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The design of lead-free perovskite thin films with tunable optoelectronic properties is a hot topic in materials science, since
it might enable the discovery of interesting properties outside the extensively explored field of photovoltaic solar cells.
Herein, we report on the bending strain sensitivity of a lead-free hybrid organic-inorganic monodimensional iodide
(TMSO)3SnsxBiz1xle (0 < x < 1) showing complete miscibility of Bi** and Sn?*, with TMSO being trimethylsulfoxonium. As
previously shown in monodimensional haloplumbates, vacant cation sites are formed upon Bi**insertion, which in turn lead
to the tunable shrinkage of the unit cell along the a axis. The effective substitution of Bi** and Sn?* and their chemical state
are investigated with EXAFS/XANES. Notably, Bi** also lowers the bandgap from 2.75 eV to 1.96 eV. Thin films prepared by
spin coating on flexible ITO/PET supports are then used to assess the bending strain sensitivity as a function of composition,
reaching an optimal value of the gauge factor (about 110 at 0.6% strain) at the highest Bi** concentration. The observed
features are explained in terms of the surface morphology of the films as probed by AFM, highlighting the role of Bi**. The
effects on microstructural and electrical features after strain are further investigated by SEM and EIS, underpinning the key

role of microcracks and delamination for triggering the observed responsivity to bending strain.

throughput approach based on density functional theory allowing

Introduction the correlation of the structural features to the electronic properties

Halide perovskite-based materials are currently among the most of these systems A benchmark in the field of piezoelectric

extensively investigated materials for the fabrication of solar cells at perovskites is the Pb(Ti,Zr)0s5, resulting in its applications as

high efficiency, since they can combine optimal optoelectronic piezoelectric actuator. In order to avoid lead in this class of ceramics,

properties and low-cost solution processability, allowing to reach the Bi-based BiFeOs and (BiosNaos)TiOs perovskites have also been

L 0/ 11 e .
efficiencies higher than 25%.% It is evident that these materials are g jiaq for their excellent piezoelectricity.” A recent example of lead-

playing a big role for the design of innovative technologies in the field free piezoelectric perovskites is the 0.3BaTiOs—0.1Bi(Mgy/sTiz/2)Os

of photovoltaics. Interestingly, they have also been widely explored 0.6BiFe0; ceramic, whose piezoelectric response is caused by the

. . . . 3
in the field of optoelectronics for use as photodetectors,? diodes3 and combinational partial ordering of the off-centered Bi ions that adapt

- . . e
efficient energy harvesters based on piezoelectric CsPbBrs thin films. their position under the application of an external electrical field.

Interestingly, the applications in the field of piezoelectricity and In this scenario, halide perovskites have shown excellent

ferroelectric properties may be predicted by employing a high- piezoelectric and ferroelectric properties comparable to those of

conventional inorganic piezoelectric materials.® For instance, the
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CHsNH3Pbl; thin films were studied by piezoelectric force
microscopy,'® with a piezoelectric coefficient dss e in the range of 6-
25 pm/V under illumination. Other examples include the CsPbBr; thin

films mentioned above,* and the two-dimensional hybrid perovskite
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ferroelectric  (4-aminotetrahydropyran),PbBrs  [(ATHP),PbBr,].11
Metal-free halide piezoelectrics with a perovskite structure have also
been proposed recently,12 based on MDABCO-NH,4-I3 (MDABCO = N-
methyl-N'-diazabicyclo[2.2.2]octonium)!3 or on NDABCO-NH;-Brs3
(NDABCO = N-amino-N'-diazabicyclo[2.2.2]octonium) by replacing
the methyl group of MDABCO with the amino group:1 these show a
ds3 coefficient as high as 63 pC/N. To facilitate the applications into
devices, perovskite halides crystals were also used as active fillers,
e.g. MAPbIs—polyvinylidene fluoride (PVDF) composite,’> CsPbCls-
PVDF reaching with ds3 ~ 49 pm/V?6, and CsPbBrs-poly(vinylidene
fluoride—trifluoroethylene) with carbon nanotubes.”

The interplay of electrical and mechanical responses in halide
perovskites is still far from being fully understood so that it can be
fully implemented in real life strain sensors, and one major limitation
is the difficulty in obtaining halide perovskite with good
reproducibility and stability under ambient conditions. In this regard,
piezoresistivity could represente an alternative piezo-based
transduction mechanism, where the mechanical strain triggers
changes in the electrical resistance or conductivity,!® without
generating a potential like in the piezoelectric transduction. Such
effect is based on cracks or gaps among conductive domains within
the material structure directly resulting from the application of strain.
As a result, the variation of gap sizes or the shrinkage of the material
conductive paths determines electrical resistance changes that can
be quantified at ease by an external measuring circuit. However,
piezoresistivity in halide perovskites is at present still underexplored,
due to the well-known issues of instability when in contact with air.1°
To this aim, most works have focused so far on composites of halide
nanoparticles dispersed in suitable polymer matrices to enhance
their stability, ultimately providing flexible strain sensors, e.g.
MASNBrl; nanocrystals in polyurethanes,?° and CsCuCls in PVDF.2! To
our knowledge, no studies exist on thin films hybrid piezoresistive
halide perovskites that could facilitate the integration into sensor
devices.

Here, we investigate the onset of previously unknown piezoresistive
properties in lead-free hybrid organic-inorganic tin/bismuth iodides
(TMSO)3SnayBizaxls (0 < x < 1), where TMSO is the
trimethylsulfoxonium cation. Although not perovskites in a strict
sense, various lower-dimensional lattices of halometallates sharing
vertices, edges or faces are (somewhat liberally) also called

perovskites in recent literature, due to their broadly similar

photophysical properties and crystal chemistry. The resulting hybrid
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perovskite shows the formation of vacant cation sites controlled by
the concentration of Bi3* cations, which induces a shrinkage of the
crystalline cell along the a-axis. The perovskite structural chemistry is
deeply investigated by using advanced X-ray based techniques. Thin
films produced by spin coating onto ITO/PET supports show a
dramatic variation of their morphological features and piezoresistive
properties as a function of the Bi3* content, ultimately finding an
optimized value which is well correlated with the formation of vacant
cation sites induced by the Bi ions. The physical and chemical
properties of the thin films are extensively studied by surface-
sensitive techniques,?2 such as X-ray photoelectron spectroscopy
(XPS), scanning electron microscope (SEM), and atomic force
microscopy (AFM), demonstrating the correlation between the
concentration of Bi3* concentration in the perovskite and the
piezoresistive properties of the thin film. This work can constitute a
first step towards the rational design of lead-free halide perovskite
thin films with piezoresistive properties controllable by the

concentration of Bi3+.

Methods

Bulk powders: synthesis and characterization

Tin oxide (SnO, 99%, Alfa Aesar), bismuth oxide (Bi,03, 99.9%, Sigma-
Aldrich), hydroiodic acid (HI, 57% w/w aqueous stabilized with 1.5%
HsPO,, Alfa Aesar), trimethylsulfoxonium iodide (((CHs3)3SO)I, >98%,
Alfa Aesar), were all used as received. All samples with general
formula (TMSO)3Sns,Biy(1-ls Were synthetized through precipitation
from aqueous solution as described in detail in our earlier work,23.24
using Sn0; instead of PbO..

X-ray diffraction (XRD) patterns were acquired on all samples with a
Rigaku Miniflex 600 diffractometer using Ni-filtered Cu Ka radiation,
and analyzed with Rietveld refinement using GSAS-II (Fig. S1-S5).25 All
samples were refined with an orthorhombic Pnma structure and all
lattice parameters obtained from refining are given in Table 1.

X-ray absorption spectra were acquired at Bi L3-edge and Sn K-edge
at the BM8 beamline of ESRF (Grenoble, France). Spectra were
acquired in transmission mode on samples cooled at 100 K with a
liquid nitrogen cryostat. Each sample was measured on a grid of nine
spots ca. 1 mm apart to minimize beam exposure, with each scan
lasting about 40 min, and all scans averaged afterwards. For each
sample, pellets were prepared by dilution with boron nitride. Data

reduction was performed with Athena.26
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X-ray Fluorescence Spectroscopy (XRF) was performed on the
powders of the three mixed-metal phases were deposited on a
polycarbonate film and analyzed with a MiniPal2 XRF spectrometer
(PANalytical), working with a Cr anode at 30 kV and 3 pA, using an Ag
filter. X-ray fluorescence lines were measured for Sn (Ko line, at 25.2
keV) and Bi (Lo, LB: and Ly; lines, at 10.8, 13.0 and 15.2 keV,
respectively). Intensity calibration was performed using an equimolar
amount of Sn and Bi, using a (TMSO)Snl; and (TMSO)3Bi,ls mixture.

UV-vis-NIR reflectance spectra of the powder were measured in the
200-800 nm range using a Jasco V-770 spectrophotometer equipped
with an integrating sphere. The Kubelka-Munk function F[R] was
calculated from the reflectance spectrum, using the F[R] = (1 - R)2 /
2R relationship. Taking F[R] as the representative of the sample
absorbance spectrum, extrapolation of the linear portion of the (F[R]
hv)2 vs. hv plot on the hv axis provided experimentally accessible

direct band gap values (Tauc plots).

Thin films: deposition and characterization

Dimethylformamide (DMF, >99.8%, Sigma-Aldrich), isopropyl alcohol
(C3HgO, >99.7%, Sigma-Aldrich), and absolute ethanol (C;HeO,
99.97%, VWR) were all used as received. Thin films were prepared by
dissolving the powder with a concentration of 40 mg/mL in DMF,
stirring the solution at 30 °C until a clear solution was obtained. The
solution was filtered through 0.22 um Millipore PTFE syringe filter.
Then, 100 pL of solution were spin-coated for 20 s at 4000 rpm using
an Ossila system on 1 mm-thick and 24 x 24 mm2 ITO/PET substrates.
Before film deposition, the substrates were sonicated in isopropyl
alcohol for 10 min and treated in an ozone cleaner for 30 min.
Transmission mode UV-vis spectra were recorded with a Analytik
Jena Specord S600 spectrophotometer in the range of 300-650 nm.
All spectra were acquired on films deposited on 24 x 24 mm? glass
substrates, using the latter as blank.

The electrical and impedance characterizations were conducted
using a instrument Metrohm Autolab PGSTAT 128 N
potentiostat/galvanostat. The electrical response of the sensors was
acquired as current-potential (I-V) analyses with a two-electrode
connection, linked to the two ends of the ITO 24 x 24 mm?2 active
area, connected by crocodile clips. The sensing electrode (S) was
short-circuited with the reference electrode (RE), to avoid Ohmic
losses. The potential range used was from -2 to +2 V with a scanning
speed equal to 0.1 V/s. The sensors were placed on a custom 3D-

printed folding device, with a 10 mm sized curvature radius. The
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bending measurements were performed by affixing the sensors to
Kapton tape at both ends. Specifically, one end was securely fixed
with Kapton tape, while the other was adjusted to vary the angular
position, corresponding to the sensor movement on the folding
device. The samples were placed on the folding device, and their
behavior was analyzed under static conditions at bending angles
equal to 0°, 30°, 60°, and 90°. At each bending step, the folding device
is elongated by approximately 5 mm. For each angle, 14 repeated
measurements were performed on each sample. Electrochemical
Impedance Spectroscopy (EIS) measurements were carried out in the
frequency range comprised between 0.05 Hz and 500 kHz, using a
sine wave at 10 mV potential and 0 V bias. The fit of the equivalent
circuits from the EIS data was carried out with the Nova 2.1.5
software. Measurements of electrical resistance variations were
acquired with a PeakTech 2025 multimeter.

X-ray Photolectron Spectroscopy (XPS) spectra of the deposited thin
film were acquired with a PHI5000 VersaProbe Il apparatus (ULVAC-
PHI, Japan) equipped with an Al K, anode (1486.6 eV); spectra were
collected at high energy resolution (0.05 eV) using a 100 um beam
(25 W), collecting and analyzing in FAT mode electrons with a 45°
take off angle, while compensating the electrical charging with both
electrons and Ar* ions low energy beams.

Atomic Force Microscopy (AFM) was acquired in air with a Bruker
FAST-SCANBIO microscope equipped with a closed-loop scanner (X, Y,
Z maximum scan ranges: 35 mm, 35 mm, 3 mm, respectively). The
scans were obtained in soft tapping mode in air, by using Bruker
FASTSCAN-A probes with a nominal diameter of 5 nm. AFM images
were obtained with a pixel resolution comparable to the tip size. The
images were analyzed using Gwyddion 2.62.27 Average roughness

was evaluated over the full 5 x 5 pm image with the Otsu grain

(a) (b)

Fig. 1 (a) Undoped TMSOgSngl4 2 x 1 x 1 supercell. (b) (TMSO);Bi,ly supercell. lodine
atoms are in violet, Snls octahedra are in gray, Bils octahedra in pink. Carbon, sulfur,
oxygen, and hydrogen atoms are in brown, yellow, red, and white, respectively. The
octahedral chains are aligned along the a direction.
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marking algorithm. Scanning electron microscopy (SEM) was
performed in secondary electron mode using a FElI Versa 3D

microscope with 10 kV acceleration.

Results and discussion

The synthesis of the materials is a simple one-pot method (Scheme
1), using safe metals, unlike most perovskites that contain lead, and
is conducted at room temperature except for a 10-minute step at 70
°C. The addition of (TMSO)! causes the immediate precipitation of the
1D perovskite, leading to single-phase polycrystalline specimens. For
the sake of simplicity, in the following all samples are labeled
according to the nominal fraction of bismuth used in the synthesis
(Table S1), while the actual stoichiometry is described below. The
substitution of Bi into (TMSO)Snls is described using the quasi-

chemical equation:
3Sn%, + 2Bil; » 2Big, + Vi, + 3Snl, (1)

On average, three Sn atoms are replaced by two Bi atoms, generating
vacant cation sites (Vg,). Therefore, the solid solutions are best
represented by the following formula: (TMSO)3SnsBi(1-xls (0 £ x £ 1).
For x = 1 and x = 0, this results in the all-tin (TMSOSnl;) and all-
bismuth ((TMSO)3Bi,ls) end-member compositions, respectively. The
intermediate compositions, formed by combining Bi3* and Sn?* in
various molar ratios, exhibit structural isomorphism with the end
members, all in agreement with the behavior previously described in
detail for the related system (TMSO)3Pb3,Bi;(14)l9.23:2428,29

The structure and possible arrangements of Sn/Bi/vacancies in the
eight metal cation sites of a 2 x 1 x 1 supercell of these samples have
been outlined in detail in our previous studies.?32428 The only
substantial change is the substitution of tin for lead, which, however,
induces no difference from a structural point of view. XRD patterns,
as shown in Fig. 2, reveal minor and predictable variations in peak
positions as the material stoichiometry changes. As previously stated,
increasing the concentration of bismuth results in a shrinkage of the

unit cell along a. This causes a shift to higher angles for all hk/ peaks

Scheme 1 Scheme of the synthesis of all samples.
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Fig. 2 XRD data of (TMSO)Snls, intermediate compositions (TMSO)3Sn3,Biz1-xls (0 < x <
1), and (TMSO);Bi,ly in the 8-50° 26 range (bottom to top) with an enlargement of the
26-33° section, where the peak shift discussed in the text is marked with an asterisk.

with h # 0. In the inset of Fig. 2 it can be seen how the peak at 30.5°
of Bi0 (213 reflection), is shifted to the right as the concentration of
bismuth increases, until it reaches a value of 31.1° in Bi100. For the
same peaks with h # 0, a significant enlargement is observed,
particularly in Bi50 and Bi75, while the Okl peaks, unaffected by
ordering or disorder within the Sn/Bi/V chains, keep their distinctive
shape and position unchanged. The lattice parameters of all samples,
shown in the Table 1, display distinctive trends in relation to the Bi/Sn
ratio. Specifically, the b and ¢ parameters, which are perpendicular to
the metal halide chains, remain relatively unaffected by the extent of
substitution. On the contrary, the a lattice parameter decreases
linearly with increasing Bi content. This observation aligns with the
nearly constant values of b and c lattice parameters, representing the
cross-sectional dimensions of the polyanionic metal iodide chains.

The relative ionic sizes and the presence of vacant sites contribute to

This journal is © The Royal Society of Chemistry 20xx
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shrink the average periodicity along the a axis. By using the end-
members as fixed points, the actual fraction of bismuth present in the
solid solutions was calculated (Fig. 3) by interpolation. The
independent assessment of the Bi/Sn stoichiometry from XRF agrees
well with the one derived from the XRD lattice parameters, and the
results are reported in Table 2. The experimental XANES spectra are
shown in Fig. 4, and it is evident that Bi L3-edge spectra of all samples
are very different from reference Bil;, and therefore, substantial
decomposition to simple iodides from radiation damage can be
reasonably excluded. In addition, there are no significant differences
between the different spectra of the samples.

Table 1 Lattice parameters of all samples in the orthorhombic space group Pnma.
Uncertainty is reported in parentheses.

SAMPLE  a(A) b (A) c(A) V (A3)
BiO 7.7631(3)  11.1739(4) 14.382(1)  1247.6(1)
Bi25 7.7040(4)  11.1815(8) 14.385(1)  1239.2(2)
Bi50 7.6431(7) 11.180(1) 14.375(3)  1228.5(3)
Bi75 7.5256(6) 11.213(1) 14.406(1)  1215.7(2)
Bi100 7.4534(4)  11.2149(6) 14.4017(8) 1203.8(1)
0.02
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Fig. 3Lattice parameter relative variation vs %Bi [Bi content (%)], in the form of Ap/po
(where p = a, b, ¢, and py values are taken with reference to the (TMSO)Snl; species,
that with x = 0) for the (TMS0)3Sn;,Bixuxls Series. The uncertainty on Aa/agis 104

ARTICLE

Sn K-edge spectra are reported in Fig. 4a. All samples are similar to
each other and very different from Snl,, except for Bi0, whose edge
is shifted to higher energy, evidencing a partial oxidation of tin(ll) to
tin(1V) leading to SnO, which is also confirmed through the EXAFS
analysis reported below. This was likely triggered by the primary
beam, assisted probably by trace moisture in the boron nitride

dilutant. Such process only occurs in the bismuth-free sample,
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Fig. 4 (a) Sn K-edge and (b) Bi L;-edge spectra for all samples, compared with the
respective simple metal iodide.

Table 2 x values for the intermediate compositions (TMSO)3Sns,Bi (1.4l formula, obtained from XRD and XRF respectively.

XRD XRF
SAMPLE X %Bi Formula X %Bi Formula
Bi25 0.81 19 (TMSO0)3Sn;.42Bio 38l9 0.82 18 (TMSO0)3Sn;.46Bio 3619
Bi50 0.61 39 (TMSO)3Sn1.84Bio 7719 0.57 43 (TMSO0)3Sn1.71Bio gslo
Bi75 0.23 77 (TMSO0)3Sno 69Bi1 54lg 0.24 76 (TMSO0)3Sno.72Bi1 5219

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Fourier-transformed EXAFS spectra of samples at the (a) Sn K-edge and (b) Bi L;-edge. The Sn-O signal assigned to the formation of SnO, is marked with

ared line.
while the other samples do not show significant oxidation. Looking
deeper into the matter from the EXAFS spectra (Fig. 5), there is
indeed a very large Sn-O signal attributable to SnO; in Bi0, which
dramatically decreases as the concentration of bismuth increases, all
but disappearing in Bi75. This suggests that bismuth protects tin(ll)
from photooxidation to tin(IV). Further confirmation of tin oxidation
in sample Bi0 and the absence of this phenomenon in sample Bi75 is
provided by XRD patterns recorded before and after exposure to the
synchrotron beam (Fig. S6): the diffractogram of Bi75 after exposure
found before exposure, keeping positions unchanged, confirming
that the sample did not undergo oxidation upon exposure to the X-
ray beam. In order to understand if any modifications occurred after
thin film deposition, XPS spectra of the freshly deposed film were
collected. Fig. 6 shows an example for Bi75 sample in the Bi 4f region.
It is possible to observe a conspicuous reduction (ca. 23%) of Bi(lll) to
Bi(0); and, most interestingly, the strongly asymmetric line shape of
Bi(0) suggests an extensive electron delocalization, suggesting the
presence of a metallic bond between Bi(0) atoms. It is worth noticing
that, even if previous papers reported such an effect as a
consequence of X-ray exposition,3031 this is not our case: powdered
samples of all prepared perovskites were exposed to the same
radiation (Al Ka, 1486.6 eV) for twice the time used to acquire the
film sample spectrum, and no reduction effects whatsoever were
observed, for all samples. It is therefore also possible to attribute
reduction to the solution/suspension process3l. The UV-vis-NIR

reflectance spectra of all samples as bulk powder (Fig. S7) show well-

6 | J. Name., 2012, 00, 1-3
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Fig. 6 XPS spectrum of Bi75 in the Bi 4f region.

specific trends, except for (TMSO)3Bi,ls (sample Bi100). At about 350
nm, an increase in percent diffuse reflectance is appreciated in
agreement with the amount of bismuth in the material. The optical
band gap (Eg) values, for each sample, were experimentally obtained
from Tauc plots, summarized in Fig. S8. The band gap follows a U-
shaped curve with increasing bismuth content (Fig. 7), with a steady
decrease of the band gap except for (TMSO)3Bi,ls (sample Bi100).
This trend mirrors what was observe in our previous work 23 for Pb/Bi
compositions, with a further decrease in band gaps: in particular, the

minimum band gap obtained with tin is 1.96 eV for Bi75.23

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Optical band gap of bulk powders as a function of %Bi.

Electrical Properties and Piezoresistivity

The flexible substrates were mounted on a 3D-printed foldable
device (Fig. S9) with one end fixed, allowing bending at different
angles (0°, 30°, 60°, 90°) with a bending radius of 10 mm, for the
acquisition of I-V curves (Fig. 8). A first analysis reveals that the initial
bending step (0-30°) results in a decrease in current slope for all the
samples. Specifically, the ITO control sample shows a current
variation of approximately 1.66 mA, while the Bi50 and Bi100
samples exhibit relatively minor current changes (0.32 and 0.78 mA,
respectively). In contrast, the remaining samples show more
significant variations, with Bi0, Bi25, and Bi75 experiencing changes
of 3.38, 4.72, and 2.97 mA, respectively. In the bending range
between 30 and 90°, the ITO sample displays a current variation of
approximately 1 mA for each step, whereas Bi25 shows no significant
variations, despite having the largest initial current change. Bi0, on
the other hand, exhibits changes of about 1.2 mA for each step,
slightly higher than the control. Bi75 maintains a 3 mA variation in
the second bending step, which subsequently increases to 3.68 mA
in the final bending step, demonstrating tripled sensitivity compared
to the substrate alone. A rigorous statistical analysis, based on the
average of 16 different scans, was then conducted to assess the
decrease in current values measured at +2 V (Fig. 9). The diverse
electrical responses can be attributed to both the varying bismuth
concentration and the different morphology and roughness of the
films. Indeed, the gauge factors for bending at the different bismuth
concentration were calculated as (AR/R)/e where €, AR, and R are the
strain applied to the sensor, resistance variation at € strain, and initial

resistance at zero strain, respectively.32 The strain can be estimated

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 I-V characteristic curves at different bending angles: 0° (black lines), 30° (red lines),
60° (blue lines), 90° (light green lines). The insets highlight subtle differences among the

various bending angles, otherwise scarcely perceptible.
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Fig. 9 Statistical box plots of the fourteen measured current values along with their
average at +2 V voltage bias for the ITO/PET substrate and for all samples.

by the equation € = h/2R, where h is the ITO/PET thickness of the
substrate (about 150 um) and R is the bending radius, equal to 16,
14, and 12 mm for bending angles of 30°, 60°, and 90°, respectively.
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The highest value of ~70 was observed for Bi75 and Bi100 to be
compared with the Bi0, Bi25 and Bi50 and ITO control samples that
all showed lower gauge factor values, equal to 50, 24, 13 and 40,
respectively. Notably, Bi1l00 showed an almost constant gauge factor
at all the different bending strains, whereas Bi75 reached a value as
high as 110 at 90° bending. The most promising sample, Bi75,
underwent a series of multiple bending tests from 0 to 90° (Fig. S10)
to evaluate the repeatability and durability of the sensor under
repeated stress conditions. The sensor demonstrated excellent long-
term repeatability, confirming its suitability as a suitable candidate

for this type of device.

Thin Films Morphology

The AFM imaging shows how the morphology of the film undergoes
significant changes with different bismuth concentration. In
particular, Bi0 (Fig. 10a) exhibits a peculiar grain shape, entirely
different from the other compositions. Bi0 does not display good
grain compactness and has a relatively high average roughness of
8.98 nm. Nevertheless, the I-V curves and the calculated gauge factor
showed slightly better results than the ITO control. This can be
explained by the fact that the film has an average grain size of 150
nm with a well-defined orientation, helping the grains move apart
when bent, reducing the current, and then returning to their original
position. In contrast, the Bi25, Bi50, and Bi100 samples did not yield
positive responses in the I-V curves. Bi25 (Fig. 10b), despite having a
lower average roughness (4.75 nm) compared to BiO, has a smaller
average grain size of about 88.91 nm, and their distribution is rather
discontinuous. Bi50 (Fig. 10c), on the other hand, has a more
compact and continuous grain distribution with an average size,
equal to 93.74 nm, but it exhibits a higher average roughness of 9.22
nm. Bi100 (Fig. 10f) presents the least favorable conditions for good
electrical conduction, as it has the smallest average grain size, about
66 nm, a discontinuous grain distribution, and an average roughness
of 8.2 nm. Bi75 (Fig. 10d-e) displays a rather unique morphology. The
film consists of very compact grains that are not -easily
distinguishable, leading to an extremely dense and continuous
distribution, with distinctive tips about 8-12 nm. In this case, it is
difficult to estimate the average grain size due to the compactness of
the film. Despite the presence of these peaks, the film keeps an
extremely low roughness of 0.86 nm. Thus, the dense, compact, and
continuous grain network combined with the low roughness explains

why this sample performs better than others. The SEM analysis
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reveals the morphological difference of the Bi75 sensor before and
after bending (Fig. 11). Considering that the sample exhibits a dense,
uninterrupted network of grains, bending in this case, probably does
not result in their separation, but rather causes them to slide. Once
the device is returned to its resting state, this sliding leads to the
formation of raised microstructures which are extremely oriented,
all parallel to each other. Indeed, the presence of sliding conductive
networks has already been studied in previous piezoresistive sensors
that introduced lubricants such as fullerene3? or MoS; 3! particles,
resulting in a significative enhancement of piezosensing
performances with respect to films without lubricity. Once the device
is returned to its resting state, this sliding leads to the formation of
oriented raised microstructures, all parallel to each other. The
direction of strain is approximately parallel to the direction at which
the bending strain is applied.

EIS characterization was carried out on the Bi75 sample before and
after the application of the bending strain. The sample before the
bending strain showed an almost totally resistive response (Fig. 12a),
resulting in a model circuit (x>= 0.0012) with a resistance (Rfim) with
of 294 + 2 Q), hinting to a current flow through unperturbed resistive
paths. The EIS analysis on the sample after the 0°-90°-0° bending
cycles shows a significant increase of the total impedance of the
system in the imaginary component as well. This results in an
electrical model in which a resistance is put in parallel to a
capacitance (circuit 1, x>= 0.005, see Fig. 12b), or to a pseudo-
capacitance (circuit 2, x> = 0.004, see Fig. S11), also defined as

constant phase element (CPE). The impedance of a CPE is described

by:

where Qp=1/|Z| and 0<n<1. These two circuits however provide
results which are not statistically different. Indeed, the resistance of
the film after the bending strain (Raim’) is 36.7 kQ (+0.01%) for circuit
1 and 36.8 k2 (£0.01%) for circuit 2. The capacitance value of 3.1 pF
(£1.5%) is found for circuit 1, whereas a pseudo impedance of the
CPE equal to 4.6 pF (+13.4%) and n = 0,973 (+0.95%) is found for
circuit 2. To further ensure the stability, linearity and casualty of both

EIS data, a satisfactory Kramers-Kroning test was also performed.

This journal is © The Royal Society of Chemistry 20xx



Fig. 11 Top-view SEM images of (a-c) Bi75 before bending, (d-f) Bi75 after bending.

a) b) -i.e. x* < 105 for the pristine Bi75 sample and x* < 10-for the stressed
. R ] BN K sample. Accordingly, these values well agree with a picture in which
_AAA - O
10 ] N Cin the perovskite is affected by defect propagation after the bending
g g . . stress, leading to microcracks and delamination at the microscale as
N ] N : ) shown by SEM characterization. These microscale defects
o "““" 1 3 concentrate charge carriers in solid films in accordance with previous
) o] } EIS models,32 ultimately reducing the overall conductivity of the films
== z (Si.;.; R - Zﬁghm) - after the application of bending stress.

Fig. 12 Nyquist plots and relative fits of Bi75 bending sensors (a) before and (b) after 0°-
90°-0° bending cycles. The best fits for model circuits are reported as red solid lines in

the respective legends.
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Conclusions

This work shows the synthesis of a novel lead-free hybrid organic-
inorganic perovskite (TMSO)sSnsxBiraxls (0 < x < 1) formed by
combining Bi3* and Sn?* in different ratio. The Bi3* dependent
piezoresistivity of the thin films grown on ITO/PET flexible supports is
studied as a function of the Bi3* concentration. Bi3* induces the
formation of vacant cation sites in the crystalline cell, leading to
shrinkage of the crystalline cell along the a axis. This control of the
cell size is the key to guide the control of the thin film morphology
from separated grains to compact, dense features that are piezo-
responsive. The films produced with low amount or no Bi3* display
piezoresistive properties similar or even worse than the ITO control,
while when Bi3* is the predominant metal ion, the corresponding
piezoresistive features are improved. An optimal composition is
found in Bi75, at which the perovskite bandgap can be lowered to
1.96 eV, and the gauge factor improves by increasing the bending
strain, from 30 to 62 and 110 at 0.4%, 0.5% and 0.6% strains,
respectively. This composition shows an almost flat surface with
compact grains and vertical tips, which under the application of
bending strain is expected to produce sliding of the grains and film
delamination, as confirmed by SEM. These observations can be
explained by considering that the sliding grains piezoresistive
mechanism likely observed in Bi75 resembles the one observed in
graphene conductive networks, where fullerene3 or MoS;3*
lubricant particles increase strain sensitivity at higher ranges with
respect to films without lubricity by favouring film sliding. On the
contrary, all the other perovskite compositions show nanoscale
grains. Indeed, perovskite films containing only Bi3* and no SnZ* show
a discontinuous grain distribution, resulting in a surprising constant
gauge factor around 65 at all the investigated bending strains which
is significantly better than the control ITO, especially at small bending
angles. Such constant response of the perovskite containing only Bi3*
and no SnZ* can be due to the bending induced separation of grains
which is known to produce an increase in relative resistance R/Ro
change of the film in accord with physical models used for conductor-
filled polymer composites. 18 This study shows a first step towards
the tailored design of a lead-free halide perovskite where the
introduction of bismuth ions triggers unprecedented piezoresistive
properties to prepare bending sensors requiring sensitivity to small
and high bending angles, which can find applications for wearable

electronics and soft robotics.
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