTSSe) based solar cells
with Cu/(Zn + Sn) and Zn/Sn ratios, which described as variable chemical components.

also, subscript “i” in Eq. 5 and Eq. 6, is related to the defect’s charge, which is categorized in the Table 1 below:
It should be noted that, the defect energy difference is calculated by the following equation:

AE; = E; — E; (16)

where E; is the reference energy, based on our assumption, it is E; = E,. (valence band position).
The final changing rate of trapped electrons derived by the following equation:

a n
N = G = = 5] N + g0 oo~ )] a7)
where n; and pj are calculated by:
AE,
m = Yaigge ot as)
AE,
= Vp”i,eﬁe_ﬁ (19)

Experimental validation. We studied the effect of optimization of various parameters for boosting the
cell efficiency. Table 2 represents pervious reported performance parameters of Cu,ZnSn(S,Se), (CZTSSe) based
solar cells with Cu/(Zn + Sn) and Zn/Sn ratios, which have been described as variable chemical components.

Furthermore, optimized parameters have been investigated in the following sections.

At first, for demonstrating the accuracy of simulated results, the comparison between the reported experi-
mental data and the simulated one has been made. CZTSSe solar cell has been simulated using data listed in
Tables S1-S4. The current-voltage characteristics (J-V) of the cell (Fig. 2a) indicates a good agreement between
the experimental and simulation results.

The C-V charge densities (N¢y) in the CZTSSe absorber layers at a temperature of 300 K and a frequency
of 100 kHz has been measured (Fig. 2b). The depletion width (Wy) at V=0 V was 0.149 um for CZTSSe
cell. By fitting the Ny, carrier density and epsilon of the CZTSSe layer have been extracted from experimental
measurement.

Optimization of the potential barrier effect in front contact. Figure 3 indicates the effect of the
potential barrier on performance of the simulated cell, which is derived by:
w0 = WE — XsF (20)

where @p is the potential barrier in the front contact, Wr is the metal work function of the front contact, and
xsF is the electron affinity of the connected semiconductor layer to the front contact. According to Fig. 3, the
lower the value of @po, the higher the open-circuit voltage (V) and the short-circuit current density (Jsc), so
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Figure 2. (a) Current density versus voltage curves for experimental and simulation results. (b) The C-V
charge densities (Ny) in the CZTSSe absorber layer at temperature of 300 K and frequency of 100 kHz.
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Figure 3. Current density versus voltage curves of the cell by optimization the potential barrier effect in front
contact.

the result would be increased in the cell PCE. As one can see in Fig. 4, the better efficiency at ¢y = —0.3 eV
with work function of 4.1 eV is recorded.

Moreover, Fig. 4 depicts the comparison between the electric field (along z component) of the validated and
simulated case, after optimization of the work function. As one can notice, the electric field has been improved
from —1.50x 107 to — 3.64 x 107 (V/m), and this leads to higher open-circuit voltage (V) and short-circuit cur-
rent density (Jsc), as well as the device performance.

Investigation of the cell performance based on the different possible defects and varying
defect densities. The simulated results are based on the existence of possible defects and their energy level.
Table 3 shows the defect position of (a) CZTS, and (b) CZTSe. Since CZTSSe absorber layer is considered based
on the S/(S + Se) ratio, all types of defects could be possible for this layer. (+) and (-) denote donor and acceptor
defects with their charges respectively.
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Figure 4. The electric field along the z component for (a) validated (Ref), and (b) simulated model (optimized
work function).

CZTS CZTSe

Defect Egefect (meV) | Defect Egefece (meV)
Ve (-/0) 30 Ve, (-/0) 40
V. 2-/-) 260 V, (2-/-) 230
Vi (=10) 120 Vi (=/0) 130
Vg, (4-/3-) 900 Vs, (4-/3-) 550
Vg, 3-/2-) 600 Vs, (3-/2-) 400
Ve (2-/-) 370 Ve 2—/-) 260
Vs, (~/0) 180 Vs, (~/0) 170
Cuy, (-/0) 146 Cuy, (-/0) 105
Cug, (3-/2-) 590 Cug, (3-/2-) | 440
Cug, (2-/-) 440 Cug, (2-/-) 300
Cug, (-/0) 210 Cug, (-/0) 170
Zng, (2-/-) 280 Zng, (2-/-) 170
Zng, (-/0) 140 Zng, (=/0) 90
Zng, (0/+) 1390 Zng, (0/+) 920
Sng, (0/+) 1520 Sng, (0/+) 1100
Sng, (+/3+) 380 Sng, (+/3+) 430
Sny, (0/+) 500 Sny, (0/+) 670
Sny, (+/2+) 500 Sny, (+/2+) 550
Cu, (0/+) 1400 Cu (0/+) 940
Zn, (0/+) 1020 Zn; (0/+) 700
Zn; (+/2+) 870 Zn; (+/2+) 680
Vs (0/2+) 760 Vi (0/2+) 350

Table 3. The energy level position of acceptor and donor lattice defects (inside the bandgap with respect to
the VBM positions) for CZTS (left column), and CZTSe (right column) layers based on the Density Functional
Theory (DFT) calculations®.

Moreover, Fig. 5 represents the band diagram of the CZTSSe-based solar cell under the standard source of
illumination AM 1.5 (at the V¢ voltage). According to Fig. 5, by optimizing the value of work function, the
conduction and valence band have been changed, and this enhances the carrier transfer from absorber layer to
back contact, so an increment in open-circuit voltage (Vo) and the cell efficiency has been recorded.

Optimization of defect energy and density. The value of 1.02 eV is the maximum value that the band-
gap could attain as illustrated in Table 3. So, we ought to choose defects energies less than or equal to this value.
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Figure 5. Band diagram of CZTSSe solar cell with optimized value of the work function.
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Figure 6. The effect of the absorber bulk defects positions on the current density versus voltage in range of (a)
0.03 eV to 0.6 eV (acceptor defect), (b) 0.6 eV to 0.9 eV (acceptor defect), (c) 0.35 eV to 0.55 eV (donor defect),
and (d) 0.55 eV to 1.02 eV (donor defect) (the choice of ranges was based on Density Functional Theory (DFT)
calculations®®).

The average value of the electron Fermi level (Eg,) energy is 0.6 eV above the Valence Band Maximum (VBM)
of the absorber layer. The effect of acceptor defects in the absorber layer [in the range of (1) 0.03 eV to 0.6 eV
(Fig. 6a), and (2) 0.6 eV to 0.9 eV (Fig. 6b)] on the current density versus voltage (J-V) has been investigated. As
indicated in Fig. 6a, acceptor defects with energy of E; = 0.03 eV record higher V¢ and J,., which improve the
cell PCE. Therefore, E;, = 0.03 eV is the optimum energy value for the acceptor defect, and we used that as a
defect energy value for simulating our device to find out the optimum value for donor defect energy. Moreover,
the investigation of donor defects positions has been done in range of (1) 0.35 eV to 0.55 eV (Fig. 6¢), and (2)
0.55 €V to 1.02 eV (Fig. 6d). Consequently, we recorded an increment in open-circuit voltage (Vo) and Jsc
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Figure 7. The effect of the absorber bulk defects position on the Current density versus voltage curves in range
of (a) 1.0x 10" cm™ to 1.0x 10'® cm™ (acceptor defect density), and (b) 1.0x 10> cm™ to 1.0x 10" cm™ (donor
defect density) (the choice of ranges was based on Density Functional Theory (DFT) calculations™).

when the donor defect energy is E; gy = 1.02 eV. In a nutshell, we were able to claim that E;, = 0.03 eV and
E; 4 = 1.02 eV are optimum energy values for acceptor and donor defects, respectively.

As the next step, to find the optimum density value, acceptor densities in the range of 1.0x 10'> cm™ to
1.0 10" cm™ and donor defects densities in the range of 1.0 x 10> cm™ to 1.0 x 10'7 cm™ have been investi-
gated. As seen in Fig. 7a, Ny, = 10!2 cm™ (acceptor defect density) with higher short-circuit current density
(Jso)> and open-circuit voltage (V) is the best density value for the acceptor density. Hence, we have simulated
the device with Ny, = 10'? cm™ as an optimum defects density value to find the optimum density for donor
defects. So, based on our calculations, N; 4 = 10'? cm™ (donor defect density) is the optimum carrier density
of donor defects (Fig. 7b). Subsequently, we can assert that Ny, = N, 4 = 10'2 cm™3 are optimum parameters
for acceptor and donor defects. Thus, by having optimized values of energies and carrier densities of defects, we
are able to simulate a CZTSSe solar cell with higher efficiency (19.06%) than previous works. Also, in Table 4
we present harmful and benign defects for the device performance. As a critical point, closer defects to the elec-
tron Fermi level (Eg,) position or ~ Eg/2 (related equations are available in Part S2 in supplementary) cause the
absorber electrical conductivity deterioration, which increases the recombination rate, and reduces the open-
circuit voltage (Vo ), short-circuit current density (J,.) and PCE. Also, the increment of acceptor and donor
defect densities increases the possibility of electron-trapping in the bandgap, and this leads to a reduction in the
absorber electrical conductivity and PCE.

Figure 8 represents the final optimized J-V characteristics of the cell in comparison with the experimental
data. Obviously, this comparison indicates that the simulation results are in good agreement with experimental
data, as it shows an impressive increment in the cell performance.

Investigation of the device performance according to the recombination rate distribution. 1t
is a crucial point to reduce recombination rate for enhancing the cell performance. So, Fig. 9 illustrates the
optimized defect energy and density values along the z-component. As shown in Fig. 9, we introduce a 2-D
coordinate system, where the x-component depicts optimized defect energy, and the y-component demonstrates
optimized defect density. The (None) value shows the recombination rate without the optimization of the defect
energy and the defect density. Optimizing the acceptor defect energy (E; ) with non-optimized acceptor defect
density (Ny,q4), causes lower recombination rate than the previous part in (None) mode. The next step for reduc-
ing the recombination rate is optimizing E; ;andE; 5 without the optimization of the N 4. Also, optimization of
E; qandE,; g with N, reduces the recombination rate, but the best device performance has been recorded when
we optimized the E; ;andE; 4, and the N; ;andN; 4, which shows a dramatic reduction in the recombination rate
with the applied voltage of 0.9 V.
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Defects Effect on the cell performance in
in CZTS in CZTSe Approximate E, (eV) | N; < 10'¢
Ve, (-/0) Ve, (-/0) 0.030 Benign
Vz, (=/0), Cug, (=/0), Zng, (-/0) | V, (=/0), Cug, (-/0), Zng, (-/0) 0.10 Benign
Vg, (=/0), Cug, (—/0) V2, ((2-/-), Cug, (=/0), Zng, (2-/-) |0.20 Benign
V. (2-/-), Zng, (2-/-) Vs, (2—/-), Cug, (2—/-) 0.30 Harmful
Vs, (2-/-) Vs (0/2+) 0.35 Harmful
Sncy, (+/3+) Vs, (3-/2-) 0.40 Harmful
Cug, 2-/-) Cug, (3—/2-), Sn¢, (+/3+) 0.45 Harmful
Sny, (0/+), Sny, (+/2+) - 0.50 Harmful
- Vs, (4-/3-), Sng, (+/2+4) 0.55 Harmful
Vg, (3-/2-), Cug, (3-/2-) - 0.60 Harmful
- Sny, (0/+) 0.65 Harmful
- Zn; (0/+), Zn; (+/2+) 0.70 Harmful
Vs (0/2+) - 0.75 Harmful
- - 0.80 Harmful
Zn; (+/2+) - 0.85 Harmful
Ve, (4=13-), Zn, (+/2+) Zng, (0/+) 0.90 Benign

- Cu; (0/+) 0.95 Benign
Zn,; (0/+) Sng, (0/+) 1.020 Benign

Table 4. Harmful and benign defects based on their influence on the cell performance.
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Figure 8. Optimized J-V characteristics of the cell in comparison with the experimental data.

Characterization harmful and benign defects (based on their effects on the cell efficiency). Al
of the defects have been formed in the CZTSSe layer are not harmful, and there are benign defects in the CZTSSe
absorber layer, and recognition of harmful or benign defects is based on their influence on the cell performance.
Benign defects reduce carrier recombination on the grain boundary by their segregation. For example, Zng, (as
a benign defect) provides deep levels in the CZTSSe absorber by breaking or weakening bonds, and also create
barrier for holes and easy transport of electrons through the grain boundaries®*’>”3. Our evaluation for harmful
and benign defects was based on the investigation of available defects in CZTS and CZTSe, and their energy E,
(eV) with respect to the Valence Band Maximum (VBM) of the absorber layer. According to the Table 4, benign
defects have no negative effect on the cell performance, in contradict, harmful defects cause the cell PCE dete-
rioration. As a crucial point, defects with density (N¢) higher than 10'¢ (1/cm?) are harmful for the cell efficiency,
even if they are far from the electron Fermi level (Eg,) energy. It should be noted that, defects with the position
higher than the Conduction Band Minimum (CBM) are not considered because they are meaningless (Znc,
(0/+), Sng, (0/+), Cu; (0/+)).

Conclusion

Controlling the defects and secondary phases of CZTSSe absorber layer have significant influence on the in
kesterite solar cell performance improvement. Previous studies have demonstrated that, synthesis of CZTSSe:Na
nanocrystals and controlling the S/(S+ Se), Cu/(Zn + Sn), and Zn/Sn ratios (Stoichiometry) have a significant
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Figure 9. The recombination rate of distribution (1/m?x ) for different cases (optimized Eta,d, Nta,d and non-
optimized).

effect on the reduction of trap-assisted recombination (Shockley-Read-Hall recombination model). Moreover,
adding Graphene and Graphyne to the absorber precursors in order to enhance the conductivity might also
improve the total mobility and reduces the recombination. In this paper, the CZTSSe absorber materials in
kesterite solar cell by using the Finite Element Method (FEM) with (1) electrical, and (2) optical approaches has
been investigated and simulation outcomes have been validated by the experimental data. We first optimized
the potential barrier effect in the front contact and the connected semiconductor layer. It is found that the
lower the value of gy = —0.3 eV leads the higher the open-circuit voltage (Vo) and PCE. In the next step, a
screening-based approach has been employed to study the cell efficiency over a wide range of defect densities.
Two categorized defect types including benign defects (N; < 10'® cm™3, N, defines trap density) and harmful
defects (N; > 10'® cm™) in the absorber bandgap in the CZTSSe solar cell, by analyzing their position changes
with respect to the electron Fermi level (Eg,) and the Valence Band Maximum (VBM) positions have been rec-
ognized. The optimum values of E; ;=0.03 eV, E; ;=1.02 eV and N;; = Ny g = 102 cm™ for accepter and donor
have been obtained, respectively. Optimization of potential barrier effect in front contact (¢pp), classifying the
harmful and benign defects, and reduction in defects densities helps us to record the PCE of 19.06%, which
is a remarkable increment in comparison with other results and makes the CZTSSe solar cells as a promising
candidate for industrial and commercial applications.

Methods

The precursor metal films have been deposited on a Soda Lime Glass (SLG) substrate, which has been coated
with a 600 nm-thick Mo. Zn and Sn layers have been consecutively deposited by co-sputtering with the Cu layer.
It should be noted that a single layer of Cu was finally deposited to control the Cu composition. Cu/Cu-Sn/
Cu-Zn/Mo/Glass is the stack structure of the deposited precursor. The layers were deposited under sputtering
powers of 150 W, 300 W, and 300 W for the Cu, Zn and Sn targets, respectively, at a working pressure of 1 mTorr
at Ar atmosphere. It is worth mentioning that, the metal precursors were reacted and annealed in a furnace. The
CZTSSe absorption layer was synthesized through a sulfo-selenization process and heat-treated in a Se Shot and
Ar/H2S gas atmosphere. Also, 480 °C was the final temperature of the heat treatment, and lasted for 10 min.
Cu2ZnSn(S,Se), (CZTSSe) absorber layer was coated with a 50 nm CdS buffer layer by chemical bath deposition
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to fabricate the solar cell,. Afterward, a 50 nm intrinsic ZnO (ZnO(i)) layer and a 300 nm Al-doped ZnO (AZO
(ZnO:Al)) layer were deposited by RF sputtering. At last, a 2 pm Al grid, and a 110 nm MgF, were deposited by
the e-beam evaporator. It should be noted that, the MgF, layer was deposited as an antireflection coating layer.
Figure S1 in the supporting file illustrates the cross section FESEM image of the cell. It should be noted that,
the substrate temperature and deposition time play a crucial role in determining the quality and composition of
kesterite films. The current-voltage characteristics were measured under a simulated air mass 1.5 global (AM 1.5
G) spectrum in an illumination of 100 mW/cm? (1 sun) using a solar simulator (Newport Co., model 94022A).
The grading composition of S/S + Se ratio has been shown in Figure S3.

Data availability
The data that support the findings of this study are available from the corresponding author (M.M. and E.Y.),
upon reasonable request.
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