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The performance of organic solar cells (OSCs) based on the widely used zinc oxide (ZnO) cathode buffer layer
(CBL) is severely affected by the surface defects, energy level mismatch with the common acceptor materials and
its intrinsic hydrophilic nature. Developing novel materials to passivate surface defects and improve the prop-
erties of ZnO CBL is one of the prime areas of research in OSCs. In this work, hydrothermally synthesized SnS,
nanoplates of average size 26 nm were successfully used to modify the surface of ZnO CBL in PTB7:PCoBM based
OSCs. The average power conversion efficiency of the OSCs increased from 6.13% to 6.84% after the surface
modification. The XPS and DFT studies revealed passivation of oxygen deficiency defects and reduction in work
function of CBL leading to decrease in energy barrier for flow of electrons from the active layer to cathode. Due to
the efficient passivation of surface defects by the SnS; nanoplates, the conductivity of ZnO increased from
0.92 x 107*S/m to 1.63 x 10~*S/m. Moreover, the SnS, modification significantly enhanced the hydrophobicity
of ZnO, benefitting the formation of a good interfacial contact with the organic active layer. Significantly low
leakage current observed in the case of OSCs based on ZnO/SnS; composite CBL reveals substantial decrease in
charge recombination as a result of defect passivation. The present study demonstrates that interface engineering
using metal dichalcogenide nanostructures is a promising approach to improve the properties of ZnO CBL/active
layer interface in OSCs.

1. Introduction ZnO is widely used as the cathode buffer layer (CBL) in inverted OSCs

owing to its high electron mobility, good hole-blocking ability and

Organic solar cells (OSCs) have garnered significant attention in the
field of solar energy conversion owing to their numerous advantages
such as flexibility, solution processability, roll-to-roll printing, low cost
and lightweight [1,2]. The power conversion efficiency (PCE) of OSCs
has recently surpassed 20% due to advancements in device architecture,
design and the synthesis of novel active layer materials and interfacial
engineering [3,4]. Fine tuning of active layer/electrode interfaces using
suitable buffer layers is crucial for improving the performance of OSCs
[5]. Materials with appropriate energy level alignment with the active
layer, high optical transparency, chemical stability and charge selec-
tivity are employed as buffer layers [6,7]. OSCs are categorized into
conventional and inverted types based on the position and type of the
buffer layers, which determine the direction of charge transport [6].
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transparency in the visible region [8]. However, the defects on ZnO
surface act as charge trapping centers and promote charge carrier
recombination, adversely affecting the performance of OSCs [8]. The
energy level mismatch between ZnO and commonly used acceptor ma-
terials hampers charge transport [9]. The hydrophilic nature of ZnO
leads to poor interfacial contact with the hydrophobic active layer and
also affects the long-term stability of OSCs due to the adsorption of
oxygen and moisture [10]. Passivation of surface defects on ZnO,
especially oxygen deficiency defects, is crucial for improving the per-
formance of inverted OSCs. Several strategies including the use of a thin
interlayer, UV-ozone or plasma treatment, and low-temperature
annealing under an oxygen rich environment were successfully uti-
lized to mitigate the drawbacks associated with ZnO surface defects
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[11-13]. Among these methods, depositing a thin interlayer is consid-
ered more advantageous due to its versatility, reproducibility, and better
interfacial control with different active layer systems. Various classes of
materials, such as organic small molecules, conjugated and
non-conjugated polyelectrolytes, ionic liquids, fullerene derivatives and
self-assembled monolayers have commonly been employed as in-
terlayers on top of the ZnO surface [10,14-17]. However, despite their
strong defect passivation abilities, the majority of these organic mate-
rials exhibit lower electrical conductivity, making the thickness of in-
terlayers a crucial factor controlling the device performance. Hence,
novel 2D materials that exhibit higher conductivity and promising op-
toelectronic properties need to be explored as interlayers to improve the
surface properties of ZnO CBL.

Recently, metal dichalcogenides (MDCs), a new class of 2D layered
materials, have attracted significant research attention due to their
favorable properties, such as a tunable bandgap, solution processability,
high mobility, large surface area and chemical stability arising from
their low dimensionality [18,19]. MDCs such as MoSy, WSy, and NbSey
were explored as the hole transport layers in conventional OSCs to
replace the acidic and hygroscopic PEDOT:PSS anode buffer layer
[20-22]. In inverted OSCs, MoS, and ZrSe, nanosheets were used to
improve the properties of ZnO CBL. Huang et al. achieved a significant
enhancement in the efficiency of OSCs by utilizing MoS; nanosheet
doped ZnO as the CBL [23]. The efficiency enhancement was attributed
to the improvement in electron transport due to band alignment and
interfacial smoothness of modified CBL. Li et al. increased the efficiency
of PBDB-T:ITIC based OSCs from 10.5% to 12.09% using a ZrSep
nanosheet modified ZnO as the CBL [24]. A reduction in work function,
passivation of oxygen defects on the ZnO surface and the selective
trapping of holes by ZrSe; nanosheets were found to be responsible for
the performance enhancement.

On the other hand, SnS,, a promising MDC, is extensively studied for
CBL applications in perovskite solar cells for its superior electrical
properties, abundance, low cost and environment friendly nature [25,
26]. Pramila et al. fabricated perovskite solar cells using a SnS,-PCBM
hybrid as the CBL and achieved higher efficiency and improved stability
due to better energy level alignment, increased hydrophobicity and
electrical compactness of the PCBM-SnS,; CBL [25]. Yichuan et al.
explored SnS; nanosheet modified SnO5 as CBL and achieved high ef-
ficiency due to a reduction in the energy barrier between SnO; and the
perovskite layer, the passivation of defects at the interface, and an
improvement in the crystallization of the perovskite layer [26]. In spite
of their promising properties like energy-level alignment, hydropho-
bicity, charge extraction efficiency, and ability to passivate interfacial
defects as reported earlier, SnS; nanoplates have not been explored for
the modification of the ZnO CBL in inverted OSCs.

In this study, we report the modification of the ZnO CBL using hy-
drothermally synthesized SnS; nanoplates for improving the properties
of the ZnO/active layer interface in PTB7:PC;oBM based OSCs. SnS, was
selected due to its high electron mobility and suitable energy levels. The
Zn0/SnS; composite CBL was expected to reduce the energy barrier for
electron transport and simultaneously block the flow of holes from the
active layer to the ITO cathode. The OSCs were fabricated in an inverted
architecture and the concentration of SnS; nanoplate solution was
optimized to achieve better photovoltaic performance. The SnS; nano-
plate modification has led to a reduction in the work function, surface
defect passivation, improved conductivity, and increased hydrophobic-
ity. The performance enhancement mechanism is investigated using
various material and device characterization techniques supported by
theoretical simulations.

2. Experimental and simulation methods
2.1. Synthesis and characterization of SnSs nanoplates

SnS, nanoplates were synthesized using a hydrothermal method with
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tin (IV) chloride pentahydrate (SnCly - 5H20) and thioacetamide
(C2HsNS) as the precursors. In this method, 2 mmol of SnCly. 5H20 and
8 mmol of C;HsNS were dissolved in 20 mL of DI water and stirred for
30 min using a magnetic stirrer at room temperature. The solution was
transferred into a 100 mL teflon-coated stainless-steel autoclave leading
to a 20% filling ratio. The autoclave was kept in a hot air oven and the
temperature was increased to 190°C at a rate of 5°C/min. The sample
was heated at this temperature for 7.5h and then allowed to cool
naturally to room temperature. Subsequently, the yellow precipitate was
collected by centrifugation at a speed of 6000 rpm for 15 min and then
repeatedly washed with deionized water and ethanol to remove the
impurities and then dried under vacuum at 60°C for 6h [27]. The
morphology of the synthesized SnS; nanoplates was examined using
Field emission scanning electron microscopy (FE-SEM) (ZIESS, Gemini
1, Sigma 300) with an accelerating voltage of 3 kV and high resolution
transmission electron microscopy (HR-TEM) (JEOL JEM 2100) operated
at an accelerating voltage of 200kV. The crystal structure of SnS;
nanoplates was identified using powder X-ray diffractometer (XRD)
(Rigaku Smartlab SE) with a Cu Ka radiation source. The diffraction
pattern was recorded in the range of 10°-70° at a scan rate of 4.25°/min.
Raman spectra of the samples were measured using a confocal Raman
spectrometer (LabRAm HR Evo, Horiba) at an excitation wavelength of
532 nm and an excitation power of 5 mW.

2.2. Fabrication and characterization of inverted organic solar cells

Organic solar cells were fabricated with the structure indium tin
oxide (ITO)/CBL/active layer/MoOs/Ag using PTB7:PC;oBM as the
active layer and SnS; nanoplate modified ZnO as the CBL. Initially,
patterned ITO substrates with a sheet resistance of 10-12 Q/sq were
cleaned thoroughly using the standard procedure. The ZnO precursor
was prepared by using the sol-gel method. For the preparation, 110 mg
of zinc acetate dihydrate, 31 mg of ethanolamine, and 1mL of 2-
methoxy ethanol were added in a 10 mL glass vial and magnetically
stirred for 12 h. The prepared ZnO was spin-coated onto the plasma-
treated ITO substrates at 4000 rpm for 40 s and annealed at 180°C for
12min [28]. For the surface modification, various concentrations of
pre-synthesized SnS; nanoplates in ethanol were spin-coated on top of
the ZnO layer at 3000 rpm for 30 s and subsequently annealed at 100°C
for 10 min. The active layer solution was prepared by dissolving PTB7
and PC7oBM (1:1.5 wt ratio) in a mixture of chlorobenzene and 1,8-diio-
dooctane (97:3 v/v%) with a total concentration of 25 mg/mL. The so-
lution was stirred overnight at 70°C and spin-coated on top of the CBL at
1300 rpm, and the film was dried at room temperature for 10 min for
solvent evaporation. Finally, MoOs (7 nm) and Ag (100 nm) were ther-
mally evaporated on top of the active layer through a shadow mask to
create an active area of 9 mm?. For the fabrication of PBDB-T:ITIC based
OSCs, the active layer solution was prepared by dissolving PBDB-T and
ITIC (1:1 wt ratio) in a mixture of chlorobenzene and 1,8 diiodooctane
(99.5:0.5 v/v%) with a total concentration of 15 mg/ml. The solution
was stirred for 12h at 50°C and then spin coated on top of CBL at
1000 rpm followed by annealing at 160°C for 10 min.

The UV-Visible absorption spectra of the pristine and SnS; modified
ZnO thin films on top of a glass substrate were measured using a Per-
kinElmer Lambda 365+ spectrophotometer. The photoluminescence
spectra of the pristine and SnS; modified ZnO thin films on top of a glass
substrate were measured using a PerkinElmer Fluorescence Spectrom-
eter, LS55 at an excitation wavelength of 300 nm. The elemental
composition of the pure and SnSy modified ZnO was investigated using
X-ray photoelectron spectroscopy (XPS) (ULVAC-PHI, PHI5000 version
probe III). The surface roughness of the CBLs was measured using an
atomic force microscope (AFM) (Bruker's exclusive ScanAsyst). The
contact angles on ZnO surface, before and after the modification with
SnS, NPs, were measured using a contact angle meter (Holmarc, HO-
IADCAM-01A). The current density-voltage (J-V) characteristics of the
fabricated OSCs was measured using a precision source measure unit
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two parallel R/CPE circuits, R1/CPE1 arising at higher frequencies
corresponds to the bulk and R2/CPE2 appearing at lower frequencies
represents the CBL/active layer interface [57]. The bulk resistance (R1)
was observed to vary between 28 and 32 Q indicating minute variation
across all devices. Conversely, the interfacial resistance (R2) showed a
significant change after modification of ZnO with SnS» nanoplates. The
reference device displayed a high interfacial resistance of 923 Q and
which decreased to 565 Q when the SnS; nanoplates of optimum con-
centration (0.05mg/mL) were deposited on ZnO. When the SnS;
nanoplate solution concentration was further increased to 0.1 mg/mL,
the interfacial resistance increased to 781 Q. The reduction in interfacial
resistance is attributed to the passivation of surface defects and the
suitable energy level alignment at the CBL/active layer interface.

To understand the reason behind the improvement in Jsc and FF
values after incorporating SnS; nanoplates, exciton dissociation and
charge collection efficiencies were calculated from the photocurrent
density (Jyp) versus effective voltage (Vg plots. Here, Jpy, is defined as
the difference between the current densities under illumination (J;) and
dark (Jp). Ve is defined as the difference between the voltage at which
Jprn=0 (Vp) and the applied voltage (V). Fig. 9b shows Jpy versus Veg
plots for the reference and modified devices at various SnS; concen-
trations. The exciton dissociation efficiency (y4is) and the charge
collection efficiency (7.) are defined as the ratio between Jy, and Jyq;
under short-circuit and maximum power output conditions, respec-
tively. Here, Jy is the saturation photocurrent density at a large reverse
bias where all photo-generated excitons are dissociated and charge
carriers are collected efficiently with negligible recombination losses.
The #4iss and 7. values of all devices were calculated and presented in
Table 2. The reference device with pure ZnO CBL exhibited 74;ss and #¢¢
values of 91.69% and 74.1%, respectively. When SnS; nanoplates were
deposited on ZnO, 54;ss and 7. values increased to 93.43% and 78.03%,
respectively indicating the significant role of SnS; nanoplates in
improving the properties of ZnO/active layer interface in OSCs.

To verify the universality of the present modification strategy, OSCs
were fabricated using a non-fullerene active layer system, PBDB-T:ITIC.
The J-V characteristics of the OSCs obtained from the preliminary
studies are shown in Fig. S10. The reference device with ZnO CBL
exhibited a Vg of 0.83V, a Jgc of 14.14 mA/cm?, and a FF of 53.59%
leading to a PCE of 6.31%. Whereas, the modified device based on ZnO/
SnS, CBL showed an improved PCE of 7.09% with V¢ of 0.83 V, a Jg¢ of
15.50 mA/cm?, and a FF of 55.02%. These results confirm that the
modification strategy reported in this study is applicable to both
fullerene and non-fullerene active layer systems. Recently, several new
materials such as natural dextran, antioxidants, fullerene-based self-
assembled monolayers (SAMs), polyethylene glycol and small molecule
electrolytes have been explored for the surface modification of ZnO CBL
in OSCs leading to high efficiencies in the range 18-19% [42,58-61].
High PCE values exceeding 18% and improved device stability with T80
lifetimes more than 1500 h have been achieved by using natural dextran
as a ZnO surface passivation layer [58]. Xia et al. demonstrated OSCs
with PCE values above 19% utilizing fullerene-based SAMs for defect
passivation and compatibility tuning of ZnO CBL [59]. These devices
showed excellent stability by retaining 84% of their initial PCE even
after 2000 h. More studies focusing on development of new materials
suitable for improving the properties of ZnO/active layer interface will
enable commercialization of OSCs.

Table 2
Exciton dissociation and charge collection efficiencies derived from Jy,— Vs
curves.

Naiss(%0) Nec(%)

Reference 91.69 74.1

0.01 mg/mL 92.06 77.32
0.05 mg/mL 93.43 78.03
0.1 mg/mL 92.74 76.51
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4. Conclusion

In summary, high purity SnS; nanoplates of average size 26 nm with
hexagonal crystal structure were synthesized using hydrothermal
method. The nanoplates were further utilized to improve the properties
of ZnO CBL in PTB7:PC;oBM based OSCs. The modified device with
Zn0O/SnS; composite CBL exhibited a relative PCE enhancement of
11.6% compared to the reference device based on pristine ZnO CBL. The
performance enhancement is mainly attributed to the reduction in the
work function of CBL from 5.4 eV to 5.2 eV and the passivation of ZnO
surface defects as confirmed by the DFT and XPS results. The SnS;
nanoplate modified ZnO exhibited enhanced hydrophobicity compared
to bare ZnO leading to better interfacial contact with the active layer,
thereby reducing the interfacial resistance from 923 Q to 565Q. In
addition, the modified device exhibited enhanced exciton dissociation
and charge collection efficiencies compared to the reference device
validating the observed improvement in Jg¢c and FF. The present study
reveals that MDCs are potential candidates for improving the properties
of ZnO CBL in OSCs.
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