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Halide perovskites have exhibited great research impact for developing innovative materials with novel
properties. Here, we report the synthesis of different caesium lead bromide perovskites using different
(Cs/Pb) molar ratios and fabrication of their corresponding perovskite/polyvinylidene fluoride (PVDF)
composites, as well as study of their structural and UV-photodetection properties. Spin-coated
perovskite/PVDF composite thin films revealed strong oriented XRD diffraction peaks along the c-axis
direction (00l) with homogeneously distributed perovskite microcrystals in the polymer matrix. The high-

iii:;i% ﬁ;h,\%cvt:ziggégé‘ Cs containing perovskite/PVDF composite, with Cs/Pb (3/1) molar ratio, demonstrated the highest green
emission under UV light and its corresponding UV-photodetector exhibited the highest UV photo-
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Introduction

Halide perovskite materials have attracted great attention in
various optoelectronic fields owing to their high absorption coef-
ficient,' long carrier diffusion length,>* and tunable bandgap.*™°
3D CsPbBr; perovskite, which belongs to the Cs-Pb-Br material
system, is considered one of the most common halide perovskites
with substantial potential for light-emitting diodes,"** photode-
tectors,'® scintillators, and laser applications.”? In general,
the Cs-Pb-Br material system has two further thermodynamically
stable related-perovskite phases rather than the orthorhombic
CsPbBr; perovskite phase: the 2D Pb-rich CsPb,Br; and the 0D Cs-
rich Cs,PbBrs which have tetragonal and trigonal crystal struc-
tures, respectively.”®** The Cs-Pb-Br perovskites have green emis-
sion with different photoluminescence (PL) properties.**
Recently, it was found that the different PL behaviour of CsPb,Brs
and CssPbBry is due to the formation of large/weak and small/
strong CsPbBr; nanocrystals (NCs) embedded through CsPb,Brs
and Cs,PbBrs matrices, respectively.>®

The Cs-Pb-Br material systems have been devoted to pho-
todetection applications as single crystals,*” bulk polycrystalline
thin films***" and nanocrystal-based thin films.**** In general,
regarding the perovskite thin films, the deposition of halide
perovskites via solution processing results in the formation of
polycrystalline films with structural defects at the grain
boundaries. These defects induce the formation of non-
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for tailoring the optoelectronic properties of halide perovskites.

radiative recombination centers, limiting optoelectronic
device efficiency.*® Perovskite-polymer composites are supposed
to be one of the most effective strategies to modulate the
perovskite crystallinity and minimize the formation of struc-
tural defects.”"** Poly(vinylidene fluoride) (PVDF) polymer has
piqued the interest of researchers to be introduced as a polymer
matrix to host perovskite materials to enhance their stability
and crystallinity owing to strong hydrophobic fluorine (F) atoms
in PVDF matrix, which can form coordinate bonds with Pb**
and strong hydrogen bonds with organic cations.” Sultana et al.
reported higher stability, piezoelectric, and photodetection
properties of MAPDI;/PVDF composite compared to pristine
MAPbDIL;.>* Moreover, Zhu group demonstrated the flexible
piezoelectric devices with enhanced stability of black y-phase
CsPbI; through embedding in PVDF matrix.*® Furthermore, Sun
et al. showed 24% efficiency of FAMAPD(I/Br);/PVDF composite-
based perovskite solar cell with an excellent V,, value (1.22 V).*?

These findings motivate us to explore the influence of incor-
porating PVDF matrix on the structural and photodetection
properties of Cs-Pb-Br perovskite systems, targeting improved
crystallinity and structural defect mitigation in perovskite thin film
processing for enhanced photodetection performance. Herein,
PVDF matrix enhances the perovskite film coverage and the
perovskite film crystallinity. Moreover, the performance of photo-
detection properties is in the order of 0D Cs,PbBrg > 3D CsPbBr; >
2D CsPb,Br; perovskite/PVDF composite-based devices.

Experimental
Materials

All chemicals were from Sigma-Aldrich unless otherwise noted.
Chemicals used were: caesium bromide (CsBr), 99%; lead

© 2024 The Author(s). Published by the Royal Society of Chemistry
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bromide (PbBr,), 99%; poly(vinylidene fluoride (PVDF) 99%; tin
oxide, 15% in H,O colloidal dispersion from Alfa Aesar. N,N-
dimethylformamide (DMF), 99% and dimethylsulfoxide
(DMSO), were used as solvents. Indium-doped tin oxide (ITO)
substrates were used for fabrication of photodetector devices.
Isopropanol, 99% was used for cleaning substrates. Helman III
from Hellmax Analytics, nano pure water, and acetone were
additionally used for cleaning substrates.

Synthesis of perovskites and perovskites/PVDF composites

As shown in Table 1, four different caesium lead bromide
perovskite powders were prepared via mortar grinding of
different (CsBr/PbBr,) mole ratios for 15 min. Their corre-
sponding perovskite solutions were prepared by dissolving
100 mg perovskite powder in 1 mL DMSO under stirring at 90 °C
for 60 min. For the synthesis of perovskite/PVDF composite
solutions, 100 mg perovskite powder was dissolved with 100 mg
of PVDF pellets in 2 mL DMF/DMSO 1:1 (v/v) mixed solvents
under stirring at 120 °C for 120 min. Both perovskite and
perovskite/PVDF composite thin films were fabricated via spin-
coating 100 uL of the above-mentioned solutions over pre-
cleaned ozone-treated ITO substrates at 1200 rpm for 30 s.
After that, substrates were annealed at 80 °C for 15 min.

Fabrication of perovskite/PVDF-based photodetectors (PDs)

Etching of ITO substrates via zinc powder and hydrochloric acid
(HC1) followed by cleaning via Helman detergent, deionized
water, acetone, and isopropanol, respectively, under sonication
for 15 min for each solvent. Finally, ITO substrates were treated
with ozone-plasma for 15 min. For electron transport layer
(ETL), 200 pL of 15% SnO, in H,O was dropped over ITO. They
were spun at 1000 rpm for 5 s and then at 4500 rpm for 30 s.
After spin-coating, ITO/SnO, substrates were annealed at 120 °C
for 30 min then treated with ozone-plasma for 15 min. After
that, perovskite/PVDF composite thin films were fabricated with
the same procedure as mentioned above. Finally, carbon metal
contact was printed over composite layer through doctor blad-
ing of carbon paste with annealing at 80 °C for 20 min.

Characterization

The X-ray diffraction (XRD) measurements for powder perov-
skites and composite thin films were performed by the Rigaku
Smart lab diffractometer. The morphological structures of
perovskite crystal and composite thin film were studied using
scanning electron microscopy (SEM, Thermo Fisher). The
current-time (I-t) and the current-voltage (I-V) characteristics

Table 1 Mole ratios of raw materials used for preparing caesium lead
bromide perovskite powders

CsBr (mol) PbBr, (mol) Perovskite abbreviation
1 1 X1
1 2 X2
3 1 X3
4 1 X4

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of the UV photodetector were measured by Keithley 2400 system
source meter that was attached to a computer through a GPIB
488A interface. For UV light illumination, a Sinus-70 solar
simulator (WAVELABS Solar Metrology Systems GmbH) was
used for measuring the photo-response of the fabricated ITO/
SnO,/perovskite-PVDF = composite/Carbon  device. =~ The
photocurrent-time characteristic curves were measured under
UV lamp (365 nm) with power intensity (100 mW cm™?). All
measurements were performed under ambient atmosphere.

Results and discussion

Four different molar ratios of CsBr/PbBr, are utilized to prepare
caesium lead bromide perovskites, as depicted in Table 1; X1
has equimolar Cs/Pb precaursors, X2 has a higher Pb content,
and X3-X4 have higher Cs content with 3/1 and 4/1 Cs/Pb ratios,
respectively. Generally, the four grinded perovskites showed the
similar orange color under white light, as shown in Fig. 1a,
where X1-X2 samples exhibited darker orange. However, the
higher Cs-containing samples X3-X4 exhibited more lighter
orange color. Under UV light, as shown in Fig. 1b, the equimolar
perovskite sample powder X1 exhibited less green emission,
whereas the higher Pb-containing sample powder X2 exhibited
no green emission. On the other hand, X3-X4 samples have the
highest green emission which revealed the critical role of Cs/Pb
mor ratio to modulate the green emission under UV.

Most of perovskite-based photodetector devices are fabri-
cated using solution-processed perovskites rather than solid-
based perovskites. As a result, we studied the effect of perov-
skite solution processing on the green emission under UV.
Fig. 1c and d show the similar behaviour of all DMSO/perovskite
solutions under both white and UV lights where the colorless
perovskite solutions have the same low green emission. This
reveals the demolishing of the impact of different Cs/Pb molar
ratios which has a negative effect towards commercialization of
perovskite-based devices.

Morphological cubic structure of caesium lead bromide was
confirmed microscopically by scanning electron microscopy
(SEM), as shown in Fig. 1e. The homogeneous distribution of
Cs, Pb, and Br elements in lead-based perovskite structure is
also confirmed via the elemental mapping of EDS, as depicted
in Fig. 1f. To characterize the different caesium lead bromide
perovskite powders, we obtained the X-ray diffraction data
(Fig. 1g). High Cs-containing perovskites, X3 and X4, have
shown nearly similar XRD patterns. XRD plots of X1, X2, and
X3-X4 perovskites show three different diffraction peaks, sug-
gesting their possession of different crystal structures. Gener-
ally, caesium lead bromide perovskite has three different crystal
structures, as depicted in ESI Fig. S1.T CsPbBr;, CsPb,Brs, and
Cs,PbBrs perovskites have orthorhombic, tetragonal, and
trigonal crystal structures, respectively. Rietveld XRD refine-
ment was performed for perovskite samples to determine their
corresponding crystal structures, as shown in ESI Fig. S2.7 Table
2 depicts the weight % of different phases of each perovskite
sample. It was found that all samples have multiphases. X1, X2,
and X3-X4 samples have a major phase of CsPbBr;, CsPb,Brs,
and Cs,PbBr; crystal structures, respectively, with the existence
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Fig. 1 Different caesium lead bromide perovskite powders prepared via grinding method: (a) under white light. (b) Under UV light. Their cor-
responding perovskites dissolved in DMSO (c) under white light. (d) Under U.V. light. (e) Scanning Electron Microscope (SEM) images of CsPbBrs
perovskite. (f) Elemental mapping of perovskite elements: Cs, Pb, and Br. (g) Powder XRD patterns of caesium lead bromide perovskite powders.

of the other phases as minor contents. To overcome the
appearance of multiphases of perovskite powders and the
demolishing of green emission under UV for their corre-
sponding solutions as well, perovskite/PVDF composites were
prepared through dissolving the composite in DMF/DMSO
mixed solvents where PVDF is easily dissolved in DMF while
perovskite is easily dissolved in DMSO. It was found that
perovskite/PVDF composite solutions maintained their green
emission variance, as shown in Fig. 2a. This observation reveals
the impact of PVDF polymer on perovskite stability through
DMF/DMSO mixed solvents. Compared to spin-coated perov-
skites (Fig. 2b and d), spin-coated perovskite/PVDF composite
thin films show homogeneous distribution of perovskite
microcrystals through PVDF polymer with uniform and fully
covered surfaces without any voids (Fig. 2c and e). The
composite formation was confirmed microscopically by SEM, as
shown in Fig. 2f, where perovskite microcrystals are distributed
through PVDF polymer matrix. Elemental mapping of EDS
revealed the homogeneous distribution of F and Pb elements
(Fig. 2g) which correspond to PVDF and perovskite, respectively.
XRD patterns, as shown in Fig. 2h, revealed the high orientation
along c-axis direction (001) of perovskite crystals embedded
through PVDF polymer. It is worth mentioning that XRD peak of
PVDF polymer at 20 = 20.3° disappeared through the XRD
patterns of the composite thin films.*® This might be attributed
to the high crystallinity of homogeneously distributed perov-
skite microcrystals through the amorphous polymer clusters
which resulted in hindering XRD peak of PVDF polymer. Strong
diffraction peaks of X1 perovskite at 15.4° and 30.9° are related
to (002) and (004) lattice planes, respectively. This result is
consistent with the orthorhombic structure of CsPbBr;.>”

Table 2 Estimation of weight%, obtained from Rietveld refinement, of
possible phases for each perovskite sample

Samples CsPbBr; CsPb,Br; Cs,PbBrg
X1 86.8% 3.3% 9.9%

X2 2.8% 56.7% 40.5%
X3 13.7% 7.9% 78.4%
X4 17.3% 28.2% 54.5%

36418 | RSC Adv, 2024, 14, 36416-36422

Furthermore, X2 perovskite showed the tetragonal structure
pattern of CsPb,Br5 perovskite with diffraction peaks at 11.8°,
23.6°, 35.7°, and 48.1° corresponded to (002), (004), (006), and
(008) planes, respectively.® On the other hand, X3 and X4
perovskites with similar diffraction peak positions at 20.8° and
42.2°, related to (004) and (006) lattice planes, confirms their
trigonal structure of Cs,PbBrs perovskite.” As a result, the
presence of PVDF polymer matrix induces the formation of
perovskite single phase, rather than the multi phases of pristine
perovskites. This might be assigned to the high electronega-
tivity of Fluoride and Oxygen through PVDF where the Lewis
acid of Pb*>" interacts with the Lewis base of PVDF through
coordination bonds to increase the perovskite nucleation rate
as well as to form a single perovskite phase through nucleation
sites depending on Cs/Pb precursor.®® The observations
demonstrate that the assembly of lead bromide perovskites
produced from perovskite/PVDF composite solution is parallel
to the glass substrate surface with a spacing between consecu-
tive Pb-inorganic layers of 5.8 A, 7.0 A, and 8.6 A for X1, X2, and
X3-X4 perovskites, respectively, as depicted in Fig. 3a-c,
respectively. Furthermore, it is worth noting that the composite
formation has no impact on the crystal structure of X1(Fig. 3d).
However, the X2 perovskite shows strained crystal structure
(Fig. 3e). On the other hand, crystal structure of X3 and X4
samples reveal compression effect upon composite formation
(Fig. 3f).

The perovskite/PVDF-based photodetectors (Fig. 4a), with
cell configuration of ITO/SnO,/perovskite-PVDF/carbon, are
studied by current-voltage (I-V) characteristics in the dark and
under UV illumination, measured at room temperature. Fig. 4b—
e depicts the typical I-V curves of the X1, X2, X3, and X4
photodetectors, respectively, at the dark and at different UV
light power intensities (25%, 50%, 75%, and 100%) of total
power intensity (100 mW cm™?). It is obvious that the as-
prepared X2-based photodetector shows the highest dark
current (Fig. S31) with a negligible photocurrent enhancement
upon UV illumination (Fig. 4c). This might be attributed to the
presence of both high and low concentrations of tetragonal and
orthorhombic structures of CsPb,Brs and CsPbBr; perovskites,
respectively, through X2 composite matrix. Meanwhile, X4-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Perovskite/PVDF composites in (DMF/DMSQO) mixed solvents under UV light. (b and d) Spin-coated thin films of perovskites only, and (c

and e) perovskite/PVDF composites, under white and UV lights, respectively. (f) (SEM) images of CsPbBrs/PVDF composite thin film and (g) its F
and Pb elemental mapping. (h) XRD patterns of caesium lead bromide perovskites/PVDF composites thin films.

based sample exhibit higher UV-response (Fig. 4e) than X2
which might be assigned to the existence of higher and lower
concentrations of orthorhombic and tetragonal structures of
CsPbBr; and CsPb,Br; perovskites, respectively. X1 (Fig. 4b) and
X3 (Fig. 4d)-based devices depict a significant responsivity for
UV illumination which might be ascribed to their containing of
the lowest concentration of CsPb,Brs tetragonal structure.
Generally, it can be clearly found that tetragonal structure of
CsPb,Br; perovskite has a negative impact on the photo-
detection application. However, high concentrations of CsPbBr;
and Cs,PbBrg perovskites, with orthorhombic and trigonal
structures, have a positive effect towards higher
photodetectivity.

(On/Off) time-resolved photo-current response measurement
has been conducted at zero bias voltage within time intervals
(10 seconds) under alternating dark and different UV light

power intensities (25%, 50%, 75%, and 100%) of total power
intensity (100 mW cm ™ ?). Fig. 4f-i exhibit time-resolved photo-
response [(I-t) curves] of X1, X2, X3, and X4-based photodetec-
tors, respectively. All perovskite samples show photo-current
response under (On/Off) UV illumination which corroborates
their photodetection tendency. It is worth noting that as the UV
light power intensity increases, the absorption of UV photons
increases and the difference between dark and photo-current
increases, as well.

The results above are further supported by a detailed
performance comparison among the different perovskite/PVDF
composites-based devices, as shown in Table 3, where X3-based
device is considered the best fabricated perovskite/PVDF
composite-based photodetector. Various parameters were
calculated, as shown in ESI notes 1, where the photodetector
effective area was 4.25 cm’ for all fabricated devices. The

doop = 8.6 A°
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Fig. 3 Crystal structures (a—c) and change in d-spacing (d—f) of X1, X2, and X3—-X4 perovskites embedded in PVDF polymer, respectively.
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Fig.4 Perovskite/PVDF-based photodetector cell configuration (a). The current—voltage /-V curves (b—d) and the transient /-t (ON/OFF) curves
(e—i) of the devices of different caesium lead bromide perovskites/PVDF composites-based photodetectors under different UV light intensities:

(dark, 25%, 50%, 75%, and 100%).

Table 3 Photodetector properties of different PVDF/perovskite-based UV-photodetection devices

Perovskite/PVDF Photoresponsivity Ry Photosensitivity Quantum efficiency Detectivity

PDs nAw™) £ IQE x 10~ ° (%) D* x 10" (Jones)
X1 4.24 0.0861 1.441 337.63

X2 1.07 0.0145 0.363 69.53

X3 7.40 0.2171 2.514 708.11

X4 3.80 0.1310 1.292 394.34

photoresponsivity (R;) of X1, X2, X3, and X4-based devices were
estimated to be 4.24, 1.07, 7.40, and 3.80 nA/W, respectively.
The photosensitivity (£) was found to be 0.0861, 0.0145, 0.2171,
and 0.1310 for X1, X2, X3, and X4-based photodetectors,
respectively. The efficiency of the carrier transport through
photodetector was estimated with calculating the internal
quantum efficiency (IQE). The IQE of X1, X2, X3, and X4-based
photodetectors were found to be 1.441 x 10 %%, 0.363 x
107%%, 2.514 x 10 °%, and 1.292 x 10 °%, respectively.
Finally, the photodetector quality was tracked via calculating of
detectivity (D*) which was estimated to be 337.63 x 10" Jones,
69.53 x 10" Jones, 708.11 x 10" Jones, and 394.34 x 10* Jones,

36420 | RSC Adv, 2024, 14, 36416-36422

for X1, X2, X3, and X4-based photodetectors, respectively. The
best photodetection performance of X3 device might be
assigned to the higher photoluminescence quantum yield
(PLQY), longer PL lifetime, and higher exciton binding energy of
0D-Cs,PbBrs, compared to 2D CsPb,Brs; and 3D CsPbBr;
perovskites.>**°

Conclusions

In summary, caesium lead bromide perovskites with different
crystal structures have been synthesized via mortar grinding of
different ratios of CsBr and PbBr,. It was found that higher Cs

© 2024 The Author(s). Published by the Royal Society of Chemistry
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content enhances the green emission of the as-prepared
perovskite. Compared to pristine perovskite, spin-coating of
perovskite/PVDF composites has a substantial impact on both
the film coverage and the orientation of perovskite microcrys-
tals formed through PVDF matrix. The existence of single phase
of trigonal Cs,PbBr, through perovskite/PVDF composite thin
film was found to enhance the overall photodetection
parameters.
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