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Abstract

The performance of methylammonium lead triiodide (CH3sNH3sPbls) based solar cells depends
on its crystallization and controlled microstructure. In spite of its high performance, long-term
stability is a paramount factor towards its large area fabrication and potential industrialization.
Herein, we have employed poly(vinylidene fluoride—trifluoro ethylene) P(VDF-TrFE) as an
additive into a low concentration based perovskite precursor solutions to control the
crystallinity and microstructure. Perovskite layers of lower thickness can be derived from low
precursor concentration, however it often suffers from severe voids and roughness. Introducing
judicious quantities of P(VDF-TrFE) can improve the surface coverage, smoothness as well as
reduces the grain boundaries in the perovskite. An array of characterization techniques were
utilized to probe the structural, microstructural and spectroscopic properties. Impedance
spectra suggests, the P(VDF-TrFE) can improve the carrier lifetimes and reduce the charge
transfer resistance, which in turn allows to improve photovoltaic performance. For an
optimized concentration of P(VDF-TrFE), the fabricated semi-transparent solar cells yielded
power conversion efficiency in excess of 10%, which supersede pristine devices along with
improved stability. The device architect and the fabrication technique provide an effective route

to fabricate cost effective and visible-light-semi-transparent perovskite solar cells.

Keywords: Perovskite solar cell; semi-transparent perovskite films; P(VDF-TrFE);

microstructured control; stability.



1. Introduction

The distinctive features of organic-inorganic lead halide based perovskite allowed its usage as
a promising light harvesting semiconducting pigment for photovoltaic (PV) fabrication.*8 The
unprecedented advances in the power conversion efficiency (PCE) of perovskite solar cells
(PSCs) in the current decade, has allowed it to stretch to the level of mature PV with a
remarkable ~ 25.2% PCE.[*14 Owing to the high efficiency of the perovskite based solar cells,
it also provides the opportunity to fabricate semi-transparent yet efficient PV, than those based
on organic or dye-sensitized solar cells.['>¥] In spite of the rapid progress in efficiency,
concern on its long-term operational stability are being made, and efforts are laid to address
such challenges.[*®19 Cost-effective and readily processable semi-transparent solar cells are
highly attractive for building integrated PV (BIPV) application.”®® The control over
microstructure and crystallinity together with uniform surface coverage of the perovskite layer
is paramount for realizing high-performance, while lower thickness will allow transparency.?*
Although, reducing the thickness of the perovskite film to increase transparency is considered
to be a straight path, but it brings two drawbacks: i) decreases the device performance in terms
of reduced open circuit voltage (Voc) and short circuit current density (Jsc) due to the extremely
thin perovskite layers and ii) challenges in thin-film deposition with industrially adaptable
process.[22-24]

To address such challenges, new growth technique for perovskite deposition was
studied and various processing techniques have been reported to induce higher crystallinity.
To achieve higher transparency in thin layers, different strategies such as modification of
microstructure, shape and size, (252" or passivating the perovskite surface to detain the growth
of perovskite grains [282% were reported. Recently, polymers were employed as an additive into
the perovskite precursor solution to improve the morphology and PV performance.

In the present work, we have used ferroelectric polymer, polyvinylidene
fluoride—trifluoroethylene polymer, P(VDF-TrFE) as an multipurpose agent in a low
concentration for MAPbI3 deposition. Its low processing temperature, rational compatibility
with semiconducting materials and chemical inertness will not be a hindrance or distort the
crystal structure of semiconducting materials. P(VDF-TrFE) has been used as an additive also
in organic solar cells %2 to reduce the charge recombination and to enhance exciton
dissociation and thus gave improved overall performance of fabricated solar cells. In the
present work, we have employed P(VDF-TrFE) as an additive to control the crystal formation

in a low precursor concentration (0.5 M) of MAPbIs for the fabrication of naked eye semi-



transparent solar cells which in turn also improves the efficiency and stability of fabricated
perovskite solar cells.

The inclusion of P(VDF-TrFE) in judicious concentration, improved the surface
coverage, smoothness as well as increases the crystal size, this in turn will reduces the grain
boundaries in the semi-transparent perovskite layers deposited through one-step solvoneering
(solvent engineering) method. It also simplifies the protocols and minimizes the approach
towards semi-transparent solar cells fabrication.l®334 Qur simplified approach illustrates
significantly suppressed charge recombination, improve carrier lifetimes, enhance stability and
PV performance of the fabricated semi-transparent perovskite solar cells.

Experimental

Solar cell fabrication

Perovskite solar cells were fabricated using FTO (TEC15) substrates, cleaned using a
sequential sonication treatment in a 2% Hellmanex solution, acetone and isopropanol, followed
by UV ozone treatment for 20 min. Then samples were heated to 500 °C and a compact
blocking layer of TiO2 was then deposited onto the FTO glass substrate by spray pyrolysis,
using a dilution 1/19 ml of titanium diisopropoxide bis (acetylacetonate) solution in ethanol
keeping them for 30 min. Next, a mesoporous TiO2 (30 NRD from Dyesol) was prepared by
spin-coating a diluted TiO> dispersion in ethanol, ratio 1:8 (w/v), at 2000 rpm (1000 rpm/s
acceleration) for 10 s followed by a progressive heating step till 500 °C for 30 min. The
perovskite solutions were prepared inside an argon glove box under moisture and oxygen
controlled conditions (H20 level of 1 ppm and O level of 10 ppm) and kept under stirring at
70 °C overnight in order to dissolve completely Pbl,. Stoichiometric precursor solutions (0.5
M) were prepared by mixing MAI (Sigma Aldrich) and Pbl, (TCI) in dry N, N-dimethyl
formamide (DMF, Aldrich) as described elsewhere in our previous work. The {MAPbIs+
P(VDF-TrFE)} solution was prepared by adding 12 mg/mL of P(VDF-TrFE) copolymer (70:30
mol %, PiezoTech) to the 0.5 M perovskite precursor solution. The perovskite layers (with or
without polymer additive) were then fabricated by using a one-step deposition process using
spin-coating in two-steps mode, first step 1000 rpm for 10 s; second step 3500 rpm for 30 s.
During the second step 110 pl of chlorobenzene were poured onto the films 5 s prior to the start
of the program, and then substrates were annealed at 100 °C during 40 min. Once the samples
were cool down to room temperature, Spiro-OMeTAD was then spun coated at 4000 rpm for
30 s by dissolving 72.3 mg of Spiro-OMeTAD in 1 ml of chlorobenzene; 17.5 pl of lithium
bis-(tri-fluoro methyl sulphonyl) imide (LiTFSI) stock solution (520 mg of LiTFSI in 1 ml of



acetonitrile) and 28.8 ul of 4-tert-butylpyridine were also added to the solution as dopants.
Finally, 70 nm of gold was deposited by thermal evaporation; the active area of the Au

electrodes in the fabricated device was 0.16 cm?.

Thin film Characterization

For structural characterization, thin films were prepared by spin coating of MAPbIz or
{MAPbDI3+ P(VDF-TrFE)}onto FTO electrode. X-ray diffractograms were recorded using a D8
Advance diffractometer from Bruker (Bragg-Brentano geometry, with an X-ray tube Cu Ka,
A= 1.5406 A). A scan range of 3—80° was selected with an acquisition time of 2 degree / min.
Hitachi S-4800 scanning electron microscope was used to identify the microstructure of the
synthesized materials as well as the cross-sectional imaging of the assembled solar cells. The
absorption spectra were registered with an UV-Vis spectrophotometer (Varian Cary 60
Spectrophotometer). Steady state Photoluminescence (PL) measurements were recorded with

a fluorescence spectrophotometer (PerkinElmer Instrument LS55).

Device characterization

Current density—voltage (J-V) curves were recorded with a Keithley 2400 source-
measurement-unit under AM 1.5 G, 100 mW cm? illumination from a certified Class AAA,
450 W solar simulator (ORIEL, 94023 A). Light output power was calibrated using a NREL
certified calibrated mono-crystalline silicon solar cell. A black metal mask (0.16 cm?) was used
over the square solar cell active area (0.5 cm?) to reduce the influence of scattered light.
Incident photon current efficiency (EQE/IPCE) measurements were carried out using (PVE
300, Bentham) with a xenon lamp attached to monochromator as the light source, a chopper
and a calibrated silicon photodetector. Impedance Spectroscopy (IS) measurements were
carried out in a Biologic SP300 system, altering the positions of the Fermi level by a white
LED source. Samples were kept inside a faradaic chamber to avoid external interferences. A
20 mV perturbation in the range 2MHz-1mHz was used to obtain the spectra. After
measurement, data were fitted by Z-view software in order to extract characteristic parameters

of the cells.

Results & Discussions
Figurela, represents the schematic diagram for addition of polymer in MAPDI3. The derived

perovskite layer embedded with the P(VDF-TrFE) will protect the perovskite layer against the



humidity and boost device performance due to surface passivation and light management.
Figure 1 b and c represent the visual image of the PSCs for conventional as well as semi-
transparent solar cells with P(VDF-TrFE). The devices depicts different value of transmittance
and the transparency increases by decreasing the concentration of the perovskite precursor
solution from {1.2 M; (Figure 1b) to 0.5 M; (Figure 1c)}. It can be deducted from the visual
image (Figure 1c) that due to low precursor concentration (perovskite layer thickness ~150
nm), the spectacle background of the other side environment can be clearly seen through the
light brown-coated glass as compared to photograph in Figure 1b. For the standard perovskite
concentration (1.2 M, perovskite layer thickness ~400 nm), is dark brown in colour while the
spectacle background appears to be blurred. Similarly, in case of thinner PSCs, in Figure Sla
(0.5 M) the characters under the devices are readable by the naked eye as compared to the
Figure S1b (1.2 M). Suggesting, higher transparency can be achieved using 0.5 M
concentration of perovskite precursor solution; this will pave way for semi-transparent solar
cell fabrication. In the current work, we focused towards the fabrication of semi-transparent
perovskite solar cell and for this we deposited a lower thickness of perovskite embedded with
P(VDF-TrFE) to induce stability. The transmission spectra (Figure 1d) of the two different
perovskite layers with and without P(VDF-TrFE), employing similar processing protocol and
solution concentrations (0.5 M), were compared with the control perovskite concentration (1.2
M). The average visible light transmission (AVT) was calculated from the transmittance value
in the visible wavelength region from 450 to 750 nm as described in previous report.*! In the
case of lower concentration (0.5M) of perovskite, both spectra exhibit higher transparency at
longer wavelength in the visible range (450-700 nm) as compared to control concentration (1.2
M), this will translate into clear enhancement in the transmittance of the fabricated solar cells.
The semi-transparent nature in the visible-light region will give it a competitive edge, achieved
due to the lower active layer thickness. The transmittance of the MAPbIz with P(VDF-TrFE)
decreased and the calculated AVT value was 20% as compared to the control device with 35
% AVT (Fig.1d).
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Figure 1: a) Schematic representation of polymer addition in MAPbIs Visual image of the perovskite layers with
b) routine concentration of 1.2 M (~400 nm perovskite thickness; ¢) 0.5 M perovskite with P(VDF-TrFE) (~150
nm perovskite thickness showing semi-transparent effect and d) transmittance spectra of two different
concentration of MAPDbI; and with P(VDF-TrFE).

The surface coverage and microstructure of perovskite layer are influenced by
P(VDF-TrFE).*l The UV-vis and steady state PL spectra of perovskite with and without
P(VDF-TrFE) are represented in Figure 2a & b. Figure 2a and b depicts slightly higher
absorption and photoluminescence (PL) emission intensity of P(VDF-TrFE) added MAPbI3
as compared to the pristine perovskite due to improved crystal growth. Slight red shift in
perovskite absorption band edge with P(VDF-TrFE) inclusion can be observed which also
manifest in PL spectra and can be ascribed to both the compositional change and the structural
modification of the perovskite.* The incorporation of 12% weight ratio of P(VDF-TrFE) as
additive to the perovskite solution, produces deep states in the band gap that led to an increase
in the scattering of photons by the crystal defects created by the substitution, thus reducing the

band gap.l*"]
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Figure 2: a) Absorption spectra and b) steady state PL spectra of MAPbI3; perovskite with and without P(VDF-
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TrFE). ¢) XRD patterns of the perovskite films with and without polymer additives; SEM images of d) pristine
perovskite films and e) with addition of P(VDF-TrFE) on mesoporous TiO, coated substrate.

Furthermore, the effect of P(VDF-TrFE) addition on the crystallinity of perovskite
films was investigated using X-ray diffraction (XRD) as shown in Figure 2c. The
diffractograms show a tetragonal perovskite structure with high phase purity and is in
accordance with the earlier reports.®3%1 The peaks at 14.21°, 28.49°, and 31.95° can be
assigned to the perovskite (110), (220), and (310) planes, respectively; corresponding to the
tetragonal crystal structure of CHsNHsPbls.¥l The intensity of these assigned peak in
perovskite increases in the presence of P(VDF-TrFE), which points its role in inducing high
degree of crystallinity. This can be ascribed to the delay in Pbl crystallization by the addition
of P(VDF-TrFE), which enhance the interaction between Pbl, and MAI to allow formation of
MAPDI3 with improved crystallization due to the ferroelectric properties of the polymer.[* The
diffraction peaks at 37.88° corresponds to the FTO substrate.
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Figure 3: a) Cross-sectional image and b) configuration of the device having the structure of [FTO/bl-TiO2/mp-
TiO2/perovskite+ P(VDF-TrFE) ~150 nm/HTM/Aul.

Another advantage of P(VDF-TrFE) inclusion to the perovskite matrix is to improve the
microstructure of the perovskite, and thus optimize the PV performance. The SEM surface
topography images the pristine perovskite and with P(VDF-TrFE) are illustrated in Figure 2d
and e. It can be noted from Figure 2 d and e, the lateral size of crystal grains increases by
P(VDF-TrFE) addition to the perovskite precursor solution. The pristine perovskite
microstructure is composed of many small irregular crystals (Figure 2d). By the usage of
P(VDF-TrFE), we have noted improved surface coverage with no voids along with
enhancement in the crystal size. Furthermore, the introduction of P(VDF-TrFE), interconnects
the adjacent grains and thus grain boundary interfaces became invisible with significantly
reformed microstructure. These findings are consistent with the XRD results. The mechanism
to produce smooth and high-crystallinity perovskite film in the presence of ferroelectric
semiconducting polymer such as P(VDF-TrFE) is still not clear yet, but it may be related to the
transformation in the reaction and/or crystallization kinetics of the MAPDIs film doped with
P(VDF-TrFE).[%l

The perovskite solar cells were fabricated using a one-step solution process, with a
conventional mesoporous architecture of FTO/(bl-TiO2)/(mp-TiO2)/MAPDI3 [pristine and with
P(VDF-TrFE)]/Spiro-OMeTAD/Au in order to gaze the influence of ferroelectric polymer on
the PV performance. The corresponding schematic diagram and cross-section SEM of the
fabricated solar cell with P(VDF-TrFE) is illustrated in Figure 3a and b. The thickness of the
prepared pristine perovskite layer and with P(VDF-TrFE) additives was approximately around
150 nm. We have noted that P(VDF-TrFE) addition decreases the film roughness significantly.

To guide the eye, each layer has been represented by different colour for identification.



Tablel: Photovoltaic parameters of Js, Voc, FF and PCE of perovskite solar cells (0.5 M) and with P(VDF-TrFE).

Devices? Jsc/mA cm?2P  Voc/mV?P FFP PCE%"
MAPDI3 + 17.43 885 0.664 10.20
P(VDFTrFE) (15.51+1.04) (930+30)  (62.02+3.94)  (8.86+0.57)
MAPDI3 15.25 952 0.629 9.15

(14.58+0.84)  (900£30) (62.26+3.48)  (8.17+0.54)

2 The devices were fabricated using perovskite solution (0.5M concentration) with and without polymer P(VDF-TrFE) additives. ® The average
values shown in parentheses were obtained from 20 devices fabricated under the same experimental conditions for each perovskite solution.
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Figure 4: a) J-V curves of the MAPbI; and with P(VDF-TrFE) based devices under AM 1.5 illumination and b)
the corresponding EQE responses as well as the integrated Jsc of the devices of MAPbI; with and without P(VDF-
TIFE).

The PV parameters and the J-V curves for the best devices prepared with and without
P(VDF-TrFE) are summarized in Table 1 and Figure 4a, respectively. Table 1 shows the mean
values and standard deviation calculated from the results for 20 individual devices. The results
(Table 1) indicate the short-circuit current density (Jsc), the fill factor (FF) show increment and
thus the PCEs increases significantly with the use of P(VDF-TrFE). The PV parameters values
for the two samples with and without P(VDF-TrFE) were 17.34, 15.25 mAcm?; 0.885, 0.952
V; 66.44, 62.98 % and 10.20, 9.15 % for Js;, Voe, FF and PCE, respectively. It can be noted
that the enhancement in PCE values for the optimized samples with polymer was almost 20%
than that of the pristine ones due to its higher crystallinity, indicating positive effect on the
efficiency of the fabricated solar cells. The external quantum efficiencies (EQES) were also
recorded B%37 and the results are in accordance with the absorption spectra, particularly in the
wavelength region of 400 - 800 nm, specifies the contribution (Figure 4b) from P(VDF-TrFE).
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This enhancement in the EQE results is consistent with the Jsc results obtained. In addition, the
integrated Jsc values (15.2 and 12.1 mA/cm? cells with P(VDF-TrFE) and pristine respectively)
calculated from the EQE data is in agreement with J-V curves (Figure 4b). Slight mismatch can
be noted between the original and integrated data, which may have resulted from the decay of
the cells during the measurements outside the glovebox or the mismatch between the photon
flux AM 1.5 G spectrum and the solar simulator. Due to uncontrolled and irrational crystal
formation, hysteresis behaviour can be observed, which influence the solar cells actual
performance. The negative starting bias of forward scan would weaken the efficiency, while the
positive starting bias of reverse scan would enhance the performance. We have measured the
devices in both forward and reverse direction (after 3500 hours) to note any such discrepancies.
Slight drop in the Jsc was observed (Figure S2), which can be mainly due to ageing of devices
(measured after 3500 hours) or voltage-settling interval that can discriminate the small difference
in capacitive current.®>4142 Table S1 summarizes the PV parameters Js;, Voe, FF and PCE of the
devices fabricated using perovskite solution (0.5M concentration) with and without P(VDF-TrFE)
in both forward and reverse direction to evaluate hysteresis behaviour.

In order to evaluate the stabilized power output of devices, they were subjected to
maximum power point (MPP) tracking for 300 s (Figure S3). The devices follow the similar
trend and P(VDF-TrFE) based devices gave improved results as compared to the pristine
MAPDIs.

Statistical analysis of the performance parameters with mean values and standard
deviation of all the assembled 20 individual devices with detailed data were summarized in
Tables S2-S3. The mean PCEs of the devices fabricated with P(VDF-TrFE) and pristine are
shown in Figure 5a and values were 10.20 (8.86 = 0.57), and 9.15 (8.17 = 0.54)%, respectively.
Furthermore, the mean of other parameters Jsc, Voc and FF for the same devices were shown in
Figure S4 (a-c). The results exhibits minute standard deviation in the PV parameters,
suggesting P(VDF-TrFE) positive role in improving not only the PV performance, but also the
reproducibility. The long-term stability of the fabricated devices, pristine as well as with
P(VDF-TrFE) was evaluated either inside glovebox under argon atmosphere or outside
glovebox in ambient air (RH 50%). The stability measurements for the devices kept at ambient
air are shown in Figure 5b, while for the devices which were kept inside glovebox are shown
in Figure S5. The results demonstrate improved stability over a period ~150 days (> 3500 h)
and maintained ~85% of their initial performance in both the cases. This can also be an
indicator of positive effect on the life time by the use of P(VDF-TrFE) in perovskite solar cells.

Our results thus not only suggests the semi-transparent nature of perovskite solar cells but also
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the improved performance and competitive stability to put forward these devices as excellent

candidate for semi-transparent PV applications.
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Figure 5: a) Statistics analysis of power conversion efficiencies in the form of box charts and b) PCE monitored
for extended period of time and the solar cells were kept in atmospheric environment (50%RH) for stability

evaluation.

To unravel the plausible reason for improved stability in the fabricated solar cells, possibly
originated due to enhanced hydrophobic and moisture blocking property with the addition of
P(VDF-TrFE) into perovskite matrix, we performed contact angle measurements (Figure 6).
As, intended the contact angle value for the P(VDF-TrFE) amplified perovskite layer increased
significantly to 91.2° from 69.8° for pristine. We have also noted, the contact angle value
remains constant over the period of time (30 s). This suggest an increase in the moisture
tolerance behavior of modified perovskite layers and confirm the improve stability achieved
(Fig.5), due to value-added surface hydrophobicity of P(VDF-TrFE).

a)

69.8°

Figure 6 : Contact angle measurements of the samples a) without and b) with P(VDF-TrFE) as an additive in
perovskite layers. The measurements were performed by water droplet dropping on perovskite layers. The resulted
angle is the average of three different measurements at different place, and each measurement have been made at

t=0 min, while putting the water droplet and after 30 sec from the drop fall.

12



Further, to gain insight into the charge separation and extraction, the steady-state PL spectra of
pristine perovskite films coated with Spiro-OMeTAD and with P(VDF-TrFE) modified
perovskites were performed on quartz substrates (Figure 7). The PL of perovskite films is
expected to occur due to the recombination of localized excitons, which exist in the perovskite
domain. The spectra of Quartz/MAPbIs-P(VDF-TrFE)/Spiro-OMeTAD shows a significant
quenching in PL as compared with pristine perovskite based samples, indicating that the charge
carriers generated in MAPDI3 can be efficiently separated and extracted.

The high PL quenching in the P(VDF-TrFE) based perovskite layers indicates that most of the
free carriers generated by illumination are efficiently separated and transferred to Spiro-
OMeTAD and the recombination of these free carriers were greatly suppressed, which is
ascribed to the improved crystallinity and grain boundaries as compared to the pristine
perovskite. Thus, the short-circuit current Jsc, FF and thus PCEs were improved for the P(VDF-
TrFE) based samples, (Table 1), due to the ferroelectric properties of P(VDF-TrFE) which can

enhance the charge separation and retract the charge recombination in these cells.
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Figure 7: Steady state PL spectra of quartz/perovskite/Spiro-OMeTAD with and without P(VDF-TrFE)

In order to unravel the influence on charge dynamics of P(VDF-TrFE) addition, we
characterized them by electrochemical Impedance Spectroscopy (EIS) under illumination. EIS
allow us to obtain information about internal processes occurring in PSCs such as
recombination resistance, charge transport resistance and ionic processes. We have observed
that the incorporation of the P(VDF-TrFE) in the perovskite structure induce an improvement
in the current density. Therefore, we suggest that there exists a change in the recombination
mechanism inside the MAPbI3 structure due to, e.g, grain boundaries passivation.

It is worth to mention the competitive performance of fabricated devices in spite of

lower concentration of reactants (0.5 M). Which will allow forming thin capping atop of the
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mesoporous layer, e.g, the majority of the perovskite layer is infiltrated in mesoporous
nanoparticles. Although (Fig. S6 a & b) the complex impedance (Nyquist) plot obtained is in
accordance with previous results which are typically represented by two or three features (arcs).
In this work, two arcs with different characteristic frequencies can be distinguished for all the
analyzed devices.[**431 Those two processes can be observed more clearly in Bode
representation (Fig. 8 a and b). In case of devices with P(VDF-TrFE), slower charge processes
were observed (10%-10? Hz), which suggest a different recombination mechanism. Therefore,
in order to elucidate further information about the kinetics of the devices from impedance data,
we fit the spectra by means of a simple equivalent circuit. In this circuit, Rs is the series
resistance, Rmf, Rir correspond to the resistance and Cm¢ and Cys are the capacitance at medium
and low frequency respectively. Therefore, fitting parameters such as recombination resistance,

capacitance and their product time constants (tmf= Rmf= Cmf) can be extracted.
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Figure 8: Bode plot of solar cell with a) pristine MAPbI3, with b) P(VDF-TrFE) and c) recombination resistance

as a function of voltage along with p—parameter.

According to previous reports, 4 recombination process determines the open-circuit voltage,
and it is governed by the bulk of the perovskite layer via a trap-limited mechanism. In addition,
following the hypothesis and the mathematical development involved in this work, it is possible

to determine any change in recombination processes in the perovskite layer with the addition
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of P(VDF-TrFE). Figure 8c shows indeed that the recombination resistance as extracted from
the open-circuit impedance experiment follows an exponential law with respect to open-circuit
potential. As aforementioned, processes appearing at different time-scale induce a change in
charge dynamic of the solar cells. As it can be seen in the graph, the addition of the P(VDF-
TrFE) induces a change (slope) in the recombination mechanism. From the slope, the -
parameter as well as the ideality factor can be extracted. In the case of control samples, the
results are in accordance with previous studies, with an ideality factor close to 2, suggesting
bulk recombination mechanism. However, with the addition of the P(VDF-TrFE) in the
structure, the calculated ideality factor is close to 1.5. This indicate an influence of the P(VDF-
TrFE) in the grain boundaries, such as passivation process or reduction in the grain boundaries.
We speculate improved crystal formation due to a slow-down of the crystal growth together
with an efficient charge extraction are the plausible cause of enhance performance.

Conclusions

P(VDF-TrFE) incorporation was found to control the crystal growth in semi-transparent
perovskite layers having thickness of ~150 nm. The P(VDF-TrFE) added perovskite layer
shows improved microstructure, high surface coverage, large crystal size and reduced grain
boundaries as compared to the pristine MAPbIs. This reform microstructure was in all like
hood due to the slower transformation from the precursors to MAPDIs induced by the P(VDF-
TrFE) incorporation. As compared with the pristine MAPbIz which yielded an efficiency of
9.15%, an improvement in the average PCE was observed by the addition of P(VDF-TrFE) and
registered a competitive 10.20% efficiency for semi-transparent solar cells. The plausible
reason behind this phenomenon comes from the improvement occurs for the separation of
photogenerated carries through the fine crystallinity, improve carrier lifetimes and decreasing
the charge transport resistance in the fabricated devices. The added advantage of P(VDF-TrFE)
in the perovskite matrix is to obtain high-quality semi-transparent perovskite films with low
thickness, improved stability which will pave the way to wide applications in building
integrated photovoltaics field.
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Figure S1: Visual picture of the perovskite layer with a) 1.2M precursor
concentration and b) with 0.5 M precursor concentration with P(VDF-TrFE). The
latter showing the semi-transparent behaviour can be used for BIPV application.
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Figure S2: The forward and reverse direction J—V curves of MAPDbI; and with
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Table S1: Photovoltaic parameters (Js, Voc, FF and PCE) in reverse and forward
direction for fabricated PSCs based on 0.5 M precursor perovskite solution and

with P(VDF-TrFE).

Devices? Jsc /mA Voc FF® PCE%
cm? /mV°®

MAPDbI; + P(VDFTrFE) 17.44 808 0.707 9.98
(Reverse Scan)

MAPDbI; +  P(VDFTrFE) 17.05 806 0.642 9.10
(Forward Scan)

MAPDIs (Reverse Scan) 15.70 773 0.716 8.69
MAPbDIs (Forward Scan) 15.61 771 0.685 8.25

2The devices were fabricated using perovskite solution (0.5M concentration) with
and without polymer P(VDF-TrFE). Note the forward direction was measured

after 3500 hours.

Table S2. Photovoltaic parameters of PSCs devices fabricated from 0.5M
concentration perovskite solution with P(VDF-TrFE), under simulated AM-1.5G
illumination (power density 100 mW cm2) with active area 0.16 cm?

Number of cells  Jse(mA/cm?) Vo (V) FF (%) PCE (%)
1 17.34 0.885 66.44 10.2
2 16.25 0.952 62.98 9.74
3 15.65 0.952 63.24 9.42
4 15.25 0.952 62.98 9.15
5 15.68 0.898 64.83 9.13
6 16.64 0.922 60.11 9.23
7 17.27 0.887 63.18 9.69
8 14.33 0.936 65.16 8.76
9 14.11 0.949 61.25 8.21
10 14.45 0.966 59.28 8.28
11 15.09 0.963 56.23 8.17
12 14.95 0.944 58.68 8.28
13 17.43 0.934 52.69 8.58
14 15.75 0.928 66.16 8.83
15 14.26 0.881 66.69 8.44
16 14.59 0.89 66.27 8.6
17 15.55 0.966 57.15 8.59
18 16.01 0.89 59.06 8.44
19 15.16 0.94 61.66 8.81
20 14.52 0.89 66.4 8.65

Average 15.51+1.04

0.93+0.031 62.02+3.94 8.86+0.57
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Table S3. Photovoltaic parameters of PSCs devices fabricated from pristine 0.5
M concentration perovskite solution, under simulated AM-1.5G illumination
(power density 100 mW c¢m2) with active area 0.16 cm?.

Number of cells  Jsc(mA/cm?) Vo (V) FF (%) PCE (%)

1 15.25 0.952 62.98 9.15
2 13.34 0.897 62.2 7.45
3 13.61 0.884 59.19 7.13
4 15.7 0.85 54.86 7.5

3) 14.87 0.893 65.38 8.69
6 15.3 0.902 64.92 8.98
7 14.32 0.879 62.44 7.86
8 14.43 0.934 62.69 8.45
9 14.47 0.89 62.31 7.98
10 13.97 0.93 59.13 7.7

11 14.8 0.89 61.14 8.05
12 15.55 0.96 57.12 8.42
13 13.65 0.88 66.38 8.01
14 141 0.89 65.93 8.29
15 15.74 0.88 59.82 8.29
16 14.02 0.88 67.28 8.34
17 14.22 0.88 67.03 8.47
18 13.14 0.86 64.89 7.41
19 15.72 0.97 57.88 8.79
20 15.46 0.87 61.72 8.37

Average 14.58+0.84  0.90+0.033 62.26+3.48 8.17+0.54
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