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Introduction

Due to their outstanding photovoltaic performance, low-cost
fabrication, and excellent mechanical flexibility, organic-inor-
ganic lead halide perovskite solar cells have drawn enormous
attention in recent years.' Their power conversion efficiencies
(PCE) have grown tremendously from the initial 3.8% to more
than 20% in just a decade,*® but still suffer from the serious
photocorrosion issue, toxic Pb and low stability in air. Due to
the good structural tolerance, great efforts have been devoted to
replacing the inorganic or organic portion with the aim to
overcome such shortages of organic-inorganic lead halide
perovskites. Ordinarily, there are two strategies for Pb-
replacement. One is the utilization of the isovalent elements
(such as Sn*" and Ge®*), which can maintain the perovskite-type
framework but the stability is poor.*” Another is choosing the
heterovalent elements such as Bi** and Sb*'*' which can
improve the stability but the conversion efficiency is a bit low.
The substitution of other halide ions (Cl and/or Br) for unstable
1" ions has been demonstrated as an efficient route to promote
the stability of organic-inorganic hybrid perovskites at the
expense of efficiency."’™ Besides the inorganic portion, the
replacement of the organic portion is also an efficacious way to
enhance the performance of perovskite solar cells. For instance,
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in the HDA-Bils-based solar device with a fast response time (~0.64 ms). This work may provide new
perspectives for molecular ferroelectrics in photovoltaic and photodetector applications.

the replacement of methylammonium (CH;NH;", MA) for for-
mamidinium (HC(NH,),", FA) enhanced the stability of the
perovskite structure with an average PCE of 9.7% and the
highest value of 14.2%.** Although great efforts have been
devoted to the halide perovskites, the performance and stability
are still hard to be satisfied simultaneously so far. Thus, it is
extremely desired to explore more stable and efficient lead-free
organic-inorganic hybrid compounds.*®

On the other hand, many recent studies have demonstrated
that the polarity of organic-inorganic halide perovskites likely
plays a significant role in the excellent photovoltaic perfor-
mance,"”'® which is similar to the ferroelectric photovoltaic
effects. Actually, since the abnormal photovoltaic effect with an
impressively high voltage output, ferroelectrics with a narrow
band gap (E,) may have a bright future for solar-energy gener-
ation. It has been demonstrated that ferroelectric polarization is
responsible for the high photovoltage and beneficial to the
efficient separation of photoexcited electron-hole pairs.'>*°
Nevertheless, unlike the ferroelectric oxides, few studies have
been devoted to the photoelectric performance of the molecular
ferroelectrics. Considering the outstanding mechanical flexi-
bility and intrinsic spontaneous polarization,*-** the molecular
ferroelectrics could be a promising candidate toward organic-
inorganic hybrid solar cells. Recently, hexane-1,6-diammonium
pentaiodobismuth (C¢HgBil;N,, HDA-Bil5) has been demon-
strated as a room-temperature (RT) molecular ferroelectric
material with the narrowest E, (~1.89 eV) of the molecular
ferroelectrics reported previously.>® However, the photovoltaic
properties of HDA-BiI5 have never been verified, in spite of the
visible-light absorption and room-temperature ferroelectric
nature. Herein, we employed HDA-Bil5 as a new kind of the
light-absorbing layer for organic-inorganic hybrid solar cells.
The solar cell device assembled by depositing HAD-Bil; film on
the TiO,/ITO glass substrate exhibits a remarkable photoelectric
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effect with a fast response time less than 1 ms. The key factors
affecting the photovoltaic performance of the (HDA-Bil;)-based
solar cell device have been also investigated systematically.
Great photocurrent enhancement in (HDA-BiI5)-based solar cell
can be achieved by adjusting the ferroelectric polarization.

Experimental
Synthesis of HDA-BIl; crystals

The synthesis of hexane-1,6-diammonium pentaiodobismuth
(HDA-Bil5) was based on the reported literature.** All the
reagents are of analytical grade and used without further puri-
fication. 5.9 g Bil; (10 mmol) and 1.16 g 1, 6-diaminohexane (10
mmol) were directly dissolved in an excess of HI solution (45%
in water) at 363 K under nitrogen atmosphere. Single crystals of
HAD-BiI5 with micrometer dimensions were formed by cooling
down slowly to room temperature.

Device fabrication

Normally, FTO and ITO are two most appropriate substrates
used in photoelectric devices. Compared with FTO, the ITO
substrate has the advantages of high electrical conductivity,
good optical transparency, and well-established manufacturing
process. Meanwhile, ITO substrate leads to more crystalline
structure corresponding to the denser and smoother
morphology which may be induced from the driven force
provided by the recrystallization of ITO during annealing. Thus,
ITO was selected as an appropriate substrate in this device
fabrication.

The ITO glass substrates with the dimension of 1.0 cm X
2.0 cm were used after sequential ultrasonic cleaning with
acetone, isopropanol, and DI water. And then, the substrates
were treated with dry oven for 30 min.

The TiO, layer was prepared by spin-coating method. 2 mL
titanium butoxide (AR, =98.0%), 1 mL diethanolamine (AR,
=>98.0%) and 0.0225 g polyethylene glycol (AR) were mixed by
continuously stirring to obtain solution a. Then 0.6 mL acetic
acid and 0.75 mL DI water were initially dissolved each other to
prepared solution b. The two different kinds of solutions were
then mixed with stirring. Subsequently, the mixed solution was
left overnight. And then, 60 pL solution was spin-coated on the
ITO substrate at 3000 rpm for 20 seconds, and then heated at
450 °C for 45 min. To further increase the contact area between
the TiO, layer and the organic light-absorbing layer, the as-
prepared TiO, thin-film was placed in a Teflon-lined container
with a mixture of titanium butoxide (AR, 2 mL) and 1-butanol
(AR, 28 mL). The hydrothermal reaction was conducted in
a stainless-steel autoclave at 180 °C for 180 min in an oven. The
hydrothermally retreated TiO, thin-film was then heated in
a muffle furnace at 450 °C for 35 minutes. Thus, a compact TiO,
layer was obtained with a total thickness of 7 pm.

The solution of HDA-Bils was prepared by dissolving 500 mg
HDA-BII; into 0.4 mL N,N-dimethylformamide (AR, 99.8%). The
compact HDA-Bil; layer was in situ deposited on the TiO, layer
by spin-coating method and then drying at 120 °C for 30 min in
a vacuum anneal furnace. The thickness of the HDA-BIl; layer

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

was determined in the range of 10-70 um. The overlap of the
two ITO glasses, as the active areas, was about 1 cm”.

Characterization

XRD patterns were obtained from a Rigaku D/Max-2000
diffractometer with Cu Ko radiation (A = 1.5418 A) at 40 kv,
100 mA at room temperature. The morphology and composition
of the samples were determined by field-emission scanning
electron microscope (SEM, JEOL JSM-7800F) equipped with an
energy-dispersive spectrometer (EDS). Thermogravimetric
analyses (TGA) of samples were tested by the thermal gravi-
metric analyzer (TGA 8000, PerkinElmer, USA). The optical
properties of the samples were analyzed using a MAPADA UV-
3100PC UV-Vis spectrophotometer. The photoelectric proper-
ties of the (HDA-Bil;)-based solar devices were measured by an
interactive source meter instrument (Model 2450, Keithley),
under solar-light irradiations with a 500 W Xenon lamp.

Results and discussion

To confirm the purity and crystallinity of the HDA-Bil5; powders
and composite films, the powder XRD measurements were
collected at room-temperature as given in Fig. 1a. All diffraction
peaks of pristine HDA-Bil5 powder and thin-film samples can be
indexed to the orthorhombic system with the space group of
Pna2, and the cell parameters of a = 15.076(1) A, b = 14.307(1) A
and ¢ = 8.644(1) A, in according with the results reported
previously.”* The high quality and purity of the ITO/TiO,/HAD-
Bils hybrid film were also revealed by XRD. The Bragg peaks of
the hybrid film can be assigned to HDA-Bil5, TiO, and Sn-doped
In,0; (from ITO), indicating that there is no introduction of
other impurity in this assembled device. Fig. 1b shows the
optical photograph of HAD-BIl; single crystal with a polyhedral
shape and dark-red colour indicating the instinct visible-light
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Fig. 1 (a) Comparison of XRD patterns: HDA-Bils thin-film deposited

on ITO/TiO, substrate (red), HDA-Bils powder (green), TiO, thin-film
(blue) and pure ITO glass substrate (wine). (b) Optical photograph of
HDA-BIls single crystal. (c and d) Cross-sectional and surface SEM
images of the ITO/TiO,/HDA-BIls hybrid film.
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absorption as discussed later. FE-SEM micrographs were per-
formed to check the morphology of the thin-film device.
Combining with the EDS analysis (Fig. S27), it can be easy to
visually distinguish the layered structure of the ITO/TiO,/HAD-
Bil; hybrid film from Fig. 1c, revealing the high quality of the
assembled device that can predominantly affect the perfor-
mance of solar cells as extensively demonstrated already.”
From the SEM images of the top and side surfaces (see Fig. 1c
and d), the as-prepared HDA-Bil; thin-film possesses high
density and good crystallinity, suggesting the excellent stability
of HDA-Bil; after annealing treatments.

The stability of HAD-Bil; has been also confirmed by the
thermal gravity analysis (TGA) carried out in nitrogen atmo-
sphere with a heating rate of 10 °C min™", and the result was
showed in Fig. 2a. There was almost no weight loss below
300 °C, indicating good thermotolerance of HDA-Bil; thin-film
annealing at 120 °C. Above 300 °C, the trend of the weight
loss became more obvious and dropped sharply at 350 °C due to
the decomposition of HDA-Bil5, corresponding to the results
reported previously.” In order to check the optical property of
HDA-BII; films, UV-Vis absorbance spectra have been measured
at room temperature. As shown in Fig. 2b, all HDA-BiI5 thin-film
samples display an intense absorption at the onset of 650 nm,
corresponding to a bandgap of 1.92 eV very close to the one
reported previously (1.89 eV).>! This narrow bandgap is matched
well with the intrinsic red colour of the HDA-Bil; powder
sample, suggesting the potential of HDA-BII; as a light absorber
for solar cells similar to MAPbI,Br.** Moreover, the light
absorption is definitely enhanced with increasing the thickness
of HDA-BII; films. The thicknesses of the HDA-Bil; films were
estimated from the SEM images as shown in Fig. S3.7

Since the discovery of the visible-light photoelectric effect in
BiFeO3, the ferroelectric photovoltaics offers great potential for
solar cell applications.>” In order to assess the photoelectric
performance of the molecular ferroelectric HDA-Bil5, the
photoelectric devices were assembled by spin-coating HAD-Bil;
and TiO, sequentially on ITO glass substrate (Experimental
details were given in ESIf{). Fig. 3a depicts the schematic
diagram of a device structure for (HDA-Bils)-based solar cell.
Commonly, the TiO, thin-film layer has been extensively
utilized in DSSCs to enhance the electron extraction and
transportation to the cathode.”®** Thus, in this work, the TiO,
thin-film layer was also been employed as an electron transport
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Fig.2 (a) TGA data for HDA-Bils crystals. (b) UV-Vis absorption spectra

of HAD-BIls films with various thicknesses. The inset schematically
shows the measurement setup.
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Fig. 3 (a) Schematic diagram of the (HDA-Bils)-based solar device. (b)

J—-V curves in dark and under sunlight simulator illumination at room
temperature. (c) Zero-voltage photocurrent density with the variation
of the HDA-BIls film thickness following on-off sunlight simulator
illumination. (d) Response time of (HDA-Bils)-based solar device.

layer. Fig. 3b shows the current-voltage (J-V) curves of the
assembled devices. Under the illumination of a sunlight simu-
lator, an obvious photoelectric response can be observed in
(HDA-Bils)-based device with an open circuit voltage (V,.) of
0.55 V and a short circuit current (J;.) of 17.5 pA cm ™2, while the
dark I-V curve shows negligible V,. and J,.. The present
photovoltaic performance is comparable to the one reported in
typical MAPbI;-based devices without TiO, electron transport
layer.**** Moreover, it is far higher than that of the traditional
ferroelectric oxide films, such as the well-known BiFeO; film
made by pulsed laser deposition with a V,. of 0.6 V and J. of
only 1.3 pA em™ > In fact, the morphology and crystallinity of
TiO, thin-film layer can greatly affect the photoelectric proper-
ties of the DSSCs as always reported previously.*”° After
hydrothermal retreatment for the as-prepared TiO, film, the
photocurrent of the DSSCs increased significantly from 3.5 pA
cm 2 to 17.5 uA cm > (see Fig. S5at), which can be ascribed to
the promoted density and larger surface area of the TiO, film
treated hydrothermally. Associated with the light absorption
and electronic transmission capability, the thickness of the
HDA-BII; film is also a critical factor to influence the perfor-
mance of (HDA-Bils)-based solar cells. The current-time (I-7)
curves of the HDA-Bil; films with various thicknesses were
shown in Fig. 3b. With increasing the thickness of HDA-Bils
film, the J;. increased sharply and reached up to a maximum of
17.5 pA em 2 at 25 um, and then turned down with further
increasing the thickness of HDA-Bil; film (see Fig. S5b¥). The
improved photoelectric performance by the preferred film
thickness can be attributed to the enhanced light-harvesting
efficiency, improved charge-transport properties, and concom-
itantly reduced recombination loss as demonstrated previ-
ously.**** Hence, the optimal thickness of the HDA-Bil5 films
was determined to be ~25 pum, and fixed for the further

This journal is © The Royal Society of Chemistry 2020
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comparison between other influence factors on the photoelec-
tric performance of the (HDA-Bil5)-based solar cell. Moreover,
the response time of the (HDA-Bil5)-based solar cell was pre-
sented in Fig. 3d. The fastest response time was reported about
0.72 ms in the FAPbBr; photodetector,*® while our result was as
low as 0.64 ms, indicating that this molecular ferroelectric
would possess a bright prospect in the application of
photodetector.

The long-term device stability of the (HDA-Bils)-based solar
cell was also investigated in atmosphere condition held at room
temperature under constant illumination. As shown in
Fig. S5¢,t it can be clearly found that the photocurrent degraded
significantly over time. Without sealing, the (HDA-Bil;)-based
solar cell possessed a good long-term stability since its photo-
current decreased only by 14.3% of its initial value after 1 week.
After three weeks, it still showed an obvious photoelectric
response but the magnitude was extremely lower than the initial
one. Thus, HDA-Bil; exhibited much more stability contrasting
to the other organic-inorganic hybrid solar cells, such as
MAPDI; which was quickly degraded and completely lost
performance within several hours due to the hygroscopic nature
of the methyl ammonium in a wet environment.** The excellent
stability of HDA-Bil5 should be attributed to the small size of
Bi** which constructed a relatively stable crystal lattice.*> This
strategy for stabilizing the crystal lattice by replacing lead with
chemically similar and suitable size atoms opened a promising
route to prepare the molecular ferroelectric materials with good
stability. Moreover, further improvement in the stability of
(HDA-Bil;5)-based devices can be achieved by thoroughly sealed
with epoxy resin or something similar.

Actually, the polarization has been verified to play a key role
in the photoinduced charge separation and transmission in
ferroelectric photovoltaics, which always lead to the enhanced
photoelectric performance.***® Even in the organic-inorganic
hybrid perovskite solar cells, it is very likely that the polarization
could be responsible for their outstanding photovoltaic
performances.*** Thus, after poling the HDA-Bil; film at
different electric fields, the effect of ferroelectric polarization on
the photoelectric properties of the (HDA-Bil5)-based solar device
has been detected under sunlight simulator illumination
(Fig. 4). With increasing the poling electric field, the photo-
current density of the solar device showed a rapid increase till
5V and followed by a fast drop up to 10 V for both positive and
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Fig.4 The J-T curves of (HDA-Bils)-based solar device after negative
(@) and positive (b) poling processes under sunlight simulator
illumination.
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negative poling processes (see Fig. 4a and b), which confirmed
the inherent relation between the polarization and photoelec-
tric performance of the (HDA-Bil;)-based solar cell. After poling
at —5 V for 10 min, the photocurrent density reached
a maximum of 92.4 pA cm ™2, which was about 5 times of the
unpoled one of 17.5 pA cm ™2 However, positive poling switched
the photocurrent direction and leaded to a maximum photo-
current density of —228.1 uA cm ™ after poling at 5 V for 10 min,
which was about 13 times of the unpoled one. The switched
photocurrent direction can be attributed to the opposite built-in
field generated by the poling-induced alignment of domains as
demonstrated previously in other ferroelectric photovol-
taics.**** The electronic band structure for ferroelectric solar
cell based on HDA-Bil; under different polarization conditions
was schematically shown in Fig. S6.1 However, the /. decreased
unpredictably with further increasing the poling field, indi-
cating the complex competition between the ferroelectric
polarization and PN junction in ferroelectric organic-inorganic
hybrid solar cells. Further studies should be carried out to
reveal all these issues.

Conclusions

In summary, molecular ferroelectric HDA-Bil; was utilized as
the light-absorbing layer for the organic-inorganic hybrid solar
cells for the first time. The (HDA-Bils)-based solar device
exhibited a significant photoelectric effect with a V,. of 0.55 V
and a J,. of 17.5 pA cm 2. 13 fold enhancement in the photo-
current of the (HDA-Bils)-based device can be achieved by
adjusting the ferroelectric polarization. Moreover, with a fast
response time about 0.64 ms, (HDA-Bil5)-based device also
shows much brighter prospects in developing fast and sensitive
photodetectors. In view all of these results, the utilization of
molecular ferroelectrics is a novel promising strategy to explore
new organic-inorganic hybrid solar cells with excellent photo-
electric performances.
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