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ABSTRACT: Molecular  ferroelectrics, characterized by
outstanding photoelectric and unique ferroelectric properties,
invigorate the field of ferroelectric photovoltaics. Nonetheless,
the performance of molecular ferroelectric devices is hindered
by fine grains resulting from poor high-temperature stability. In
this work, we successfully achieved micron-grained molecular
ferroelectric films by using the space-confined vapor deposited
method. The optimized film exhibited a significant increase in
grain size from the nanometer level (0.08 pm) to the
micrometer level (~ 2 um), leading to improved optoelectronic
and ferroelectricity. Furthermore, it optimizes the energy level
and enhances the photovoltaic performance of vertical devices.
Research on the mechanism shows that high annealing
temperature and inhibiting component loss play an important
role in obtaining large grain films. This work provides new
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research ideas for improving the quality of molecular ferroelectric films and provides valuable reference for the fabrication of

high performance molecular ferroelectric photovoltaic devices.

KEYWORDS: molecular ferroelectric, large grain, space confinement, photovoltaic devices

1 Introduction

Ferroelectric materials with polarization fields that promote carrier
separation and transport hold great potential for photovoltaic
devices [1-7]. Currently, researches on the ferroelectric
photovoltaic devices primarily focus on single-crystal materials [8,
9]. This preference stems from the fact that large domains in single
crystal materials are beneficial to promote carrier separation and
transport [10, 11]. For easy-to-prepare, cost-effective polycrystalline
materials, the defects at grain boundaries leads to the formation of
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domain walls, restricting the domains size and weakening the
ferroelectric response [12]. Consequently, increasing the grain size
of polycrystalline films has been demonstrated as an effective
approach to enhance the ferroelectric device performances [13].
Molecular ferroelectrics exhibit distinctive ferroelectricity,
including high Curie temperature, strong remnant polarization,
multiple polar axes, and excellent optoelectronic properties such as
narrow bandgap, high absorption coefficient and efficient
photoluminescence, which make them highly promising for
potential photovoltaic applications [14-17]. Xiao et al. achieved
passivation of interface defects, optimization of energy level
structure, and improvement of device performance by in-situ
growth of molecular ferroelectrics on the surface of the light-
absorbing layer [18]. By incorporating molecular ferroelectrics into
the active layer, Xu et al. and Zhang et al. effectively enhance the
built-in electric field within the photovoltaic device, resulting in an
increase in open-circuit voltage (Vo) [19, 20]. By using
ferroelectricity to promote carrier transport in the multiple
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quantum well electronic structure, solar cells based on molecular
ferroelectric achieve the highest Vo among # = 1 two-dimensional
Ruddlesden-Popper perovskite solar cells [15]. However, the
inferior quality of the films, especially the small domains resulting
from fine grains, degrades the ferroelectricity of polycrystalline films
and limits the device performance [21]. High-temperature
annealing has proven to be an effective method for controlling the
grain size of inorganic ferroelectrics [22, 23]. Nevertheless,
achieving large-grain films in molecular ferroelectrics becomes
challenging due to their poor high-temperature stability (Fig. 1(a)).

In this work, micron-grained molecular ferroelectric films are
successfully obtained using space-confined vapor deposition
(SCVD) technology. A significant increase in grain size is observed
by SCVD at a temperature above the decomposition point. The
SCVD process also led to notable enhancements in the
optoelectronic and ferroelectric properties, including reduced band
gaps, decreased density of defect states, enhanced carrier mobility,
optimized energy level structures, and strong ferroelectric
properties. Additionally, the SCVD-processed device (SCVD-
device) exhibits excellent photovoltaic performance, further
enhancing the performance of two-dimensional (2D) (n = 1)
ferroelectric photovoltaic devices.

2 Results and discussion

To achieve high photovoltaic performance, molecular ferroelectric
(4,4-difluoropiperidinium),Pbl, is selected as the active layer,
exhibiting unique ferroelectric properties such as a multipolar axis,
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a high Curie temperature (4285 K), and high spontaneous
polarization (10 pC/cm?®), along with excellent optoelectronic
properties, including a high absorbance coefficient (~ 10° cm™),
narrow band gap (2.24 eV), and low processing temperature (100
°C) [24]. Details of the experiments related to material synthesis
and film preparation are provided in the Electronic Supplementary
Material (ESM). The SCVD process involves two transparent
conductive substrates spin-coated with precursor (fluorine-doped
tin oxide/film (abbreviated as film 1) and indium tin oxide/film
(abbreviated as film 2)) and held together under mechanical
pressure (Fig. S1 in the ESM). The upper plate is kept at a specified
temperature (such as 300 °C), and the initial temperature of the
bottom plate is room temperature. Continuous mechanical
pressure builds space confinement between films to reduce material
loss at high temperatures. During the SCVD process, the film
1 decomposes at high temperature and deposited downward to
assist the crystallization of film 2 (Fig. 1(b)). The top-view scanning
electron microscopy (SEM) images in Fig. 1(c) show that the grain
size significantly increases after SCVD, producing a continuous and
dense film without defects such as pinholes. Compared with spin
coating film (SC-film), the average grain size of SCVD processed
film (SCVD-film) increases from the nanometer level to the
micrometer level. The transmission electron microscope image
reveals a polar space group Aba2 (point group mm2) with a 2.23 A
interplanar spacing corresponding to the (004) orientation,
indicating strong in-plane orientation aligned with the corner-
sharing inorganic octahedral framework (Fig. 1(d))

The SCVD process is characterized to elucidate the film
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Figure1 The SCVD process. (a) Illustration of the SC (spin coating) process. (b) Illustration of the SCVD process. (c) The top-view SEM images and grain size statistics
of molecular ferroelectric film obtained by SC and SCVD (scale bar: 5 pm). (d) Ball stick model of (4,4-difluoropiperidinium),Pbl, and the transmission electron
microscope image, the upper left image is the fast Fourier transform processed image of the orange region, and the lower left image is the inverse fast Fourier transform

processed image of the orange region.
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optimization mechanism. SEM images of SCVD films at different
annealing condition indicate that grain size varies with temperature
and duration (Figs. S2 and S3 in the ESM). The bottom plate
temperature can appropriately reflect the annealing environment of
the film. As the annealing time increases, the bottom plate
temperature increases rapidly and stabilizes, and the stabilization
temperature increases with the upper plate temperature (Fig. $4 in
the ESM). As the bottom plate temperature increased from 80 to
160 °C, the average grain size grew from 0.61 to 2.23 um,
representing an increase by two orders of magnitude compared to
the SC-films (0.08 um, Fig. 2(a)). However, at 160 °C, the presence
of large grains (3-4 um) led to poor continuity and the
introduction of impurities (Fig. S5 in the ESM). Appropriate
annealing temperature and duration are critical for obtaining dense,
continuous, and large-grain molecular ferroelectric films. To
investigate the film temperature during the SCVD process, finite
element calculations are conducted. The physical model and
parameter settings can be found in Fig. S6 in the ESM. The steady-
state heat distribution in Fig. 2(b) shows that the final stable
temperature of the film exceeds 200 °C when the upper plate
temperature is set at 300 °C. The transient heat distribution results
reveal that the temperature transferees rapidly from film 1 to film 2,
and the film temperature increases rapidly and stabilizes above
200 °C (Fig. 2(c) and Video S1 in the ESM). Thermogravimetric
analysis indicates the decomposition and loss of organic ligands
occurs at 200 °C (Fig. 2(d)), and the temperature of the molecular
ferroelectric during the SCVD process is higher than the
decomposition temperature. To uncover the decomposition of

materials, X-ray diffractometer (XRD) analysis is performed (Fig.
2(e)). The XRD of the SCVD-film 1 displayed decomposition
product Pbl, (12.8°) and other impurity peaks (9.9° and 11.4°),
while the peak intensity of the SCVD-film 2 increased without any
impurity peaks appears. The Fourier transform infrared (FTIR)
reveals weaker C-F bonds in film 1 compared to film 2, indicating
partial decomposition of SCVD-film 1 (Fig. 2(f)). In order to
evaluate the effect of film 1, the XRD and FTIR results of film 1
with different concentrations are characterized. XRD peaks before
SCVD correspond to the (020) and (040) orientations of molecular
ferroelectrics, indicating crystallization at room temperature (Fig.
S7(a) in the ESM), but with poor crystallinity and significant
background. Without precursor spin-coating on film 1 (0 M),
SCVD enhanced film 2 peaks, with new peaks at 9.9° and 12.8°
corresponding to decomposition product (Fig. S7(b) in the ESM).
As the concentration of film 1 increases, the 9.9° peak in film 2 is
suppressed at 0.4 M (Fig. S7(c) in the ESM), and at 0.8 M, impurity
peaks disappear (Fig. S7(d) in the ESM), suggesting high
concentrations of film 1 inhibit decomposition of film 2. Moreover,
under the condition of film 1 (0.8 M), strong molecular ferroelectric
characteristic peaks are still detected in film 2 after the SCVD
process, even without precursor (0 M) for film 2 (Fig. S7(e) in the
ESM). The top-view SEM image show incomplete quadrilateral
nanosheets in film 2, consistent with the orthogonal point group of
the low-temperature phase (Fig. S8 in the ESM), Energy dispersive
X-ray spectroscopy revealed the distribution of C, Pb and I
elements, consistent with molecular ferroelectric elements (Fig. S9
in the ESM). FTIR is used to characterize the C-F vibration in the
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molecular ferroelectric structure. There is always a C-F vibration
peak at 1120 cm™ in film 2 (Fig. S10(a) in the ESM), not obvious in
film 1 (Fig. S10(b) in the ESM), which might due to the
decomposition at high temperatures. Figure S10(c) in the ESM
reveals the optical photos of film 1 before and after SCVD. Film 1
(0.4 M) decomposes after SCVD, whereas a higher concentration of
film 1 (0.8 M) helps prevent complete decomposition, thereby
maintaining film continuity. These results indicate that film 1
decomposes during the SCVD process, diffuses and recrystallizes
on film 2. To characterize the space confinement during SCVD
processing, atomic force microscope is employed to characterize the
surface roughness. The roughness of film 1 and film 2 before SCVD
are 5.62 and 3.14 nm, respectively (Fig. S11 in the ESM). The cross-
sectional curves show that the distance between the two films is
only 40 nm, sufficient to maintain space confinement (Fig. 2(g)).
Based on the aforementioned results, we propose the following
hypothesis: During the SCVD process, the film 1 decomposes at
high temperature, and the space confinement effect ensures that the
decomposition products diffuse to the film 2. The decomposition
and diffusion of film 1 can simultaneously inhibit the
decomposition of film 2, achieve high-temperature sintering, and
obtain molecular ferroelectric films with large grain sizes (Fig. 2(h)).
It is worth noting that too high a temperature may still cause the
loss of film 2, which may be because the excessive decomposition of
film 1 makes it difficult to inhibit the decomposition of film 2.

The increased grain size significantly impacts the optoelectronic
and ferroelectric properties. The X-ray photoelectron spectroscopy
(XPS) results are uncovered in Fig. S12 in the ESM. The XPS
spectra of C 1s, N 1s, F 1s, I 3d, and Pb 4f after SCVD treatment
show noticeable changes. Using the C-C binding energy (284.8 eV)
for calibration, the integrated area of the N 1s peak increased from
3304.4 to 9722.0, indicating surface enrichment of organic ligands
on the SCVD-film (Table S1 in the ESM). A more pronounced
change is observed in the F 1s, where the integrated area increased
from 6461.2 to 34,777.8 after SCVD treatment. The similar changes
occur in the I 3d (Fig. 3(a)), which are deconvoluted into two
distinct oxidation states: I" at 618.8 and 630.3 eV, and triiodide (I5")
at 620.1 and 631.7 eV [25]. After SCVD, the I;/I" area ratio
increases substantially from 0.11 and 0.07 to 043 and 0.30,
respectively, suggesting an enrichment of I on the film surface,
consistent with the observed changes in N and F. In contrast, the Pb
4f peak area ratio remains relatively unchanged, with a slight
increase in the Pb oxide peak area, which is attributed to the
inevitable oxidation during SCVD. The survey results reveal that
the films contain all the elements. In addition to surface
characterization, SCVD also affects the optoelectronic properties.
The ultraviolet-visible (UV-Vis) spectra in Fig. 3(b) reveal that the
absorbance of the film after SCVD is increased, and the band gap
reduced from 2.31 to 2.24 eV. Narrow bandgap could improve light
utilization and is more conducive to the application of
optoelectronic devices. Photoluminescence peaks also red-shift
from 526 to 546 nm in SCVD-film (Fig. 3(c)), with additional
UV-Vis and photoluminescence data under various annealing
conditions provided in Fig. S13 in the ESM. Ultraviolet
photoelectron spectroscopy reveals that SCVD-film shifts the E_ ¢
from 17.20 to 17.25 €V, and E, — E; decreases from 0.87 to 1.52 eV
(Fig. S14 in the ESM). Figure 3(d) is a schematic diagram of the
calculated energy level structure of SC-film and SCVD-film. The SC-
film has high valence band and conduction band, indicating p-type
properties. The valence band and conduction band of the SCVD-
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film are low and the Fermi level is close to the conduction band,
showing an n-type property. This may be related to the surface
termination: the accumulation of organic ligands on the surface of
SCVD-films regulates the surface energy levels [26, 27]. The change
in energy level is also characterized through kelvin probe force
microscope. The surface potential of SCVD-films increased
compared to SC-film (Fig. 3(e)). As the annealing temperature
increases from 160 to 300 °C, the surface potential changes from
—-0.508 to —0.439 eV (Fig. S15 in the ESM). In addition, space
charge limited current is carried out to characterize the defect state
concentration and electron mobility of the film (Fig. 3(f)). The
defect density of molecular ferroelectric films can be examined by
following equation [20],

Nyetees = 26, Vg /el (1)

where e is the elementary charge, L is the thickness of the molecular
ferroelectric film, ¢ is the relative dielectric constant of the
molecular ferroelectric film, ¢, is the vacuum dielectric constant,
and Vg is the trap filling limit voltage. Moreover, the mobility of
carriers can be evaluated by the following equation [20],

u=8JL’/9ee, V* 2)

where J, L, € & and V respectively represent the current density,
molecular ferroelectric film thickness, relative dielectric constant,
vacuum dielectric constant and applied voltage. The trap state
density of the SC-treated film is 6.9 x 10" cm™, and the trap state
density of the SCVD-treated film is reduced to 2.4 x 10" cm™.
Moreover, the electron mobility of SCVD-processed film increases
from 0.35 x 10 to 1.25 x 107 cm?’/(V-s). The ferroelectricity of film
is also significantly improved after SCVD. Under external electric
field excitation, the SC-film has weak out-of-plane amplitude
contrast and small phase change induced by polycrystalline nature,
and the domain size is limited by small-sized grains, showing poor
ferroelectric response (Fig. 3(g)). The hysteretic dependence of the
local piezoresponse force microscopy (PFM) phase and amplitude
reveal the coercive field is small and the ferroelectricity is “soft”,
which may be related to more defects in the film (Fig. 3(h)). As a
comparison, the PFM morphology, out-of-plane amplitude and
phase diagrams of the SCVD-film in Fig. 3(i) reveal that large-
grained films exhibit more pronounced amplitude contrasts, greater
phase changes, and a significant increase in domain size. The
hysteretic dependence of the PEM phase and amplitude (Fig. 3(j))
suggested a typical ferroelectric polarization switching process with
enhanced coercive field, the ferroelectric response becomes “hard”,
benefiting from the low defect density. In addition, in-plane PFM
are performed to assess the impact of SCVD treatment on
polarization performance (Fig. S16 in the ESM). The amplitude and
phase mapping show clear in-plane signals, aligned with the
material’s in-plane orientation. After SCVD treatment, the in-plane
amplitude response is significantly enhanced, with an expanded
phase area and larger domain sizes. To indicate the influence of
grain orientation on the hysteresis curves, PFM hysteresis
measurements are conducted on multiple grains, and results from
six randomly selected locations are shown in Fig. S17 in the ESM.
Minor variations in amplitude and phase across different locations
are observed, might be induced by grain orientation. However,
these variations are minimal compared to the effects induced by
SCVD treatment. The SCVD-flm demonstrates a more
pronounced phase hysteresis, higher amplitude, and larger butterfly

B) 72w | Sci@pen
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Figure3 The characterization of SC-film and SCVD-film. (a) XPS spectra of I 3d. (b) UV-Vis spectra and corresponding Tauc plots. (c) Photoluminescence spectra,
excited by 450 nm. (d) Energy level structure. (e) Kelvin probe force microscope. (f) Space charge limited current. The PFM results of SC-film: (g) morphology, out-of-
plane amplitude, and out-of-plane phase (scale bar: 500 nm) and (h) hysteretic dependence of the phase and amplitude. The PEM results of SCVD-film: (i) morphology,
out-of-plane amplitude, and out-of-plane phase (scale bar: 500 nm) and (j) hysteretic dependence of the phase and amplitude.

loops. All in all, SCVD treatment enhances the out-of-plane
amplitude signal to levels comparable with the in-plane signals and
significantly improves the material's ferroelectric response, which is
beneficial for device performance.

Highly efficient ferroelectric solar cells hold significant research
value within the photovoltaic devices. Vertical ferroelectric
photovoltaic devices (structure: ITO/NiOy/film/PCBM/BCP/Ag,
Fig. 4(a)) are fabricated using molecular ferroelectric (4,4-
difluoropiperidinium),Pbl, as active layers, and the influence of
SCVD on device performance is studied. Additionally, Cross-
sectional images of SCVD-devices show large grain size and sharp
interfaces, leading to reduced grain boundary density, few interface
defects and enhanced charge separation (Fig. 4(b)). The schematic
of the energy level structure illustrates that SCVD-device facilitates a
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well-matched band structure (Fig. 4(c)). Specifically, the low valence
band (-5.49 eV) and conduction band (-3.18 V) are conducive to
the effective separation and transportation of photogenerated
charges. Besides, the dielectric properties of the film are revealed in
the curve of dielectric loss and capacitance performance as a
function of frequency (Fig. 4(d)). At frequencies above 10° Hz, there
is no difference in capacitance and dielectric loss between the two
films; however, SCVD-films at medium and low frequencies (below
10' Hz) exhibit low capacitance and reduced dielectric loss,
potentially due to decreased defects and suppressed space charge
polarization  [28].  Moreover, electrochemical —impedance
spectroscopy are conducted to evaluate the capacitive response of
devices (Fig. 4(e)).

Nyquist plots indicate that the SCVD-device exhibit larger fitted
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Figure4 Characterization of vertical photovoltaic devices. (a) Schematic diagram of the device structure; (b) cross-section images of devices and the corresponding
schematic diagram; (c) device band structure, green: SC-film, orange: SCVD-film; (d) dielectric loss—frequency curves; (e) electrochemical impedance spectra;
(f) J-V curves; (g) external quantum efficiency curves; (h) stability test under continuous light; and (i) J- V curves after polarization.

radii, implying high charge transfer resistance. This resistance is
positively correlated with the parallel resistance of the device,
indicating that there are less leakage current and few defects in the
active layer, which is beneficial to improving device performance.
Under simulated AM 1.5 solar spectrum illumination at
100 mW/cm?, the current density-voltage (J-V) characteristics
show a 337% increase in efficiency, with Vi rising to 1.11 V and
Jsc to 517 mA/cm? resulting in a 2.83% power conversion
efficiency (Fig. 4(f)). External quantum efficiency testing is
employed to characterize the optoelectronic conversion
performance (Fig. 4(g)). SCVD-devices exhibited continuous
optoelectronic response from 300 to 550 nm, reaching a maximum
value of 63.3% at 500 nm, significantly surpassing the 21.8%
observed in SC-processed devices. The integrated currents are 1.56
and 5.15 mA/cm?, consistent with the J-V results. Stability testing
of the device in Fig. 4(h) indicated the superior stability of SCVD-
devices. Under continuous illumination, the SCVD-device
remained stable at 85% of the initial efficiency for 100 min, while
the SC processing device decayed by 60% within 30 min. The
details of Vo and Jy stability results can be found in Fig. S18 in the
ESM, SCVD devices demonstrate improved stability. As a
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ferroelectric photovoltaic device, polarization plays a crucial role in
modulating the device’s photovoltaic performance (Fig. S19 in the
ESM). In the initial state, the dipoles within the polycrystalline
molecular ferroelectric film are disordered. photogenerated carriers
are separated only by the built-in electric field at the interface
between the transport layer and the active layer. After positive
polarization, the dipoles within the molecular ferroelectric align,
generating a polarization field that is consistent with the direction of
the built-in electric field. This polarization field, which extends
throughout the material, effectively enhances the separation and
transport of photogenerated carriers, thereby improving device
performance. After negative polarization, the polarization field
against the built-in electric field, inhibiting the transport of
photogenerated carriers and degrading device performance.
Polarization tests are carried out to characterize the impact of
ferroelectricity on device performance (Fig. 4(i)). 1 V polarization
can effectively improve device performance, with Vo increasing
from 1.11 to 1.25 V, Jy increasing from 5.17 to 7.02 mA/cm?, and
power conversion efficiency achieving the highest efficiency of 3.8%
for two-dimensional (n = 1) Ruddlesden-Popper perovskite solar
cells. Although continuing to increase the polarization voltage to
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42V can slightly increase V¢ and Jg., the reduced fill factor limits
the further improvement of power conversion efficiency to only
3.62%. The decrease in fill factor may be related to the damage to
the film caused by the external electric field during the polarization
process. To further confirm the influence of polarization direction
on devices performances, negative polarization are performed. As
expected, after polarization at —0.5 V, a significant performance
degradation occurred, with the most notable reductions in Js- and
fill factor, which decreased from 5.17 mA/cm’ and 49.3% to
3.95 mA/cm’ and 38.1%, respectively. The final device efficiency
degraded to 1.65% (Table S2 in the ESM). The device performance
can be effectively modified through ferroelectricity.

3 Conclusion

In summary, this work presents an approach for achieving high-
temperature annealing (above decomposition temperature) of
molecular ferroelectrics through SCVD. This method suppresses
the loss of organic ligands during high-temperature annealing and
obtains large-grained molecular ferroelectric films with optimized
optoelectronic properties and improved ferroelectricity. The
improvements in film quality and optoelectronic properties are
significant, characterized by a significant increase in grain size,
optimization of band gap, reduced trap-state density, and enhanced
carrier mobility. Additionally, the SCVD optimizes the energy level
structure of the film to better match the device, leading to improved
ferroelectric solar cell performance, indicating the promising
development prospects of molecular ferroelectric devices. This work
investigates the annealing process of SCVD, providing valuable
insights for optimizing high-temperature unstable films and
advancing research in ferroelectric devices.

Electronic Supplementary Material: Supplementary material
(Experimental section, Figs. S1-S19, Tables S1 and S2, and Video
S1) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907221.
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