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Abstract: In this study, inorganic stannite quaternary Cuz2M(M = Ni, Co)SnSs (CMTS) is explored as
a low-cost, earth abundant, environmentally friendly and chemically stable hole transport material
(HTM). CMTS nanoparticles were synthesized via a facile and mild solvothermal method and
processed into aggregated nanoparticle inks, which were applied in n-i-p perovskite solar cells
(PSCs). The results show that CuzNiSnS: (CNiTS) is more promising as an HTM than Cu2CoSnSs
(CCoTS), showing efficient charge injection as evidenced by considerable photoluminescence
quenching and lower series resistance from Nyquist plots, as well as higher power conversion
efficiency (PCE). Moreover, the perovskite layer coated by the CMTS HTM showed superior
environmental stability after 200 h light soaking in 50% relative humidity, while organic HTMs
suffer from a severe drop in perovskite absorption. Although the obtained PCEs are modest, this
study shows that the cost effective and stable inorganic CMTSs are promising HTMs, which can
contribute towards PSC commercialization, if the field can further optimize CMTS energy levels
through compositional engineering.

Keywords: perovskite solar cell; quaternary chalcogenide semiconductor; inorganic hole transport
material

1. Introduction

Solar energy is an immensely abundant and clean renewable energy source and one of the most
promising technologies to replace fossil fuels. The photovoltaic (PV) market has long been dominated
by silicon solar cells, but in the last decade organic-inorganic lead halide perovskite solar cells (PSCs)
have gained much ground due to their facile and cost effective solution-based fabrication. A high
absorption coefficient [1], and large charge carrier diffusion lengths [2,3] have led to power
conversion efficiencies (PCE) > 25% for single junction and >29% for perovskite-silicon tandem solar
cells [4], rivalling silicon technology [5-9]. The main obstacle for PSCs towards commercialization
now is the long-term device stability [10]. Commonly used hole transport materials (HTMs) have
been linked to a number of degradation pathways such as metal migration [11] and degradation of
organic components by illumination, temperature and humidity [6,7,9,12,13]. The selection of a
suitable HTM will thus be very important in achieving long-term stability of PSCs [14]. HTMs can be
divided into organic and inorganic HTMs. Organic HTMs such as 2,2',7,7-tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9"-spirobifluorene (spiro-MeOTAD) and poly(triaryl amine) (PTAA), are
generally not ideal candidates for commercialization for a number of reasons. Complicated synthesis
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processes and the high cost of reactants makes them very costly. Their low intrinsic conductivity
means they have to be doped. This not only makes results less reproducible, but many dopants are
hygroscopic, attracting moisture that can degrade the perovskite absorber. Low thermal stability
(especially of spiro-MeOTAD) means that the HTMs themselves degrade easily and actively
contribute to performance loss [9,15-17]. Finally, organic HTMs do not efficiently protect the
perovskite absorber layer from the ingress of moisture or metal migration. On the other hand,
inorganic HTMs such as NiOx, Cul, CuSCN, Cu20, and CulnS: are inexpensive, have high intrinsic
conductivity, excellent chemical and thermal stability and can protect the perovskite absorber against
moisture and metal migration [18-22].

Recently, quaternary chalcogenide Cu-based materials have attracted interest as HTMs for n-i-
p and p-i-n PSCs, with a focus on Zn-based materials (Cu2ZnSn(Sx,Sex-1)4 (CZTS)). These materials are
low cost, chemically stable, earth-abundant, non-toxic, have a suitable band gap (1.4-1.6 eV) and
energy levels, high hole mobility (0.1-35 cm? V-1s71) and high absorption coefficient (approximately
104 ecm™) [23-30]. In this study, Zn is replaced with the magnetic atoms Ni and Co, which form the
quaternary stannite-structured Cu2NiSnSs (CNiTS) and Cu2CoSnSs (CCoTS). Their direct and tunable
band gap (1.2-1.6 eV), earth-abundant composition, high carrier (hole) mobility (0.36-36 cm? V-5
for CCoTS, and 3.4-11 cm? V157 for CNiTS), thermal stability and high absorption coefficient [31-
33], makes them promising HTMs. Thus, we use a solvothermal synthesis approach as it provides a
simple and low cost method to synthesize various morphologies and sizes of particles and surface
termination by modifying reaction parameters such as time and temperature, capping agents,
precursors and solvents [34-37]. We investigate the properties of the CNiTS and CCoTS particles
using field-emission scanning electron microscopy (FESEM), X-ray diffraction (XRD) and UV-Vis
spectroscopy and utilize photoluminescence (PL) and impedance spectroscopy to assess whether
their band energy alignment is suitable for using in PSCs. We find that crystalline CNiTS and CCoTS
nano-sheets are formed, where the resulting ink can be utilized as an HTM in n-i-p PSCs. We posit
that CNiTS is more suitable as an HTM for PSCs than CCoTS due to better charge transfer may
contribute to achieving long-term stability of PSCs. However, the field will have to further optimize
the composition of these materials to shift the conduction band upwards and prevent unwanted
recombination.

2. Materials and Methods

2.1. Materials

All chemicals were purchased from Merck, unless stated otherwise. Fluorine-doped tin oxide
(FTO) glasses (15 Q1) and spiro-MeOTAD were purchased from Lumtec, Taiwan
(https://www lumtec.com.tw/).

Lead iodide (Pblz) and methyl ammonium iodide (MAI) were purchased from Sharif solar,
titanium (IV) isopropoxide (TTIP) from Sigma-Aldrich and TiO:z paste (30 NR-D) was purchased from
Greatcell Solar.

2.2. Synthesis of Cu2(M = Ni, Co)SnS+(CMTS) Nano-Sheet Particles

The CMTS particles were synthesized by a mild solvothermal method [35]. First, 1 mmol CuCly,
0.5 mmol Ni(NOs)2-6H20 or 0.5 mmol Co(NOs)2:6H20, 0.5 mmol SnCl>-2H:0, 2 mmol thiourea, 0.32 g
polyvinylpyrrolidone as capping agent and 35 mL ethylene glycol as solvent were stirred for 30 min
at 80 °C. The suspension was then transferred into a Teflon container and autoclaved at 180 °C for 8
h. The resulting black suspension was subsequently washed by centrifuging at 9000 rpm with ethanol
and deionized (DI) water. The remaining sediment was dried in a vacuum for 12 h at 100 °C (see
Figure S1). As can be seen from the XRD pattern of the synthesized CMTS in Figure S2a, tetragonal
stannite phases were formed for CNiTS and CCoTS powders. In addition, no secondary phases are
found in the Raman spectra (see Figure S2b), which is good evidence of the high purity of the CMTS
samples.
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2.3. Solar Cell Fabrication

FTO-coated glass substrates were etched using zinc powder and HCl (4 M) to form the electrode
pattern. The etching was followed by cleaning in an ultrasonic bath for 15 min using DI water with
detergent, acetone, ethanol and isopropanol (IPA). After each step, FTO glasses were rinsed with
boiling DI water for several minutes and finally dried with a nitrogen gun. The substrates were kept
in a vacuum oven for 2h at 200 °C before use. A TiO2blocking layer was spin-coated using a solution
of TTIP in ethanol (3000 rpm, 30 s). The substrates were immediately transferred to a hotplate and
annealed at 500 °C for 30 min. Next, a mesoporous TiO: layer was deposited by spin coating a TiO:
paste (diluted in ethanol 6:1) (3000 rpm, 30 s) and annealed at 500 °C for 30 min.

PblL: films were cast from a 1M solution in N,N-Dimethylformamide (5000 rpm, 30 s) and
annealed at 100 °C for 15 min. The Pbl: films were then suspended 1 cm above the MAI powder at
150 °C for 3 h in an oven. The resulting CHsNHsPbIs films were washed with IPA to remove excess
MAI and dried for 10 min at 150 °C. HTM CMTS powder dispersions (25, 50, 75 100 and 125 mgmL~"
in IPA) were spin-coated on the perovskite layer (3000 rpm, 30 s) and annealed for 15 min at 100 °C.
An 80 nm layer of Au was deposited on top of the HTM by thermal evaporation to form the back
contact.

2.4. Measurements and Characterization

The size and morphology of the CMTS nano-structure particles and perovskite films were
characterized by FESEM, (TESCAN, Mira 3-XMU). Structure, crystallinity and the phase of the
samples was examined by XRD (D8 Advance Bruker, Cu-Ka A = 1.54 A radiation) and by high
resolution Raman spectroscopy (SENTERRA, laser wavelength A = 785 nm, spectral Resolution: <3
cm™). UV-Vis absorption (Avantes AVASPEC-ULS2048L) was measured in a range from 200 to 1100
nm. Photoluminescence (PL) measurements were performed by using a nitrogen laser (NL 100) with
an excitation wavelength of 337 nm.

The current density-voltage (J-V) scans of the PSCs were measured using a solar simulator
(Sharif solar, SIM-1000), at a scan rate of 50 mVs™, under 100 mWcm2 AM 1.5 G illumination,
(calibrated using a Thorlabs photodiode). A 0.09 cm? mask was used to define the active area.
Electrochemical impedance spectroscopy (EIS) measurements were measured under illumination
using an Autolab 302 N, at a DC bias potential of 0.8 V and from 10 Hz to 1 MHz. The plots were then
fitted using Z-View software.

3. Results

Figure la,b shows the solar cell configuration and energy band diagram of the CMTS-based
PSCs. As illustrated in Figure 1b, the valence band maximum (VBM) and conduction band minimum
(CBM) of CNiTS and CCoTS are at -5.32, -3.87 eV and -5.15, -3.78 eV, respectively [38,39]. This means
that the energy levels are well aligned with the VBM and CBM of perovskite to facilitate efficient hole
injection at the perovskite/HTM interface, while blocking electrons.

Figure 1c—f shows the top view FESEM images of CNiTS and CCoTS films, which are deposited
by 100 mg mL- ink concentration on the perovskite layer. As can be seen in the FESEM images,
aggregated CNiTS and CCoTS nano-sheet particles cover the perovskite surface and form a rough
but dense layer. However, some pinholes can be seen (see Figure 1d,f). Different ink concentrations
(25, 50, 75, 100 and 125 mg mL") were used for solar cell fabrication to optimize the surface coverage
and therefore device performance. Further investigations revealed that application of higher ink
concentrations results in higher surface coverage. However, vacancies can still be detected even for
the highest concentration, which can be attributed to the magnetic properties of Ni and Co, which
result in the formation of aggregated and impacted particles (which cannot be separated by
sonication). In addition, the choice of ink solvent can affect the surface morphology; nonpolar
solvents such as chlorobenzene result in a viscous ink, which does not form a uniform film. On the
other hand, for more polar solvents, such as IPA, a uniform film is formed.
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Figure 1. (a) Schematic and (b) band diagram energy level of perovskite solar cells (PSCs), top-view
field-emission scanning electron microscopy (FESEM) images of (c), (d) CuzNiSnSs (CNiTS) and (e),
(f) Cu2CoSnS4 (CCoTS) layer (deposited by 100 mg mL™ ink concentration for CNiTS and CCoTS) on
the perovskite thin film.

The CMTS inks were used to fabricate devices with a FTO/compact-TiOz/m-
TiO2/CHsNHsPbIs/CMTS/Au device configuration. PL and UV-Vis absorption were used to
investigate the charge transfer processes. Figure 2a shows the UV-Vis absorption spectra of the CMTS
HTMs deposited on top of the perovskite layer. As shown in Figure 2a, the samples exhibit a higher
absorption in the visible range (400-800 nm) compared to pristine perovskite; this is attributed to the
presence of CMTS. In addition, the presence of CNiTS enhances the absorption considerably more
than CCoTS, which may be due to the denser coverage of CNiTS of the perovskite surface (Figure
1c). The UV/Vis absorption spectra of CNiTS and CCoTS are shown in Figure 2b, the corresponding
Tauc plots are shown in the inset; an E; of 1.47 and 1.31 eV is found for CNiTS and CCoTS
respectively, which is in agreement with values reported in literature [31,39,40]. Figure 2a also shows
the corresponding PL spectra of the CMTS deposited on top of perovskite. The high-intensity PL peak
of perovskite at 765 nm will be quenched if charge transfer takes place from the perovskite to the
HTM. Quenching is observed for both CNiTS and CCoTS HTMs, but is more pronounced for CNiTS,
suggesting charge transfer is more efficient for this material.
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Figure 2. (a) UV-Vis absorption and steady photoluminescence (PL) spectra of the FTO/C-TiO2/M-
TiO2/Perovskite/CMTS film stacks, and (b) UV-vis absorption spectra and the Tauc plot (inset) of
CM(M = Ni, Co)TS films.

Abbreviations: CMTS: CuzM(M = Ni, Co)SnSs; FTO: Fluorine-doped tin oxide

In addition, charge transport was studied by EIS, which provides valuable information
concerning the interfaces of PSCs. Figure 3a shows the Nyquist plots of the devices with CMTS
HTMs. The measurement was carried out under illumination (AM 1.5 G), at 0.8 V bias voltage in a
frequency range of 10 Hz to 1 MHz. An equivalent circuit was used to fit the semicircles in Figure 3a
containing a series resistance (Rs), charge transfer resistance (Rct) and a constant phase element (CPE)
as a nonideal capacitor which is usually defined by CPE-T and CPE-P and is related to the interface
capacitor and an ideal capacitor, respectively [23], (see the inset of Figure 3a). The built-in potential
is responsible for the interfacial capacitance, which is created by dipoles at the interfaces, thus charge
transfer phenomena can be modelled as a constant phase element in parallel with the Rct [41]. The
fitted parameters of Rs, Rct, CPE-T, and CPE-P from Nyquist plots are summarized in Table 1. The
CPE of the perovskite/CNiTS interface is higher than that of perovskite/CCoTS by 0.5 uF cm=2, which
is due to the higher built-in potential (Vbi).

The semicircles in Figure 3a can thus be attributed to Rct at the perovskite/HTM interface and
the diameter of the arc gives the value for Rct [23,27], which is 211 QO cm? for CNiTS and 264 QQ cm?
for CCoTS (see Table 1). The smaller Rct of the CNiTS device implies faster charge transport at the
perovskite/HTM interface, which is in agreement with the more pronounced quenching of the PL for
CNiTS as compared to CCoTS (see Figure 2a).

The intercept on the real Z (Q cm?) axis at high frequency corresponds to Rs, which includes the
FTO resistance, the intrinsic contact resistance of TiO2, CHsNHsPbIs and the Au electrode in addition
to that of the CMTS HTMs. The Rs of CNiTS is lower than that of CCoTS (20.79 QO cm? and 22.15 Q
cm? respectively, Table 1), again suggesting charge injection is more efficient for CNiTS.

Furthermore, on the basis of the characteristic frequency of the Bode-phase plots shown in
Figure 3b, the electron lifetime (the recombination time, Te) can be calculated by the equation of Te
=1/2mfmid (fmid is the phase angle peak at the midfrequency peak). Interestingly, the te value of the
CNiTS device (5.8 ms) is higher than that of the CCoTS device (4.9 ms). Again, this further confirms
that the perovskite/CNiTS interface has a higher charge lifetime than the perovskite/CCoTS interface.
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Figure 3. (a) Nyquist plots and (b) Bode plot of the CM(M = Ni, Co)TS-PSCs under illumination (AM
1.5 G) at the biased voltage of 0.8 V; solid lines show the fitting curves according to equivalent circuit

depicted in the inset.

The SEM, PL and EIS data suggest CNiTS will be a more suitable HTM for PSCs than CCoTS.
To put this to the test, the concentration of CMTS powder in IPA was optimized to obtain a maximum
device performance. The J-V curves of the devices with different CMTS concentrations (25, 50, 75, 100
and 125 mg mL") are shown in Figure S3 and the photovoltaic parameters are listed in Table S1. As
shown in Table S1, the maximum performance of the PSCs was obtained for a concentration of 100
mg mL™" for both CNiTS and CCoTS. The J-V curves of the CMTS-based PSCs with optimized
concentrations of 100 mg mL-" are shown in Figure 4a,b. The obtained photovoltaic parameters from
the J-V curves are summarized in Table 1. Dark J-V curves show that shunt resistance is high and
series resistance is low for both HTMs, indicating excellent coverage of the perovskite layer and good
hole conductivity. The photovoltaic results show a higher performance for CNiTS based-PSCs than
that for CCoTS based-PSCs (see Figure 54, for statistical photovoltaic parameters). This may be due
to the optimized energy band alignment for CNiTS compared to CCoTS (see Figure 1b) which leads
to more efficient charge transport and charge injection [24,26].
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Figure 4. Record current density-voltage (J-V) curves for the (a) CNiTS and (b) CCoTS-based PSCs, in
forward and backward directions with a 50 mVs!scan rate, under 100 mWem=2AM 1.5 G illumination
and in the dark.

One of the challenges of PSCs is the anomalous hysteresis in the J-V curve, which depends on
the scan rate, amplitude of the external electrical field, sweeping direction (from short-circuit towards
open-circuit, and vice versa), and architecture of the PSCs [42,43]. It has been shown that hysteresis
occurs in the presence of mobile ions and surface defects. The hysteretic behavior of PSCs can thus
give information on the quality of the perovskite/HTM interface. Both the devices with CNiTS and
CCoTS as HTM demonstrate a small reduction of Js in the backward scan direction, and no obvious
change of Voc and FF. However, the CNiTS HTM shows lower hysteresis (8.5% vs 17.5% for CCoTS),
again indicating that CNiTS is more suited as an HTM for PSCs.

However, the obtained PCEs are significantly lower than those reported for state of the art
organic HTMs. This may be due to the small offset of the conduction bands of the CMTS HTMs and
perovskite, allowing for electron injection into the HTM, leading to significant recombination. In
addition, the HTMs are photoactive and may absorb some of the incident light; again this would lead
to recombination and reduced device performance. Using compositional engineering (or even
quantum confinement) it should be possible to shift the conduction band upwards, as it is in related
compounds [44], which would increase hole selectivity and reduce unwanted absorption by the
HTM.

Table 1. Photovoltaic parameters of the CM(Ni, Co)TS-based (100 mg mL-') PSCs with a 50 mVs!

scan rate.
PE
v Sean Ve Jsc FF PCE Hysteresis zg I({g ,,,,,T,,,@,Q —————————————————
Direction (V) @mAcm=2) (%) (%) (%) Phase
cm?)  cm?)  cm?)
Forward 0.92 17.75 54 8.85 9 x
iT . 20.7 211 A4
CNITS “pockward 092 1643 54 815 o7 0.7 105 Y
Forward 0.87 16.87 50 7.31 4 x
CCoTS Backward 0.86 14.45 50 6.22 17:5 2215 264 105 0-56

We assessed the ability of CCoTS and CNiTS to protect the perovskite absorber layer from
environmentally induced degradation by light soaking devices for 200 h in ambient air with 50%
relative humidity (see Figure 5). We found that the perovskite absorption is not significantly changed
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after light soaking (except around the absorption onset, which is likely caused by light induced trap
activation in the perovskite absorber) for both CCoTS and CNiTS. However, the peak absorption at
~500 nm for an equivalent spiro-MeOTAD device shows a ~50% drop. This shows that the inorganic
CMTS HTMs are superior when it comes to protecting the perovskite absorber from environmental
degradation.

«eeesee Fresh
CCoTS/200 h
= CNiTS/200 h
Spiro-MeOTAD/200 h

0.D. (a.u.)

L] L] L] L]
600 650 700 750 800 850
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Figure 5. UV-Vis absorption spectra of perovskite-coated CCoTS, CNiTS and spiro-MeOTAD after
200 h of light soaking under AM 1.5 simulated solar light in ambient air (50% relative humidity).

4. Discussion

High purity stannite-structured CMTS particles were synthesized via a cost-effective and facile
solvothermal method. Their structural and optical properties were studied to assess their suitability
as HTMs for PSCs. Optimized CMTS nano-ink was used in PSCs as an inorganic HTM, which
resulted in record PCE of 8.85% for CNiTS and 7.31% for CCoTS. The higher PCE for the CNiTS HTM
can be attributed to better charge transfer, which is confirmed by considerable PL quenching and
lower charge transport resistance, and by the formation of a more uniform layer on top of perovskite.
Moreover, the UV-Vis absorption spectra show that the inorganic CMTS HTMs provide better
environmental protection for the perovskite absorber layer, compared to their organic counterparts. We
conclude that the quaternary stannite CNiTS is a promising HTM for PSCs, provided that the
conduction band can be shifted upwards through compositional engineering. CMTS materials can help
pave the way towards stable, low cost and environmentally friendly HTMs and the scalability of PSCs.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1073/13/22/5938/s1,
Figure S1: Synthesis process of hole transport materials, Figure S2: X-ray diffraction and Raman spectrum, Figure
S3:]-V curves, Figure S4: Statistical photovoltaic parameters, Table S1: Photovoltaic parameters.
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