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The traditional CdS buffer layers in flexible CZTSSe solar cells lead to light absorption losses and environmental
pollution problems. Therefore, the study of Cd-free buffer layer is very important for the realization of environmentally
friendly and efficient CZTSSe solar cells. The Zn;_,Mg,O (ZnMgO) and Zn;_,Sn,O (ZnSnO) alternate buffer layers
are studied in this study using the simulation package solar cell capacitance simulator (SCAPS-1D) numerical simulation
model, and the theoretical analysis is further verified by the results of the experiments. We simulate the performance of
CZTSSe/ZnXO (X = Mg/Sn) heterojunction devices with different Mg/(Zn+Mg) and Sn/(Zn+Sn) ratios and analyze the
intrinsic mechanism of the effect of conduction band offsets (CBO) on the device performance. The simulation results show
that the CZTSSe/ZnXO (X = Mg/Sn) devices achieve optimal performance with a small “spike” band or “flat” band at Mg
and Sn doping concentrations of 0.1 and 0.2, respectively. To investigate the potential of ZngoMgp 1O and Zng gSng 20
as alternative buffer layers, carrier concentrations and thicknesses are analyzed. The simulation demonstrates that the
Zngo9Mgp.1O device with low carrier concentration has a high resistivity, serious carrier recombination, and a greater
impact on performance from thickness variation. Numerical simulations and experimental results show the potential of the
ZnSnO buffer layer as an alternative to toxic CdS, and the ZnMgO layer has the limitation as a substitute buffer layer. This
paper provides the theoretical basis and experimental proof for further searching for a suitable flexible CZTSSe Cd-free

buffer layer.
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1. Introduction

Kesterite CuyZnSn(S, Se)4 (CZTSSe) solar cells have the
potential to replace Cu(In, Ga)(S, Se), (CIGSSe) solar cells
owing to their environmentally friendly, earth-abundant, and
less-toxic constituent elements.!!! CZTSSe thin-film shows p-
type conductivity, high light absorption coefficients of approx-
imately 10* cm~!, and direct bandgaps of 1.0 eV-1.5 eV. Cur-
rently, the buffer layer in a high-efficiency CZTSSe device
is usually CdS with the highest efficiency up to 13%.?! The
CdS layer prepared by the chemical bath deposition (CBD)
method can prevent damage to the CZTSSe layer caused by
the sputtering deposition method, and Cd** incorporation into
CZTSSe can greatly reduce the surface defects of the CZTSSe
layer, improving the device efficiency. However, CdS buffer
layers will not be conducive to long-term commercial devel-
opment due to the toxicity of Cd and the hazardous waste
generated during the preparation process. And the CdS layer
with a 2.4-eV bandgap can cause optical absorption loss in

the short wavelength, influencing the light utilization of the
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CZTSSe layer and the short-circuit current density (Js.) of the
device. ¥ To replace the toxic CdS buffer, several researchers
are investigating Cd-free CZTSSe solar cells with high effi-
ciencies, such as InyS3, Zn0O,P! Zn (O, S),[6] Zn;_Mg,O
(ZnMgO),m and Zn;_,Sn, 0O, (ZnSnO). 8

When searching for new alternative Cd-free buffer layer
materials, the focus should first be on the energy band align-
ment between the absorber layer and the buffer layer. The
conduction band offset (CBO) between the CZTSSe absorber
and the buffer layer has profound effects on the transport and
collection of carriers. Among those buffers, we choose the
ZnMgO or ZnSnO buffer layer with a wide bandgap and tun-
able bandgaps, which has the advantages of alleviating the
short-wavelength optical loss and environmental protection
of the elements, especially, the CBO of the heterojunction
interface can be controlled by adjusting the element doping
ratio.[*>1%1 ZnMgO and ZnSnO are ternary alloys formed by
ZnO with metal oxides MgO and SnO, respectively, which
may be important buffer layer candidates in CZTSSe solar
cells. Liu er al.!'!l investigated the electronic structure char-
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acteristics of Zn;_,Mg,O alloys with different Mg compo-
nents, and it is found that the band gaps in Zn;_,Mg,O in-
crease with increasing Mg composition, and the conduction
band arrangement and Fermi level position are related to the
Mg concentration. For Zn;_,Sn,O,, materials, Guo et al. con-
firmed that as the Sn concentration increases, the band gap
of the material changes significantly, and the O 2p orbital
(valence band) and Zn 3d, 4s, and 4p (conduction band) or-
bitals are affected simultaneously.!'”) According to these re-
ports, ZnMgO and ZnSnO can control the interfacial CBO
by regulating the Mg/(Zn+Mg) and Sn/(Zn+Sn) ratios. Sev-
eral experimental studies have confirmed the feasibility of re-
placing the traditional CdS layer with the ZnMgO and Zn-
SnO layers. Hironiwa et al. fabricated CZTSSe/ZnMgO solar
cell on Mo/SLG substrates with an efficiency of 2.76%.[7-13]
Kim et al. reported over 11% efficiency for CZTSSe/ Zn-
SnO heterojunction cells fabricated by sputtering on Mo/SLG
substrates. 8] There are few reports on flexible cadmium-free
CZTSSe solar cells using Mo foil substrates. Our group fo-
cuses on the study of Mo-foil-based flexible CZTSSe solar
cells. Flexible solar cells have attracted wide attention because
of their ability to achieve photovoltaic building integration and
wearable functions.

For the exploration and research of solar cells, numeri-
cal simulation is one of the methods for planning and design-
ing high-performance solar cells. In our work, the SCAPS-
1D software is used to simulate the photovoltaic performance
of solar cell structure Mo/CZTSSe/ZnMgO or (ZnSnO)/i-
ZnO/ITO/Ag. Different concentrations of Mg or Sn doped
into ZnO are investigated to form a more favorable energy
band matching for optimal solar cell performance. The simu-
lation results show that the Zn;_Mg,O and Zn;_,Sn,O, lay-
ers achieve the best device efficiencies at doping concentra-
tions (x) 0.1 and 0.2, respectively. However, the efficiency
of CZTSSe/Znp.9Mg 10 and CZTSSe/Zny gSng 0O devices is
quite different. Based on the simulation results, we also study
the effects of the thickness and carrier concentration of the
Cd-free buffer layers on the solar cell performance and further
analyze the physical mechanism of CBO between the buffer
layer and the CZTSSe absorber affecting the carrier transmis-
sion. Finally, the solar cell structure is optimized and designed
by numerical simulations, flexible CZTSSe/Zng9Mgp.1O and
CZTSSe/Znp3Snp,0O heterojunction solar cells are experi-
mentally fabricated with the optimal doping ratio, and the
related tests and characterizations are performed. The dop-
ing of Mg reduces the carrier concentration and mobility of
the ZnMgO buffer layer and increases the resistivity, which,
as demonstrated by numerical simulations, are experimen-
tally confirmed. As a result, the electrical conductivity of
the ZnMgO layer needs to be further adjusted. Some liter-
ature reported!®>'#! that ZnMgO is doped with group III ele-

ments such as Al, Ga, or In to achieve high electrical con-
ductivity. In this study, the use of a sputtering ZnSnO layer as
promising buffer layer for CZTSSe-based solar cells is demon-
strated. This work provides theoretical guidance for the de-
sign and fabrication of energy-efficient CZTSSe/ZnMgO and
CZTSSe/ZnSnO heterojunction solar cells.

2. Theoretical model and experimental details
2.1. Numerical simulation and device structure

In this paper, the one-dimensional (1D) numerical simu-
lation package solar cell capacitance simulator (SCAPS-1D)
is mainly used to explore the effect of carrier properties and
interfacial energy band alignment on CZTSSe/buffer hetero-
junction, which is crucial to solar cell performance. SCAPS-
1D is developed by Ghent University in Belgium and is widely
used to simulate solar cell devices.!!>~!7l SCAPS-1D is one of
the numerical methods used to simulate solar cells by varying
electronic parameters, cell structure, efc. to predict the effect
of parameter changes on solar cell performance. The software
analyzes the electrical parameters of thin film solar cells by
solving Poisson’s equation, the electron continuity equation,
and the hole-continuity equation at a steady state.!!8] These
equations are considered to be some of the fundamental semi-
conductor equations. Poisson’s equation is expressed as

d? q
@(p(x) T ge

(p(x) =n(x)+Np —Na+pp—pn). (D)

In this equation, @ is electric potential, g is the electronic
charge, & equals vacuum permittivity, & stand for relative per-
mittivity, n and p are electron and hole densities, Np and Na
represent the density of ionized donors and acceptors, p, and
Pp stand for electron and hole distributions. Continuity equa-
tions for electron and hole are expressed as follows:

d on(x)  dpn
ajn(x)_q ot —q ot —G(x)—R(x), (2)
d Iplx) _ dnp _

—Jp(x) — G(x) —R(x). 3
L) —a—5 = —4—="=G(x) —R(x) 3)
The parameters J,, and Jj, are electron and hole current densi-
ties, G is generation rate, and R stands for recombination rate.
The drift and diffusion equations for electrons and holes are

represented by
dn
Jn = ‘]Dna +qunnE, )
dn
Jp= qua +qu,pE. o)

In these equations, E is an electric field, u stands for mobility,
and D is diffusivity. Equations (4) and (5) are used to describe
the carrier recombination mechanisms, electric field distribu-

tion, carrier transport mechanism, etc.
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After solving Egs. (1)-(5) above, it is possible to obtain
the main parameters of the solar cell, such as open circuit volt-
age (Voc), short circuit current (Jy), fill factor (FF), and the
power conversion efficiency (PCE). It is also possible to sim-
ulate four different measurements: /-V, C-V, C—F, and EQE.

Figure 1 visualizes the solar cell structure of the
Mo/CZTSSe/buffer layer (ZnMgO, ZnSnO)/ZnO/ITO/Ag and
its band diagram as reported in the article.!'”] All materials in
this study are set to the uniform band gap. The work func-
tion is set to 4.5 and 5.0 for the front contact point (Ag) and
the back contact point (Mo), respectively.!?>>!1 The relevant
parameters used to perform our computations are listed in Ta-
ble 1, and most input parameters for the simulations are mainly
collected from relevant theories, literature, or estimated in a
reasonable range, etc.!??! This numerical simulation uses the
solar illumination spectrum AM 1.5 and the working tempera-
ture is set to 300 K. All numerical simulation for this work uses
a surface recombination velocity of 107 cm/s. We have taken
ZnMgO and ZnSnO materials as alternative buffer layers and
investigated the effect of the buffer layer band gap, thickness,

and carrier concentration on the performance of solar cells.
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Fig. 1. (a) The structure of CZTSSe-based thin-film solar cell with a
ZnO-based buffer layer. (b) Diagram band structure of CZTSSe/ZnO-
based heterojunction.

Table 1. Simulation parameters for the models of CZTSSe/ZnMgO and CZTSSe/ZnSnO solar cells.

Buffer layer
Parameters CZTSSe ZnMgO ZnSnO ZnO ITO
Layer thickness (nm) 1500 30-100 30-100 80 2500331
Layer band-gap (eV) 1.1 3.37-4.0 3.37-22 3.37 3.6133:341
Electrons affinity (eV) 4.1 44-37 4445 441201 4584
Dielectric permittivity 13.61201 9Bl 9136l 9 8.91331
Electron mobility (cm?/V-s) 100 10-200 10-200 100 100
Hole mobility (cm?/V-s) 25 2031 408371 250201 25
Acceptor concentration (cm™3) 1x1015120] 0 0 0
Donor concentration (cm ) 0 1x1015-18 1x1017-20 1x 101813038 1x 1020033
Effective density of states in
conduction band (cm~3) 2.2x10'8 5.5x10'81181 2.8x10!81181 3.6x 1081181 5.2x10'8133
Effective density of states in
valence band (cm~3) 1.8x10" 1.1x 10118 1.1x 10118 1.1x 101018 1.0x 10181331
Defect density (cm™3) 1.35x 10151381 1x10'8 1x101 1x10170381 1x10"7
2.2. Experimental details homogeneous and clarified CZTSSe precursor solution. The
P g P
2.2.1. Flexible device fabrication prepared precursor solution is repeatedly spin-coated onto a
flexible Mo foil substrate and pre-annealed to form a CZTSSe
Flexible solar cells with the structure Mo

foil/CZTSSe/ZnMgO/ITO or Mo foil/CZTSSe/ZnSnO/ITO
(as shown in Fig. S1) are fabricated. The monomers Cu, Zn,
Sn, S, and Se were added to a mixture of ethylenediamine
(C,HgN») and 1, 2-ethylenedithiol (C;HgS,) in a certain pro-
portion. The precursor solution of CZTSSe was heated and
stirred in a heating set at 68 °C and 700 r-min~! for 90 min
until it was completely dissolved, the stabilizer solution was

added, and the heating was continued for 30 min to form a

prefabricated layer. Then, the treated samples are selenised
by rapid thermal processing. A protective gas is continu-
ously passed throughout the selenisation process to produce
CZTSSe films. The ZnMgO and ZnSnO buffer layers are
prepared by magnetron sputtering. The ITO film (260 nm) is
prepared by radio frequency (RF) magnetron sputtering with
a sputtering power of 40 W. Finally, the Ag collection grid
(~ 600 nm) is deposited by the thermal evaporation method.
The active area for solar cells is 0.21 cm?.
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2.2.2. ZnMg0O and ZnSnO film deposition

ZnMgO or ZnSnO layers are deposited on CZTSSe
absorbers as buffer layers. In the sputtering system, the
back pressure (BP) is below 1 x 1073 Pa, while the work-
ing pressure (WP) is kept constant at 2 Pa. The ZnMgO
films are prepared using a 2-inch (1 inch=2.54 cm) (ZnO:
MgO =90:10 at.%) target (99.99%) sputtered in an atmo-
sphere of argon, and ion beam power of 50 W. The ZnSnO lay-
ers are prepared using 2-inch Sn (99.99%) and ZnO (99.99%)
targets. The sputtering power of Sn and ZnO is 5 W and 50 W,
respectively. The thickness of buffer layer is controlled to be
about 100 nm by adjusting the deposition time (as shown in
Fig. S2). The films deposited with buffer layer are annealed at
200 °C under air atmosphere. The schematic diagram of the
method for preparing ZnMgO and ZnSnO film are shown in
Fig. S3.

2.2.3. Characterizations

The scanning electron microscope (SEM) images are car-
ried out using an Nova Nano SEM 450 with an energy disper-
sive x-ray (EDX) analyzer. The current density—voltage (J-V)
curve is measured using a Keithley 2400 source meter under
AM 1.5-G spectrum (100 mW/cm?). The EQE is recorded
on a QTest Starion5S00AD system ranging from 300 nm to
1350 nm. The C-V characteristics (keithley4200) are mea-
sured by using 50 mV and 100-kHz AC excitation source
with a DC bias from —1.0 V to 0.4 V. The electrochemi-
cal impedance spectroscopy (EIS) spectra are measured by an
electrochemical workstation (Bio-Logic SAS, VPS) at the fre-
quency ranging from 1 Hz to 1 MHz. A system consisting
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of 530-nm monochromatic light, a function generator, and an
oscilloscope is used to measure transient photovoltage (TPV)
and transient photocurrent (TPC).

3. Results and discussion

3.1. Effect of the buffer layers band gap on CZTSSe solar
cell performance

ZnMgO and ZnSnO have attracted attention because
of their potential to control the CBO by varying the
Mg/(Zn+Mg) and Sn/(Zn+Sn). >3] In this modeling study, we
have investigated the effect of different doping concentrations
of ZnMgO and ZnSnO on the performance of CZTSSe solar
cells. ZnO doping with Mg or Sn elements can change the po-
sition of the conductive bands and valence bands, resulting in
favorable conduction band offsets (CBO) at the heterojunction
interface. The appropriate alignment of the p-type CZTSSe
conduction band edge with the n-type buffer layer is one of
the main strategies to enhance device performance.

Figure 2 shows the trend of Vi, Js, FF, and PCE of
CZTSSe/ZnMgO heterojunction solar cells as the Mg dop-
ing concentration varies from O to 0.175. For the Zn;_,Mg,O
buffer layer, the bandgap can be expressed as a function of x

by the following equation:!®!

(6)

EZm-MeO _ XEY' €O + (1 —x)EL™ — b(1 —x)x,

where Ey'®” and EZ"© are the bandgap of ZnO (3.37 eV) and
MgO (7.8 eV) respectively, and b = 1.06 is commonly known
as the gap bowing parameter.
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Fig. 2. (a)—(d) Influence of the Mg concentration on the performance of CZTSSe/Zn;_,Mg,O heterojunction.
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Fig. 3. (a)—(d) Influence of the Sn concentration on the performance of CZTSSe/Zn;_,Sn,O heterojunction.

When the doping concentration of the ZnMgO buffer
layer is in the range from 0 to 0.175, the band gap varies
from 3.37 eV to 4.0 eV. These simulations show that the best
performance of the CZTSSe/Zn;_,Mg,O heterojunction can
be achieved when the Mg doping concentration is 0.1, the
Voe, Jse, and FF are 461 mV, 30.25 mA/cm?, and 64.09%,
respectively, and the conversion efficiency reaches the max-
imum 8.93%. For the CZTSSe/ZnSnO heterojunction struc-
ture, the Sn doping concentrations are chosen to be 0, 0.13,
0.18, 0.2, 0.31, and 1.0 according to the ZnSnO experimental
data reported by Saadat et al.'>»?>! The device performance
of the CZTSSe/ZnSnO heterojunction reaches a maximum at
x = 0.2. The results are shown in Fig. 3. The best solar cell
performance is obtained when the Sn doping concentration
reaches 0.2, with an efficiency of 11.3% (V,, of 476 mV, Jy of
34.72 mA/em?, and FF of 68.38%).

From the numerical simulation results, the improved effi-
ciency of the CZTSSe/ZnMgO and CZTSSe/ZnSnO devices
While

the improvement in V,. and Ji. can be attributed to the

is mainly attributed to the improved V. and J.

suppression of recombination at the CZTSSe/ZnMgO and
CZTSSe/ZnSnO heterojunction interface by the appropriate
energy band alignment. Furthermore, It is observed that
the J of ZnggSng,0 (34.72 mA/cm?) is superior to that
of ZnpoMgp 10 (30.25 mA/cm?) because the reduction of
Zng gSng O interfacial recombination can significantly im-
prove the EQE, especially in the short wavelength ranging

from 400 nm to 1000 nm (see Fig. S3). This phenomenon

is also confirmed in the experimental section. As can be ob-
served in Figs. 2 and 3, when the doping concentration of
ZnMgO and ZnSnO increases, the efficiency of CZTSSe so-
lar cells increases first and then decreases. This indicates
that the CZTSSe/ZnMgO and CZTSSe/ZnSnO heterojunc-
tion devices can achieve optimum performance by varying the
Mg/(Zn+Mg) and Sn/(Zn+Sn) ratios. Next, we will explain
the changing trend of CZTSSe solar cell performance with the
band gap of ZnMgO and ZnSnO from the perspective of en-
ergy band alignment.

To understand the effect of the conduction band offsets
(CBO) on solar cell performance, in the SCAPS-1D software,
we choose the “electron affinity rule” (Schottky limit) to di-
rectly reflect energy band alignment. %! The “electron affinity
rule” is a way of aligning the bulk model of a semiconductor
according to the distance x (affinity energy) between the con-
duction band and the vacuum level of the semiconductor. The
model does not take into account Fermi level pinning (which
tends to decrease the CBO) and chemical interdiffusion (which
tends to increase the CBO).[20] Equation (7) is a calculation of
the “ideal” interfacial energy band bias without consideration
of Fermi level pinning and interfacial polarization

CBO = (xa— 9cNL.a) — (X — PonLp)
—S(@cNLp — PeNLa) s 7

where X, and ¥, are the electron affinity of absorber and buffer
layer, ¢cni,a and @conr b are the charge neutrality level of ab-
sorber and buffer layer, The dimensionless screening parame-
ter S is a bulk property of the wider bandgap semiconductor. In
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Eq. (7) S =1 for the electron affinity rule, it can be simplified
to the following equation:

CBO = xczTsse — Xbuffer- (8

To further analyze the intrinsic causes and mechanisms of
the effect of CBO on the performance of CZTSSe devices, we
plot the interface band diagrams of (a) CZTSSe/ZnO (x = 0),
(b) CZTSSC/ZD().gMgQ,lo, and (C) CZTSSe/ Zno,gstgo.nsO
heterojunction, as shown in Fig. 4. As the doping concentra-
tion of Mg is increased from O to 0.1, the energy band align-
ment at the CZTSSe/buffer heterojunction interface changes
from the “cliff”’-type to the more favorable “spike”-type. How-
ever, when Mg element content further increases up to 0.175,

there is a large spike at the heterojunction interface, as shown
in Fig. 4(c), which is like an electron barrier to impede the
carrier transport. Figure 5 shows the different types of en-
ergy band alignment formed by the CZTSSe absorption layer
with ZnO (x = 0), ZnSnO (x = 0.2), and SnO buffer layers
at the interface, respectively. When the Sn doping concentra-
tion (x) increases from O to 0.2, the energy band alignment
changes from a “cliff” type to a flat “spike” type band inter-
face. The “spike” type band is more conducive to carrier trans-
port than the “cliff”’-like energy band alignment. Figure 5(c)
shows the formation of an oversized “cliff” type CBO at the
CZTSSe/SnO interface, which reduces the cell performance
from 11.3% to 9.3%.
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Fig. 4. Band diagrams of CZTSSe with (a) ZnO (x = 0); (b) ZnMgO (x = 0.10); (c) ZnMgO (x = 0.175).
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Fig. 5. Band diagrams of CZTSSe with (a) ZnO (x = 0); (b) ZnSnO (x = 0.20); (c) SnO buffer layer.

Band alignment at CZTSSe/buffer interface has a pro-
found effect on the performance of solar cells. The con-
duction band offset at the heterojunction interface can be di-
vided into two types: cliff-like and spike-like band align-
ments. From the analysis of Figs. 4 and 5, we can note that
the CZTSSe/buffer (ZnO or SnO) shows the “cliff”’-like en-
ergy level alignment because the conduction band minimum
of the CZTSSe absorber is more than that of the buffer layer.
Therefore, the activation energy of interface recombination
(Ea) is lower than the band gap of CZTSSe and leads to the
interface recombination dominant path.>3! The occurrence of
interface recombination results in poor overall device perfor-
mance as shown in Fig. 2 (x = 0) and Fig. 3 (x =0, 1). As
CZTSSe solar cells feature numerous defect states at the in-

terface, particularly deep defect states. After charge separa-

tion under forwarding bias, electrons and holes build up and
cause severe charge recombination through deep energy level
defects at the heterojunction interface with a cliff-like type.
The better band alignment in Fig. 4(b) CZTSSe/Zng 9Mgp 10
and Fig. 5(b) CZTSSe/Zng gSnp 0 interface shows a small
spike-like CBO (+0.05 eV) or an almost “flat” spike band
favorable to minority carrier transport and collection. This
is why Fig. 2 Zn;_,Mg,O (x = 0.1) and Fig. 3 Zn;_,Sn, O
(x = 0.2) achieve the best device efficiency. When the spike
structure is formed at the interface, the interface level structure
can further create a slight barrier to prevent interface recom-
bination. However, when the spiky conduction band offset ex-
ceeds a suitable range (0 eV-0.3 eV), it will create a substan-
tial obstacle to blocking electron transport. The results con-
firm that the band conduction offset of CZTSSe/Zn;_,Mg, O
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and CZTSSe/Zn;_,Sn,O can be controlled by varying the
Mg/(Zn+Mg) and Sn/(Zn-+Sn). Energy band alignment at the
heterojunction interface is a key factor when selecting materi-
als to replace toxic CdS buffer layers.

On the other hand, it is observed from Figs. 4 and 5 that
the difference in device performance between the Zn;_,Mg,O
and Zn;_,Sn,O as buffer layers is great, although the doping
concentration of the two is at the optimal values x = 0.1 and
0.2, respectively. This suggests that in addition to focusing
on the energy band alignment of the interface, other factors
should also be considered when selecting a suitable cadmium-
free buffer layer. The following simulation will investigate the
effect of carrier concentration and thickness of ZngoMgg ;O
and Zng gSng 70O layers on device performance.

3.2. Effect of buffer layer carrier concentration and thick-
ness on CZTSSe solar cell performance
The heterojunction interface formed by the buffer and the
absorber layers plays a crucial role in the collection and trans-
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port of photogenerated charge carriers, so the buffer layer car-
rier concentration and thickness that affect the interface per-
formance are important parameters. The carrier concentration
and thickness of the ZngoMgp ;O buffer layer vary between
10" ¢cm~3 and 10'® cm™3 and 30 nm—150 nm respectively,
then, so the efficiency of the CZTSSe/Zng oMgy. ;O solar cells
varies from 3.04% to 11.18%, as shown in Fig. 6. It is ob-
served from Fig. 6 that Ji., FF, and PCE are almost indepen-
dent of the buffer thickness when the carrier concentration is

more than 10'7 ¢m—3

. However, when the concentration of
ZnyoMg 1O carrier is less than 106 cm—3, the performance
of the device decreases with the increasing thickness of the
Znp 9Mgy 1 O buffer layer rises.

Therefore, choosing a proper buffer layer thickness can
improve the deterioration of cell performance. When the car-
rier concentration is less than 101 cm™3, the resistivity of the
Znp9Mgp 10 layer increases, thus the thicker thickness will

further reduce the performance of the device.
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Fig. 6. Contour plot of the effect of the thickness and carrier concentration of the ZnMgO buffer layer on the performance parameters of

CZTSSe solar cells.

Figure 7 investigates the effect of the carrier concentra-
tion and thickness of the Zng gSng O layer on device perfor-
mance. The carrier concentration and thickness of the ZnSnO
buffer layer vary from 10'7 cm™3 to 10 cm™3 and 30 nm to
150 nm, respectively. It is observed that the solar cell perfor-
mance deteriorate seriously when the carrier concentration is
less than 10'® cm ™3 and the layer thickness is less than 50 nm.

And when the Zng gSng 2O layer is thinner than 45 nm with the

carrier concentration is 1017 cm™3, the performance of the de-
vice is only 10.49%. However, when the carrier concentration
is more than 10'° cm~3 and the thickness is less than 60 nm,
the highest device efficiency is up to 11.31%. The perfor-
mance of the CZTSSe/Zng 9Mgy ;1 O solar cells in Fig. 6 varies
very significantly with the carrier concentration and thickness
of the Zng 9Mgy 1O buffer layer (PCE from 3.04% to 11.18%),

which is due to the low ZngoMgy 10O carrier concentration
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and the corresponding rapidly increasing resistivity, resulting
in poor device performance. Therefore, the performance of
the device composed of a buffer layer with low carrier con-
centration is more susceptible to the buffer layer thickness.
Besides, the height of the interface barrier between the ab-
sorber layer and the buffer layer is affected by the buffer car-
rier concentration.!?”] When the carrier concentration is low,
the electron Fermi level is far away from the conduction band,
and the interface barrier height increases significantly. For the
Znp 3Sng 20O buffer layer, the relatively high carrier concen-
tration saturates the device performance, thus the buffer layer
thickness has relatively little effect on the performance.

As can be seen from Figs. 6 and 7, the optimum de-
vice performance can be obtained for the Zny9Mgp 10 and
the Zng gSng O buffer layer with a higher carrier concentra-
tion. For ZnMgO, Mg doping (Mg content from x = 0.1 to
0.3) reduces the carrier concentration and mobility, resulting
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in a low conductivity of ZnMgO. This result is confirmed
in the study of ZnMgO by Ginley et al.!”) However, accord-
ing to Deepak, the carrier concentration of ZnO:Sn films de-

posited under a high vacuum can reach the order of 10'* cm~—3

3 and

or even higher.”®! This is why we chose 10'7 cm~
10" cm™3 as the carrier concentrations for Znp.oMgp 10 and
Znp gSng 0, respectively. When the carrier concentration of
ZngoMgo 10 is 10'7 cm™3, the effect of thickness on device
performance is not significant. While at a carrier concen-
tration of 10'® cm™3 for Zng gSng 0, it can be seen that a
thinner thickness gives better device performance. However,
the buffer layer is hardly controlled experimentally when the
thickness is less than 50 nm. To ensure that the thickness of the
buffer layer does not cause a loss of light absorption, and that
its thickness is strong enough to diffuse the photogenerated
carriers outside the depletion zone, this requires determining a

suitable threshold thickness.[!8]
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Fig. 7. Contour plot of the effect of the thickness of the ZnSnO buffer layer and carrier concentration on the performance parameters of CZTSSe

solar cells.

3.3. Effect of buffer layer thickness on CZTSSe solar cell
performance

The thickness and carrier concentration of the buffer layer
are the key parameters to be considered when selecting an al-
ternative buffer layer material. They influence the transport
and collection of the photogenerated carrier. To further op-
timize the buffer layer thickness, we investigate the effect of
the cadmium-free buffer layer thickness on the device perfor-
mance, as shown in Fig. 8, where the thickness of the buffer
layers Znp 9Mgp.1 O and Zng »Snp gO is increased from 30 nm

to 150 nm.

For the Zng oMgo 1 O layer, the device performance is sig-
nificantly improved when the thickness increases from 30 nm
to 80 nm, the open circuit voltage (Vo) increases sharply from
402 mV to 467 mV and the short circuit current (Jg.) increases
from 29.25 mA/cm? to 30.95 mA/cm?, both of which reach
saturation at a thickness of 80 nm. For the Zng oMgg ;O layers
with low carrier concentration, the thinner thickness cannot
provide the width of the depletion region required for carrier

transport, resulting in carrier recombination at the interface.
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Moreover, the Zng 9gMgp 1O layer with low carrier concentra-
tion has low resistivity that hinders the transport of the car-
riers, which have been recombined even before reaching the
Ag electrode, so that the device performance decreases when
the buffer layer thickness is greater than 120 nm, especially
the FF. We chose 80 nm as the optimum thickness for the
Znp.oMgp. 1O buffer layer. For the Zng2Sng 3O, Voc, Jsc, and
PCE show a similar trend, with a slight reduction at a thick-

ness greater than 80 nm, while the FF increased slightly after
80 nm. This means that the Zng ,Sng gO layer with high carrier
concentration has high conductivity, and the carrier transport
and collection are less affected by the thickness. But it causes
some light absorption loss when the buffer layer thickness is
greater than 80 nm. Based on the above studies of the carrier
concentration and thickness, we chose 80 nm as the thickness
of the Zng »Sn( gO buffer layer.
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Fig. 9. (a) Current density—voltage curves and (b) EQE curve of the CZTSSe solar cells with different buffer layers ZngoMgp O and

Znp gSng 2O obtained by SCAPS simulation.

Based on the optimal stimulation parameters, figures 9(a)
and 9(b) show the comparison of the J-V characteristics and
the EQE responses between the CZTSSe/ZngoMgp 10 and
CZTSSe/Zng »Snp 3O devices, respectively. From the SCAPS
simulation results, for the CZTSSe/Zny9Mgp 10 solar cell,
the PCE of the solar cell with a thickness of 80 nm (optimal
value) is 9.44% with a carrier concentration of 107 cm™3 in
the Zng 9oMgp.1O buffer layer. For the CZTSSe/ Zng gSng,0
solar cell, the PCE of the solar cell with a thickness of 80-

nm optimal value) is 11.28% with a carrier concentration of
10! cm =3 in the Zng gSng,O buffer layer. The ZnMgO band
gap is higher than the ZnSnO layer, but the spectral response
becomes worse at short wavelengths (Fig. 9(b)), which may be
due to the reduced carrier collection. In this study, we discover
that thickness has less impact on the buffer layers with high
carrier concentration (ZnSnO), and the buffer layers with low
carrier concentration (ZnMgO) had significantly worse perfor-

mance (Vo and Js) due to deterioration of carrier transport
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properties. The simulation results show that the ZnSnO buffer
layer is more suitable as an alternative buffer layer, while the
ZnMgO material has limitations due to its material properties.

3.4. Experimentally fabricated CZTSSe/ZnMgO (or Zn-
SnO) heterojunction solar cells

Figures 10(a)-10(b) show J-V curves and EQE spec-
tra of CZTSSe/Zng gSng,0 and CZTSSe/ZnyoMgp 10 solar
cells. The ratios of Mg/(Zn+Mg) and Sn/(Zn+Sn) prepared
by sputtering are 0.1 and 0.2, respectively, as measured by
EDX (see Fig. S4). Table 2 lists the performances of the solar
cell (Vye, Jsc, FF, and PCE). The best CZTSSe/Zny gSng >0
devices achieve an efficiency of 7.58%, which is larger than

—~

a) 35

that of the best CZTSSe/Zng oMgp 1O devices (3.26%), mainly
in the Ji. and FF. Hironiwa et al. reported CZTSSe/ZnMgO
device efficiency of 2.75% on a rigid substrate, with the low J.
(12 mA/cm?) being the key factor limiting its performance im-
provement. Since the conductivity of the Mg-doped ZnO layer
is adversely reduced, the mobility is also significantly reduced,
and the device performance is reflected in the smaller FF and
the lower Jg.. The CZTSSe/Zng 3Sng 2O devices yield a higher
Jsc than the CZTSSe/Zng 9Mgp.1 O device, which is mainly due
to higher absorption in the short wavelength range as can be
seen in the external quantum efficiency (EQFE) curves shown
in Fig. 10(b).
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Fig. 10. (a) The J-V curves under standard AM 1.5 illumination; (b) external quantum efficiency (EQE); (c¢) d(EQE)/d(A) curves for
CZTSSe/Zng 3Snp,0 and CZTSSe/Zng9Mgp 10 devices. (d) Nyquist plot of devices with the equivalent electrical circuit model. (e) TPV

decay and (f) TPC decay of typical devices.

Table 2. The device parameters derived from J-V curves.

Voe (mV)  Jec (mA/cm?)  FF (%)  PCE (%)
Zn( gSnp,0 397 32.10 59.43 7.58
ZnpoMgo 10 360 26.68 33.95 3.26

The ZnMgO and ZnSnO buffer layers effectively im-
prove the optical absorption loss caused by the traditional
CdS layer in the short wavelength band. The band gaps
of different layers in the device can be obtained by EQFE
curves calculation. The band gaps of the absorber layer
in the CZTSSe/ZnggSnp,0 and CZTSSe/ZngoMgy 10 de-
vices are 1.09 eV and 1.06 eV, respectively, and the smaller
band gap of CZTSSe/ Zng9Mgp 10 device may be due to
the diffusion of Mg into the absorber layer. The nar-
rowing of the band gap of the absorber layer leads to a
smaller Vi, of CZTSSe/ZngoMgp.1O devices (360 mV) than
CZTSSe/Zng gSng .0 (397 mV) devices.??] We calculate the
diode parameters of the device through the J-V curve, and the

specific formula is as follows: 3]

V —JR,
J—Joqexp{ AKT }+Gsh_JLa 9)
dv AKT

dv
:Rs+q(1 —Gsh X dJ)/(J‘i‘JSC_Ggh ><‘/>7 (10)

where A is the ideality factor, Ry is series resistance, and Ggy, is
shunt conductance, Ji, and Jy are the photocurrent and reverse
saturation current density, respectively.

The conductivity of the ZngoMgp 1O layer decreases
due to the doping of Mg, making R (6.87 Q/cm?) and Gy,
(24.92 mS/cm?) increase, while the ZnggSng .0 layer has a
relatively high carrier concentration and high conductivity, re-
ducing R (0.33 Q/cm?) and Gy, (6.39 mS/cm?). J. is mainly
affected by Ry and Ggy, so the J of the Zng9Mgp 10 device
is smaller than that of the Zng gSng,O device in both theoreti-
cal simulations and experiments. As shown in Table 3, Gy, A,
and J are associated with the recombination in the depletion
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zone of the heterojunction interface, indicating that the het-
erojunction quality formed by Zng 9Mg ;O is worse than that
formed by Zng gSng 0. By using the SCAPS-1D simulation,
we find that the carrier concentration has a significant effect
on the device performance.

To investigate the carrier transport and recombination
properties of CZTSSe/Zng §Snp 0 and CZTSSe/Zng 9Mgp.1O
heterojunction devices, EIS, TPC, and TPV measurements are
performed. The EIS impedance diagram is obtained by fitting
the simple equivalent circuit model in Fig. 10(d). The equiva-
lent circuit model consists of a resistor R in series, a resistor
R; and capacitor Ce in parallel. The diameter of the semicircle
in the impedance diagram is equal to the value of the recombi-
nation resistance R;. 1311 From the EIS spectra (Fig. 10(d)), it is
clear that CZTSSe/Zn gSng 2O device shows higher R; values
compared to the CZTSSe/Zny9Mgp 10 device, which means
that the interface recombination of CZTSSe/Zng gSng >0 het-
erojunction device is less. This is further proven by the
TPV and TPC measurements of the heterojunction quality.
A charge recombination lifetime value (7;) can be obtained
from TPV measurements in Fig. 10(e), which is used to
characterize the charge recombination and defect density in
The CZTSSe/Zngo9Mgp.1O device shows a
smaller charge recombination lifetime (7, = 140 ps) than
CZTSSe/ZnygSng,0 device (1, = 360 us), which also con-
firms that the CZTSSe/Zny.9Mgp.1 O heterojunction has a large
defect density and severe interfacial recombination, resulting

the solar cell.

in a low Ji. and FF. The charge transfer lifetimes (7;) of
the CZTSSe/Zny gSnp,0 devices and CZTSSe/Zng Mgy 10
devices measured at the condition of the short circuit are

shown in Fig. 10(f). The 7; characterizes the ability of the
device to extract and transfer charges. It can be seen that
the CZTSSe/Zng 3Sng ,O devices (4 ps) decay faster than the
CZTSSe/Zng 9Mgp.1 O devices (8.8 us). This indicates that the
charge extraction and transport of the CZTSSe/ZnggSnp,0
device are better than that of the CZTSSe/ZngoMgp 1O de-
vice, which is one of the reasons for the higher Ji. of
CZTSSe/Zn0 gSng »O device. From the TPC, TPV, and EIS, it
is shown that the CZTSSe/Zny.9Mgp.10 device has severe in-
terfacial charge recombination and poor charge extraction and
transport, which is in agreement with the previous theoretical
simulations.

In order to further investigate the band bending
of CZTSSe/Znyy9Mgy 10 and CZTSSe/ZnygSng,0 devices,
capacitance—voltage (C-V) measurements are performed (see
Fig. S5).1321 The carrier concentration in the absorber layer
(N¢—v), depletion width (Wy), and built-in voltage (Vi) can be
calculated from the C-V curve, as shown in Table 3. After
the photogenerated electron—hole pairs reach the depletion re-
gion, they are collected by electrodes under the separation of
the built-in electric field. It can be seen that the wider the width
of the depletion region, the more the separated electron—hole
pairs, and the larger the photocurrent that is generated. The
Vbi and Wy of the CZTSSe/Zny gSng 0O device (0.410 V and
0.181 pum) are higher than that of the CZTSSe/Zng9Mgp.;O
device (0.233 V and 0.104 wm). This is consistent with the
higher V¢, FF, and J. obtained by the CZTSSe/ZnggSng,0
device in numerical simulations of the experimental results,
indicating that Zng gSng O material may be a promising and
inexpensive buffer layer alternative to CdS.

Table 3. The device parameters derived from J-V curves and C-V curves.

Voi (V) Wy (um) N._y (10" cm™3) Gy (mS/cm?) R, (Q/cm?) A Jo (1073 mA/cm?)
Znp gSnp 20 0.410 0.181 1.18 6.87 0.33 2.20 2.83
ZngoMgg 1O 0.233 0.104 225 24.92 6.39 222 4.11

4. Conclusions

In conclusion, we used numerical modeling and ex-
perimental results to examine the potential of the wide-
bandgap non-toxic materials ZnMgO and ZnSnO as alterna-
tive buffer layers. To investigate the impacts of interfacial
CBO, carrier concentration, and thickness on device perfor-
mance, SCAPS modeling of ZnO-based buffer layer devices
is carried out. The simulation results show that the best de-
vice performance is obtained for CZTSSe/Zng9Mgp 1O and
CZTSSe/Zny 3Sng 20 devices. This is due to the small “spike-
like” CBO (40.05 eV) or almost “flat band” formed at the
heterojunction interface of these two devices that facilitate the
transport and collection of minority carriers. It is observed that

the Zng gSng »O devices with high carrier concentration obtain

more than 11% PCE with a small effect of thickness on device
performance. The Zng 9Mgq 1O devices display inferior PCE.
For ZnpoMgp 1O material, Mg doping causes a decrease in
carrier concentration and an increase in resistivity. It further
leads to inefficient carrier transport and increased interfacial
recombination. Our experimental results show that the device
PCE values of the Zng9Mgp.1O and ZnggSn O thin films
prepared by sputtering as buffer layers are 3.26% (the most
efficient flexible CZTSSe/ZnMgO solar cells currently avail-
able) and 7.58%, respectively. The simulation results indicate
that the Zng 9Mgp 1O material has large Gy, and R, resulting
in reduced Jsc and FF. It is further supported by our experi-
mental data. The poor quality of the CZTSSe/Zng 9Mgp 10 PN
junction can also be confirmed by C-V, EIS, TPV, and TPC.
Through both numerical simulations and experimental tests, it
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is proved that the ZnSnO buffer layer has the potential to re-
place the toxic CdS layer. The process of preparing ZnSnO by
the sputtering method is more suitable for large-scale commer-
cial development. We believe that further optimization of the
cadmium-free buffer layer production process can greatly im-
prove the efficiency of environmentally friendly kesterite solar
cells.
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