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Abstract

Tin(IV)-based, air stable, hybrid, defect perovskites combining trimethyl sulfonium
[(CH3)3S¢] cation with various halide anions (Cl, Br, 1) have been synthesized and characterized.
The XRPD patterns and corresponding Rietveld analysis show that ((CHz)3S)2SnXs (X = Cl, Br, |, IsCl,
14Cly, 1sBr, 14Br2) form a cubic OD framework. According to Raman investigation, their lattice
vibrations depend largely on the nature of halogen anion. UV-vis diffuse reflectance spectra confirm
that a similar dependence was observed for their band gaps ranging from 1.38 to 4.0 eV. After their
physicochemical characterization, the novel perovskites were successfully incorporated as hole-
transporting materials in dye-sensitized solar cells (DSCs) using different sensitizers (both organic
dyes and transition metal complexes) chemically adsorbed on titania mesoporous electrodes, where
power conversion efficiencies as high as 5% were achieved. The obtained results are a significant
step towards the development of solution processed, lead-free, solid-state, third generation
photovoltaics (dye-sensitized and/or perovskite solar cells), presenting enhanced performance, low
fabrication cost and high stability, in contrast to the humidity sensitive methylammonium (MA) and
formamidinium (FA) cations, which are commonly used in perovskite solar cells.

Introduction

Perovskite are currently of the most promising materials in 3™ generation photovoltaic technologies
and light emitting diodes for highly efficient, simple process and low-cost production[1-3]. Recently,
an unprecedented progression of material compositions, engineering modification, and preparation
procedures delivered lab-scale solar cell devices that have now reached record power conversion
efficiencies up to 24.2% [1,4-9]. However, this type of materials suffers from long-term instability
in ambient air due to the hygroscopic amine cations (Methyl ammonium or formamidinium) and
from the toxicity of lead [10]. On the other hand, Sn** atoms in the Cs2Snlg perovskite are more
stable and it has been reported either as absorber in perovskite solar cells or as HTM in DSCs with
promising power conversion efficiency (PCE) up to 8% [11, 12]. Herein, we report the free-lead
perovskite was incorporated in electrolyte-free dye-sensitized solar cells based on the 7907
chromophore chemisorbed onto mesoporous titania electrodes. A power conversion efficiency up
to 5% was achieved confirming efficient hole extraction across in DSCs with different type of dye
sensitizers, metal-organic (2907, N719) and organic (MK2, D35).
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Experimental Section

Firstly, (CHs3)sSCl, (CHs)3SI and Snls were synthesized according to our previous work [13,14].
Secondly, ((CHs3)3S)2SnlexClx and ((CH3)3S)2SnlexBrx (x = 1, 2) were prepared by the solid-state
synthesis method. All equimolar amounts precursors were ground together and loaded in a silica
tube, which was flame-sealed under vacuum and then heated in a furnace at 110 °C for 48 hours.
For solar cell fabrication: All photoanode FTO/TiO, cells were prepared as described in our
published article [13]. Moreover, 0.1 mol L perovskite solutions in DMF were prepared under
stirring at 50 °C for 10 minutes. The perovskite solutions were filtered by PTFE 0.45 um filter. Then,
10.4 uL of TBP and 15 L of Li-TFSI were added as dopants to increase the conductivity of the
((CH3)3S)2SnlsxClx and ((CH3)3S)2SnlsxBrk HTMs inside the dye sensitized solar cells.

A drop of the perovskite solution was placed on top of a platinized (100 nm thick prepared by
sputtering) FTO glass (cathode electrode) and left to dry at 50 °C. The same procedure was followed
for the TiO2 /dye photoelectrode. The cathode electrode was placed on top of the photoelectrode
after an extra drop of the perovskite solution was casted on it.

All first principles calculations, electronic band structure, density of states (DOS), partial density of
states (PDOS) were performed using CASTEP code [15].

Results and Discussion

((CH3)3S)2Snls-xClx and ((CHs)3S)2Snle-xBrx (x = 0, 1, 2) perovskites were obtained from solid-state
synthesis in high crystallinity materials with cubic symmetry (space group Pa3, (No. 205). No extra
peaks of unreacted precursors or other impurities were observed by XRPD analysis in all samples
(Figure 1). A small gradual shift of the characteristic peaks around 11.3, 13.1, 26.4 and 27.2° is
observed towards higher 20 values with increasing Cl or Br content.
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Figure 1. XRPD patterns of trimethyl sulfonium tin perovskites with variable halogen content.

The partial substitution of iodine (ionic radius, I" = 220 pm) by the smaller chlorine (ionic radius, CI
=181 pm) or bromide (ionic radius, Br =196 pm)[16], leads to the distortion and shrinkage of metal
halide octahedra, and consequently, shift of XRD peaks to higher angles. Structural analysis was
performed for ((CH3)3S)2SnlexClx and ((CHs)3S)2Snle-xBry (X=0, 1, 2) with the Rietveld method using
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initially the structural model of ((CH3)3S)2Snls without further refinement of the trimethyl sulfonium
group.

Micro-Raman spectra (not shown here) of ((CH3)3S)2SnlexClx and ((CH3)3S)2SnlexBrx (X=0, 1, 2)
perovskite materials confirm that, two different types of Raman active modes are observed,
external vibrations in the [SnlexClx or ls.xBrx] octahedra, which appear at low frequencies (30 — 200
cm) as well as internal vibrations in the organic trimethyl sulfonium (CHs)sS) molecule, at
frequencies above 200 cm™. Moreover, Raman spectra temperature dependence of ((CHs3)3S)2Snle
was performed to study lattice vibrational mode and possible phase transition on wide range (-190
to 100 °C) of temperature, which predict a phase transition at lower symmetry occurs below -50°C.
The electronic properties of ((CH3)3S)2SnlexClx and ((CHs)3S)2Snls-xBrx (X=0, 1, 2) were investigated
using UV-Vis spectroscopy at room temperature. Absorption spectra are calculated by transforming
the diffuse reflectance spectra to Kubelka-Munk units and presented in Figure 2. By extrapolating
the absorption curves to the energy axis, we estimate the bandgap energies which depend largely
on the nature of pure halogen anion and slightly increase from 1.43 to 1.50 eV upon partial lodide
substitution.
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Figure 2. Diffuse reflectance UV-Vis spectra in Kubelka-Munk units for ((CHz)3S)2SnXs (X = Cl, Br, |,
IsCl, 14Cly, IsBr, 14Br2) perovskite compounds.

The calculated band structure along high G symmetry directions in the first Brillouin zone for all
compounds. Also, the partial density of state indicates that the main contribution of the top valance
band is the 5p state of halogen with little contribution of the 5s state. On the other hand, the main
contribution of the conduction band arises from anti-bonding 5p states of the halogen atoms and
5S states of Sn atoms.

Solar cells

((CH3)3S)2SnXs (X =Cl, Br, I, IsCl, 14Cl3, IsBr, 12Br2) perovskites were employed as electrolyte-free based
on Dye sensitized solar cells of the type FTO/TiO,-Dye//perovskite//Pt/FTO, using the
nanoparticulate TiO; films and different type of sensitization with either the metal-organic (2907,
N917) or the organic (MK2, N3 and D35) dyes.
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From the JV plots the values of short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor
(FF) and photovoltaic efficiency (PCE) were deduced and recorded in Table 1. The efficiency is
defined as the ratio of the maximum electrical power produced by the cell (JVmax) over the incident
light power (P), and it was achieved by equation (1):

(JV)max

PCE % = x 100 (D

For the calculation of the fill factor values we used the equation (2):

FF = w @

Among different type of cells those which combine the Z907 sensitizer with the perovskite HTMs
based on pure iodide and monosubstituted Bromide/chloride, achieved the highest performances,
5.07% and ~ 4%, correspondingly. The photovoltaic parameters are summarized in Table 1. The
highest value of the photocurrent density, 20.05 mA cm, was recorded for the pure iodide-based
perovskite. This value was reduced to 14.03 and 12.06 mA cm for monosubstituted bromide and
chloride respectively. On the hand, Figure 3, shows that the quite high efficiency was observed for
the N719 dye than organic MK2 and D35 dyes.
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Figure 3. Photovoltaic performance of solar cells based on ((CH3)3S).Snls and various dyes.

Table 1. Photovoltaic performance of solar cells based on the title compounds based and various

dyes.
Dye Compound Jsc (MA cm™?) Voc (V) FF PCE %
D35 ((CHs)3S)25nle 4.34 0.49 0.53 1.12
MK2 ((CH3)3S)2Snls 10.5 0.4 0.42 1.77
N719 ((CH3)3S)25nls 9.54 0.49 0.57 2.68
((CH3)3S)2Snls 20.05 0.48 0.53 5.07
Z 907

((CH3)3S)2SnlsBr 14.03 0.51 0.56 4.02
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((CH3)3S)2Snl4Bra 6.36 0.49 0.53 1.64
((CH3)3S)2SnlsCl 12.06 0.55 0.6 4.00
((CH3)3S)2Snl4Cl 8.66 0.59 0.58 2.95

Conclusions

Lead-free, air-stable, low toxic ((CH3)3S)2SnlexClx and ((CHz)3S)2Snls-xBrx (x=0, 1, 2) defect perovskites
have high potential for semiconducting applications. The photophysical characterization and DFT
computational calculation confirm that the lattice vibrations modes and electronic bandgaps are
between 1.38 and 1.5 eV and depend largely on the effect of mixing | and Cl/Br atoms. We utilize
the title compounds as hole-transporting materials in electrolyte-free dye-sensitized solar cells,
based on mesoporous titania electrodes with different type of sensitizer metal-organic (2907, N719)
and organic (MK2, D35) dyes. A power conversion efficiency (PCE) of 4% under the standard
illumination conditions of 100 mW cm™ were achieved for the ((CH3)3S)>SnlsBr and ((CHs)3S)2SnlsCl
layer sandwiched between the metal-organic Z907 and Pt interface. Electrochemical impedance
results confirm low hole extraction resistance of mono-substituted halogen at the perovskite-Pt
electrode. Overall, our results promote trimethyl sulfonium tin-based perovskites as chemically
stable hole-transport material in lead free solar cells.
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