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Highly efficient Cu,ZnSn(S,Se), bifacial solar cell via a composition
gradient strategy through the molecular ink
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Yaohua Mai*, Ening Gu?*, Xianzhong Lin"** and Guowei Yang'

ABSTRACT The use of transparent conducting oxide (TCO)
as a substrate in Cu,ZnSn(S,Se), (CZTSSe) thin-film solar cells
allows for advanced applications, such as bifacial, semi-
transparent, and tandem solar cells with the capability to in-
crease power density generation. However, the efficiency of
this kind of solar cell is still below 6% based on the low-cost
solution process. In this work, we develop a composition
gradient strategy and demonstrate a 6.82% efficient CZTSSe
solar cell on F:SnO, (FTO) substrate under the ambient con-
dition. The composition gradient is realized by simply de-
positing the precursor inks with different Zn/Sn ratios. To
verify that the high performance of the solar cell is attributed
to the composition gradient strategy rather than the sole
change of the Zn/Sn ratio, devices based on absorbers with
varied Zn/Sn ratios are fabricated. Furthermore, the structure
and surface morphology of the CZTSSe films with/without
composition gradients are examined. The presence of ele-
mental gradient through the depth of the CZTSSe films before
and after annealing is confirmed by secondary ion mass
spectroscopy analysis. It is found that the composition gra-
dient enhances the crystallinity of the absorber, reduces the
surface roughness as well as device parasitic losses, con-
tributing to a higher fill factor, open-circuit voltage and
conversion efficiency.

Keywords: Cu,ZnSn(S, Se)s, composition gradient, bifacial solar
cell, molecular ink

INTRODUCTION

Earth abundant, nontoxic kesterite Cu,ZnSn(S,Se), (CZTSSe)
material is a promising absorber for thin-film photovoltaics. It
possesses desired physical and photovoltaic properties, such as
high absorption coefficient (>10*cm™), tunable bandgap (1.0-
1.5eV), and high theoretical conversion efficiency of 32%
according to the Shockley Queisser limit [1-6]. CZTSSe solar
cell has already achieved 12.6% record efficiency based on
molybdenum substrate [7]. The device performance depends on
several factors, including the quality of the absorber, band
alignment, and back contact characteristics [8-10]. The quality
of CZTSSe absorber is influenced by various parameters,

including annealing condition, precursor film composition, and
elemental gradient of precursor film (such as stacking order in
the case of vacuum-based deposition) [11-14]. These parameters
are decisive for the phase purity, defects, and band tails. In our
previous work, the effects of annealing conditions were studied
systematically for the devices on the transparent F:SnO, (FTO)
substrate, which suggests the combination of high temperature,
short time, and higher amount of chalcogen through a rapid
thermal annealing process is crucial to get high-quality film as
well as preserve a good back interface characteristic [15].
Besides, using different elemental compositions, the perfor-
mance of CZTSSe devices on Mo substrate has been investi-
gated, suggesting that Zn rich, Cu, and Sn poor composition is
beneficial to suppressing the formation of deep level defects [16-
20]. However, Zn rich and Cu, Sn poor composition leads to B-
type defect clusters, such as 2Znc,, Zns,, and Zn(S,Se) secondary
phases in the CZTSSe film [18]. In this case, although Zn self-
regulates at the surface, an excessive amount of Zn diffuses to
the bottom [16]. Studies on the metallic stacking order show that
a large amount of Zn near the back contact in precursor film
diffuses to the surface, generating voids in the resultant film
[12,21]. In contrast to non-stoichiometric higher Zn/Sn com-
position, stoichiometric or lower Zn/Sn composition leads to A-
type detrimental deep-level defect clusters, such as Cugz,, Snz,
deep-level defects, and Cu,(S,Se) and CuSn(S,Se) secondary
phases [18].

On the other hand, Sn is more volatile and evaporates in the
form of SnS from the surface during the annealing [22,23]. This
volatility of Sn from the surface could produce Sn deficiency at
the surface, which leads to Sn gradient and would result in Sn
diffusion from the bottom to the top of film during the
annealing process. This shows that due to the unlike nature of
CZTSSe metal species, the unbalanced molecular interdiffusion
process during the annealing could result in thin films with
different elemental compositions in bulk, surface, and back
contact. The other factor is the unfavorable band alignment of
CZTSSe/CdS heterojunction, which leads to the non-radiative
recombination in the space charge region [24,25]. It is found
that Zn rich at the surface of CZTSSe results in the formation of
Cd;-Zn,S by Zn and Cd inter-diffusion at the junction, con-
sequently reducing the conduction band offset [12,21,26]. Based
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on the above-ascribed analysis, it is reasonable to use a lower
amount of Zn at the bottom and a higher amount of Zn at the
top to facilitate the molecular inter-diffusion during the
annealing process.

Some efforts have been dedicated to kesterite-based bifacial
solar cells, but the efficiency is still lower compared with the
conventional Mo-based solar cells [27-37]. The high parasitic
loss was reported to be one of the reasons when using trans-
parent conducting oxide (TCO) as a back contact [29-36],
although a slightly higher efficiency of 7.9% was achieved by
using a vacuum-based process combined with a complex inter-
layer modification of the back interface [37]. Apart from that,
deposition of 10nm Ge layer on the top of sputtered precursor
film, MgF, anti-reflective coating, and long annealing time (over
60 min) have been applied to make the result possible. On the
other hand, when using a solution-based approach, only 5.8%
efficient CZTSSe solar cell was obtained on indium-tin-oxide
(ITO)-coated glass [31].

In this work, the concept of the elemental gradient is adopted
to vary the elemental concentration of precursor film through-
out the thickness. This gradient strategy can help to control the
properties of CZTSSe film in the bulk, surface as well as near the
back contact. We varied Zn/Sn composition gradients in the
precursor film to scrutinize its effect on the resulting CZTSSe
thin film and corresponding device performance and compared
the results with samples prepared from inks with different Zn/Sn
ratios. By employing Zn/Sn composition gradient, the quality of
CZTSSe/CdS heterojunction improves, and the parasitic losses
are reduced significantly, contributing to a higher fill factor (FF).
Furthermore, the reduction of Zn concentration at the bottom of
the film decreases the chances of ZnS segregation near the back
contact. Consequently, the total area conversion efficiency of the
device based on a gradient Zn/Sn composition improves sig-
nificantly from 5.56% to 6.82% in comparison with that of the
sample prepared with a single Zn/Sn ratio.

EXPERIMENTAL SECTION

CZTSSe thin film and device fabrication

Copper(II) chloride (analytical grade (AR), 98%), zinc acetate
(AR, 99.5%), tin(II) chloride dihydrate (AR, 99.99%), thiourea
(AR, 99%), selenium powder (AR, 99.9%), sodium chloride (AR,
99.99%), and N,N-dimethylformamide (DMF) (99.5%) were
purchased from Shanghai Macklin biochemical co. Ltd. Tin(II)
sulfide (AR, 99.5%) and dimethyl-sulfoxide (DMSO) (AR,
>99%) were purchased from Alfa Aesar and Aladin biochemical
technology co. Ltd., respectively. All chemicals were used
directly without further purification.

The precursor ink was prepared by dissolving copper(II)
chloride (1.65mmol), tin chloride dihydrate (1 mmol), zinc
acetate (1.5mmol), sodium chloride (0.2075mmol), and
thiourea (5.395mmol) in a mixed solvent consisting of DMF
(1.2mL) and DMSO (1.8 mL) under magnetic stirring at room
temperature. A transparent solution with light yellow color was
obtained and filtered with a 450-nm filter before spin coating.

FTO-coated glass with a total thickness of 2.2 mm and a sheet
resistance of 7 (}/square was subsequentially cleaned with acet-
one, ethanol, and deionized water for 15 min at 50°C, followed
by plasma treatment. The CZTS precursor solution was spin-
coated on the cleaned FTO substrate at 2000r min™" for 50s,
then 4000 r min™* for 10s, followed by pre-annealing at 320°C

March 2022 | Vol.65 No.3

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

for 2min. The spin coating and pre-annealing steps were repe-
ated several times to obtain precursor films with a desired
thickness.

Rapid thermal processing was applied to prepare the absorber.
The as-deposited CZTSSe precursor film was placed in a gra-
phite box containing 500 mg selenium powder and about 6 mg
SnS powder. The samples were heated from room temperature
to 540°C in 20 s and then kept at 540°C for 7 min. Before starting
the annealing process, the quartz tube furnace was evacuated to
remove moisture and impurities. Then N, gas was used to fill the
furnace until the pressure reached ambient pressure. These
processes were repeated three times. The device was completed
by sequentially depositing the CdS buffer layer, intrinsic zinc
oxide (i: ZnO) and tin-doped indium oxide (In,O5:Sn) layers,
and final Ag electrode, as discussed elsewhere [38]. Devices with
a total area of 0.36 cm? were separated by mechanical scribing.
Additionally, no antireflection coating was applied.

Powder X-ray diffraction (XRD, MiniFlex Rikagu) using Cu
Ka radiation and Raman spectroscopy (Renishaw inVia reflex
spectrometer) with an excitation wavelength of 633 nm were
used to characterize the microstructure of the film. Field-emis-
sion scanning electron microscopy (COXEM, Kurashiki Kako,
20kV) and atomic force microscopy (Bruker Icon Dimension
AFM) were used to characterize the film morphology. The
composition depth profiles were obtained by secondary ion mass
spectroscopy (ION TOEF-SIMS 5), and a 30keV Bi cluster pri-
mary ion gun was used for this analysis, along with O," ion guns
for sputtering. The performance of the solar cell was measured
using an AM 1.5 solar simulator (Enlitech, SS-5F-3A) with an
illumination intensity of 100mW cm™ (1 sun) calibrated by Si
reference solar cell (Enlitech). The external quantum efficiency
(EQE) spectrum was obtained with an Enlitech QE-R setup
calibrated by Si and Ge reference (OSI optoelectronics).

RESULTS AND DISCUSSION

The XRD patterns of CZTSSe films prepared with different Zn/
Sn ratios and gradient compositions (see Table 1) on FTO are
shown in Fig. 1. Major peaks observed at 2-theta of 27.22°-
27.33°, 45.26°-45.43° and 53.56°-53.80° can be assigned to (112),
(200/204), and (312/116) planes of kesterite CZTSSe (CZTSe
(JCPDS 53-0868) and CZTS (JCPDS 26-0575)). Furthermore,
peaks corresponding to FTO substrate are also detected and
marked with the # symbol in Fig. 1a. No other peaks related to
impurities and secondary phases are observed. The Scherrer
[39], Williamson, and Smallman equations [40] are used to
estimate the average grain size D, microstrain ¢, and dislocation
density o, respectively, in CZTSSe films based on the major peak
of (112) for all the samples.

D = kA / fcos0, (D
&= fcosh/ 4, 2
oc=1/D? 3)

where D is the average crystallite size perpendicular to reflecting
plane, k is the shape factor constant ranging from 0.8 to 1.2
(typically equal to 0.9), A is the incident X-ray wavelength, § is
the full width at half maximum (FWHM) of the peak, and 0 is
the Braggs angle in radian.

The calculated value of D is plotted as a function of the Zn/Sn
ratio and gradient composition in Fig. 1b. The average grain size
increases from 25.95 to 40.47 nm, with an increasing Zn/Sn ratio
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Figure 1 (a) XRD patterns, (b) average crystallite size and microstrain evolution (inset), (c) the dislocation density, (d) recorded Raman spectra with an

excitation wavelength of 633 nm. Elemental depth profile using TOF-SIMS of (e) CZTSSe precursor film, and (f) sample c_5-6, an annealed CZTSSe absorber,

which delivers the device with the best performance.

from 1.2 to 1.5. Compared with single Zn/Sn = 1.2 sample, the
composition gradient sample c_7-4 prepared with (Zn/Sn = 1.2)-
dominant using a combination of 7 layers Zn/Sn = 1.2 at the
bottom and 4 layers Zn/Sn = 1.5 on the top shows a better
crystalline quality and has an average crystallite size of 33.91 nm.
By increasing Zn content at the top with 6 layers Zn/Sn = 1.5
and 5 layers Zn/Sn = 1.2 at the bottom, the average crystallite
size is further improved to 41.70nm. However, the average
crystallite size decreases to 40.27 nm when further increasing Zn
content in the precursor film by using the combination of 8
layers Zn/Sn = 1.5, 3 layers Zn/Sn = 1.2, at the top and bottom,
respectively (c_3-8), showing a reverse tendency towards single
Zn/Sn = 1.5 sample. Based on the above-mentioned analysis, we
can conclude that the improvement in average crystallite size is
due to the composition gradient in precursor film rather than
the sole increase of Zn/Sn ratio.

The inset of Fig. 1b shows the effect of different Zn/Sn ratios
and composition gradients on the reduction of microstrain and
dislocation density for the corresponding CZTSSe thin film. The
microstrain ¢, reduces from 1.34 x 107 to 0.85 x 10~ with the
increasing Zn/Sn ratio from 1.2 to 1.5, which further declines to
0.83 x 107 by employing composition gradient (sample c_5-6).
Furthermore, the dislocation density o, is reduced apparently
from 14.8 x 10 to 6.11 x 10lines cm™* when the Zn/Sn ratio
increases from 1.2 to 1.5, which further drops to 5.75 x
10" lines cm™ by employing Zn/Sn composition gradient with a
combination of 5 layers Zn/Sn = 1.2 and 6 layers Zn/Sn = 1.5
(sample c_5-6), as shown in Fig. 1c.

The XRD patterns of some secondary phases, such as Zn(S,Se),
Cu,Sn(S,Se); (cubic structure) [41], and CusSn(S,Se), (tetragonal
structure) [42], overlap with CZTSSe and they cannot be dis-
tinguished by XRD. Raman spectroscopy was used to further
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analyze the phase purity of CZTSSe sample. It should be noted
that the recorded Raman spectra only give the characteristics of
the top surface layer of CZTSSe film, which is about 170 nm
when an excitation wavelength of 633nm is used [43]. A
dominant peak in the range of 189.15-192.68cm™ and a
shoulder at 171.44-174.0cm™ in all the samples are detected,
which correspond to the A mode of CZTSSe, while the shoulders
at 222-226cm’Y, 232-234cm’), and 240-243cm™! (223, 233,
243 cm™) correspond to E mode of kesterite CZTSSe [44-46].
The intensity of the shoulder at about 170 cm™ can be assigned
to two A symmetry and two B symmetry modes. A mode cor-
responds to vibration of Se, while B mode attributes to Cu/Zn
and Cu/Sn atomic planes’ vibration. The intensity of B mode is
lower for all the samples, which indicates a copper-poorer
composition. This could result in copper vacancy (V¢,) and
consequently prevents the formation of Cuy, anti-site disorder
[47].

Fig. le shows the elemental distribution depth profile of
CZTSSe precursor film prepared with 6 layers Zn/Sn = 1.5 and 5
layers Zn/Sn = 1.2 at the top and bottom, respectively, to create
Zn/Sn composition gradient. The depth profile of the precursor
film shows that the signal intensity count for Zn is lower at the
bottom but higher at the top, which agrees well with the pre-
cursor ink deposition pattern. Fig. 1f shows the depth profile of
sample ‘c_5-6" after annealing; lower intensity counts for Zn
signal at the bottom is observed, which is in agreement with the
precursor film. The lower amount of Zn near the back would be
helpful to avoid the formation of ZnS(Se) secondary phase near
the back contact, which leads to high series resistance in the
device, deteriorating the device performance [16]. It should be
noted that the amount of Sn is kept constant while Zn is varied
in precursor inks. The intensity counts of Sn show a slight
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decline at the top of precursor film, which may either be
attributed to Sn evaporation during the pre-annealing or the
diffusion of Sn towards the back contact.

After annealing, in contrary to the precursor film, the intensity
counts of Sn increase at the top, indicating that Sn diffuses from
the bottom to the top of CZTSSe film. The other possible reason
of comparatively higher intensity of Sn near the surface could be
related to the incorporation of Sn, provided by the SnS used
during the annealing process. The depth profile of the Cu signal
shows a decline in intensity at the top of precursor film, which
reduces after annealing, as shown in Fig. 1f. We speculate that a
lower amount of Cu in precursor film would assist the formation
of the CuSe liquid phase in the bulk rather at the surface of
CZTSSe thin film during the annealing process. Accordingly, it
results in a uniform grain growth throughout the film.

Fig. 2a shows the top-view scanning electron microscopy
(SEM) images of all the CZTSSe samples after selenization. Small
and dense grains can be observed with cracks on the surface of
CZTSSe film prepared with the Zn/Sn = 1.2 ink. The samples
prepared with inks of lower Zn/Sn ratios show cracks after
annealing, which are mentioned as r_1.2 and r_1.36. With
increasing Zn/Sn ratio from 1.2 to 1.5, the surface morphology is
improved, as grain shape changes from round tips to larger
grains with sharp edges and random orientations. The sample
prepared with Zn/Sn composition gradient with a combination
of 5 layers Zn/Sn = 1.2 and 6 layers of Zn/Sn = 1.5 (c_5-6) shows
a similar surface morphology to the Zn/Sn = 1.5 sample (r_1.5).

AFM was used to further investigate the surface morphology
of CZTSSe films prepared with different Zn/Sn ratios and
composition gradients, as shown in Fig. 2b, c. the CZTSSe film
of sample ‘r_1.2’ consists of small grains and low surface

b SN0

TEAES

8

roughness with an average root mean square (RMS) value of
58.53 nm. The grain height increases with the increase of Zn/Sn
ratio to 1.5, which indicates a larger vertical dimension of
CZTSSe film grains, while the surface roughness decreases as the
average RMS value is reduced from 58.53 to 40.12nm. The
sample prepared with Zn/Sn composition gradient with a
combination of 5 layer 1.2 and 6 layer of 1.5 also shows large
grains with a reduced average RMS value of 29.82nm. The
reduction of surface roughness is beneficial for the subsequent
CdS deposition, enabling better coverage and better junction
quality.

Device characterization

Fig. 3a and Table 1 show current-voltage (J-V) characteristics
and corresponding cell parameters of all the CZTSSe devices
under the front illumination, respectively. The power conversion
efficiency (PCE) increases from 3.89% to 5.56% with an

Table 1 List of samples prepared with different Zn/Sn ratios from 1.2 to
1.5, represented as r_1.2, r_1.36, r_1.5; samples with gradient compositions
of Zn/Sn = 1.2 at the bottom, Zn/Sn = 1.5 at the top are represented as c_7-4,
c_5-6, and c_3-8.

Sample name Zn/Sn = 1.2 Zn/Sn = 1.36 Zn/Sn = 1.5
r_12 11 layers - -
r_1.36 - 11 layers -

r 1.5 - - 11 layers

c 7-4 7 layers (bottom) - 4 layers (top)
c_5-6 5 layers (bottom) - 6 layers (top)
c_3-8 3 layers (bottom) - 8 layers (top)
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Figure 2 (a) Top view of SEM images, (b) AFM surface topography images, and (c) corresponding height profiles of CZTSSe absorber films prepared with

different Zn/Sn ratios and gradients.
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Figure 3 (a) J-V curves, (b) EQE curves of the typical bifacial solar cells under one Sun (AM 1.5 G) front illumination, prepared with different Zn/Sn ratios
from 1.2 to 1.5 and composition gradients, and (c) corresponding bandgap values extracted from [E x In(1 — EQE)]? versus energy (hv) plot.

increasing Zn/Sn ratio from 1.2 to 1.5, showing a similar evo-
lution trend with our previous study based on the Mo substrate
[16]. The higher Zn content in precursor film (over Zn/Sn = 1.5)
results in segregation of Zn near the back contact and at grain
boundaries as well as an increased surface roughness, which
deteriorates the device performance. By using Zn/Sn composi-
tion gradient with a high Zn content (Zn/Sn = 1.5) at the top and
low Zn content (Zn/Sn = 1.2) at the bottom (c_7-4), a better
PCE of 5.75% is achieved. Similarly, by further increasing the Zn
content on the top and reducing it at the bottom (sample c¢_5-6),
the PCE is dramatically enhanced from 5.75% to 6.82%. How-
ever, further increase of Zn amount in the precursor film (with
Zn/Sn = 1.5 dominant) reduces the device performance to
6.20%, showing a tendency back towards sample made with
single Zn/Sn = 1.5. The trend agrees well with the average
crystalline quality decrement obtained from XRD analysis.

These results demonstrate the effectiveness of using gradient
strategy to improve the device performance. Assuming the
thickness of each layer is constant, the overall composition of
sample c_5-6 should be similar to that of sample r_1.36 prepared
with single Zn/Sn = 1.36. However, the PCE of sample r_1.36 is
2% in absolute lower than that of the sample c_5-6, which fur-
ther verifies that the enhancement of the device performance
originates from the composition gradient in precursor film,
rather than the change of composition.

The statistic distribution of cells’ parameters as a function of
different Zn/Sn ratios and gradients are shown in Fig. 4. As the
Zn/Sn ratio increases from 1.2 to 1.5, the overall performance of
solar cells improves. Open-circuit voltage (Voc), FF, and short-
circuit current density (Jsc) show a similar trend as the Zn/Sn
ratio increases. The Vo profile of the device prepared with Zn/
Sn = 1.2 is more scattered than that of all the other samples,
which can be attributed to cracks, as confirmed by SEM analysis.
Compared with the single Zn/Sn = 1.2 sample, the composition
gradient sample prepared with Zn/Sn = 1.2 dominant (i.e., c_7-
4) shows improvement in overall device performance. By
increasing Zn content at the top and reducing it at the bottom
(c_5-6), the overall PCE is enhanced, due to the significant
improvement in FF and Voc. However, further increasing the Zn
content at the top in the gradient precursor film, the overall
device performance drops again (c_3-8). The overall improve-
ment in device performance compared with all samples prepared
with a single Zn/Sn ratio ink could be associated with a
smoother surface, allowing a better deposition of CdS.

EQE curve, as shown in Fig. 3b, gives the photo conversion
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response of the CZTSSe thin-film devices, prepared with dif-
ferent Zn/Sn ratios and Zn/Sn composition gradients. EQE
increases with the increasing Zn/Sn ratio from 1.2 to 1.5, while
there is no significant change for all the samples prepared with
Zn/Sn gradient. The Jsc value extracted from EQE is given in
Table 2, which is slightly lower than that obtained from J-V
measurement for Zn/Sn 1.2, 1.36 samples. This may be attrib-
uted to the surface roughness and difference in the active area
during the J-V and EQE characterizations. The samples prepared
with Zn/Sn = 1.5 and gradients exhibit better EQE response and
give Jsc values in the range of 32.7 to 33.1 mA cm 2 The optical
band gap is obtained by plotting [E x In(1 — EQE)]* versus
incident photon energy E, and estimated to be in the range of
1.06 to 1.08 eV for all the samples [48].

The shunt conduction Gg, series resistance R, and ideality
factor A are important factors for achieving high conversion
efficiency, which can be obtained from the single exponential
diode equation [49-51].

J = Jyexpl g (V=R )|+ Gy V =y, @)
AV _ ., AKT .
rUEgr = Rt U )

where J is the reverse saturation current density. K is Boltzmann
constant, and g is the elementary charge on the electron. Fig. 5
shows the plots of dV/dJ versus (J + Jsc)™', and dJ/dV versus V.
Shunt conduction is the measure of current flowing through an
alternative path in the photovoltaic absorber. Low crystalline
quality results in small grains and increasing grain boundaries.
Grain boundaries could act as shunting paths for electron and
holes when there are deep defects at the grain boundaries. In this
case, the increase of grain boundaries reduces the photo-gen-
erated current by providing an alternative path. From XRD and
SEM analysis, we can observe that with increasing Zn/Sn ratio
from 1.2 to 1.5, the crystalline quality of CZTSSe film improves,
which leads to larger crystallite size and hence reduces the grain
boundaries. Consequently, a dramatic drop in shunt conduction
is observed from 16.3 to 2.4 mS cm™ with the increasing Zn/Sn
ratio from 1.2 to 1.5, reaching the minimum in sample c_7-4
(Table 3). The ideality factor drops from 4.4 to 1.7 as the Zn/Sn
ratio increases from 1.2 to 1.5, which is in the range of 1.7-2.2
when using a composition gradient strategy (Table 3).The series
resistance first increases with increasing Zn/Sn ratio and then
decreases with Zn/Sn gradient. The PCE increases from 3.89% to
5.56% by first increasing Zn/Sn ratio from 1.2 to 1.5 and then
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Table 2 Detailed device parameters of all samples. The bandgap is extracted from the Tauc plot.

Zn/Sn PCE (%)

Voc (V)

FF (%)

Jsc (mA ecm™) (J-V)

Band gap (eV) Jsc derived from EQE

(mA cm™)
r_1.2 3.89 0.383 39.5 25.7 1.08 24.7
r_1.36 4.67 0.401 39.2 29.7 1.06 27.8
r_1.5 5.56 0.400 43.0 32.3 1.08 33.1
c_7-4 5.75 0.414 45.0 30.9 1.06 32.7
c_5-6 6.82 0.433 50.9 30.9 1.06 32.3
c_3-8 6.20 0.423 43.0 34.1 1.08 32.9
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Table 3 Gg, R, and A of CZTSSe thin-film devices prepared with different
Zn/Sn ratios and gradients under AM 1.5G illumination

Sample Ggn (mS cm™) R, (Q cm) A
r 1.2 16.3 2.6 4.4
r_1.36 3.0 4.2 1.9
r_1.5 2.4 3.1 1.7
c 7-4 0.3 3.1 1.8
c_5-6 2.5 2.2 1.7
c_3-8 4.9 2.5 2.2

reach 6.82% by employing Zn/Sn ratio due to the reduced
parasitic losses and the improvement of ideality factor. The
overall lower parasitic losses and better ideality factor of sample
c_5-6 prepared with a combination of 5 layers Zn/S = 1.2 and 6
layers of Zn/Sn = 1.5 composition gradient lead to higher Vo,
FF, and hence higher device performance.

CONCLUSIONS

In summary, we report the fabrication of highly efficient
CZTSSe solar cell on FTO substrate using a composition gra-
dient strategy. The composition gradient in the precursor film is
realized by varying the number of coating layers from each ink
with different Zn/Sn ratios. By tailoring the composition gra-
dient condition, CZTSSe films with larger average crystalline
size, lower microstrain, and less dislocation are achieved. Fur-
thermore, using a gradient is beneficial for the improvement of
the surface morphology, with the surface roughness RMS
decreasing to 29.82 nm. The total area PCE of the device is raised
from 3.89% to 5.56% with the increasing of Zn/Sn ratio from 1.2
to 1.5, while using a composition gradient strategy enables a
significant improvement of the PCE to 6.82% under the front
illumination due to the reduction of parasitic losses and
enhancement of CZTSSe/CdS junction quality. This is the record
efficiency of CZTSSe solar cells on TCO substrate based on
solution processing. This work provides a facile composition
gradient strategy for CZTSSe absorbers to achieve high-effi-
ciency thin-film solar cells.
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