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ARTICLE INFO ABSTRACT

Ferroelectric polymers can effectively improve the photovoltaic performance of solar cells, inducing an electric
field to promote the dissociation of electron-hole pairs, with the thus generated charges collected from open
pores. Since such performance enhancement requires materials with a unique porous crystalline structure, we
herein present a novel route to highly crystalline and porous poly(vinylidene fluoride-co-trifluoroethylene) (P
(VDF-TrFE)) thin films utilizing a modified breath figure method based on spin coating. The key feature of the
above method is the addition of small amounts of water to the acetone/P(VDF-TrFE) solution to produce porous
ferroelectric thin films which have significantly higher crystallinity values than nanostructures or films prepared
by other methods. Furthermore, n-Si / poly(3,4-ethylene dioxy thiophene):poly(styrene sulfonate) hybrid solar
cells with porous P(VDF-TrFE) interlayers are demonstrated to exhibit spontaneous polarization sufficient for
increasing their open circuit voltages and fill factors. Finite-difference time-domain simulation reveals that the
electric field due to the above spontaneous polarization increases the built-in electric field of the Schottky
junction between n-Si and poly(3,4-ethylene dioxy thiophene):poly(styrenesulfonate) and reduces the reverse
leakage current of the Schottky diode. Thus, the organic ferroelectric thin films with controlled porosity pro-
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posed in this study are well suited for a broad range of optoelectronic applications.

1. Introduction

Organic ferroelectric materials such as poly(vinylidene fluoride)
(PVDF) and its copolymer with trifluoroethylene (P(VDF-TrFE)) are
commonly used for fabricating non-volatile memories, ferroelectric
field-effect transistors, piezoelectric energy harvesters, battery separa-
tors, microfiltration devices, etc. [1-11]. However, to achieve optimal
performance in the above applications, these materials should exhibit
specific morphologies and properties, e.g., be processable into pinhole-
free thin films for use in ferroelectric memories and transistors to pre-
vent electrical shorting [12]. Kang et al. employed poly(methylmetha-
crylate) as an additive to effectively retard the rapid crystallization of
PVDF upon quenching and thus prepare thin, flat, and pinhole-free
ferroelectric films with nanometer-scale crystals of 3-phase PVDF [13].
Conversely, PVDF nanofibers were found to be better suited for fabri-
cating piezoelectric energy harvesting devices than thin films, being
able to accommodate larger strains and thereby afford enhanced pie-
zoelectric power [14-16].
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Recently, the enhancement of solar cell performance has been ex-
tensively attempted by incorporation of PVDF and its copolymers as
interlayers. This approach requires these organic ferroelectric materials
to exhibit a unique porous thin film structure, since the photogenerated
electron-hole pairs must be transported through the holes of the in-
sulating ferroelectric polymer. Yuan et al. [17]. achieved significant
photovoltaic performance enhancement by placing a P(VDF-TrFE) in-
terlayer between the solar cell anode and the active layer of the bulk
heterojunction. The above interlayer was synthesized employing a
Langmuir-Blodgett (LB) method, transferred onto the active layer, and
annealed at 135 °C, which transformed the precursor continuous thin
film into a nanoscale mesa structure. As a result, the interface was di-
vided into a ferroelectric region (exerting a strong electric field) and an
electrode region (enabling the flow of photogenerated charge). There-
fore, control of the ferroelectric layer coverage is important for en-
hancing photovoltaic efficiency. In addition to proper morphology,
ferroelectric polymer thin films used as solar cell interlayers should
exhibit high crystallinity and ferroelectric phase content. For instance,
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comparison of P(VDF-TrFE) thin films prepared using LB and spin
coating methods as organic solar cell interlayers showed that despite its
very small thickness of ~3 nm, the film prepared by the LB method
significantly enhanced the solar cell efficiency due to its high crystal-
linity and ferroelectric phase content. On the other hand, the spin-
coated film did not significantly improve cell efficiency due to its low
crystallinity and ferroelectric content, acting as an insulator rather than
as a ferroelectric material [18].

Herein, inspired by the conventional breath figure (BF) method, we
describe the synthesis of highly crystalline P(VDF-TrFE) thin films with
controlled porosity in the presence of a small amount of water. To the
best of our knowledge, this work is the first-time report of porous P
(VDF-TrFE) thin films self-assembled by spin coating and successfully
used to enhance the photovoltaic performance of hybrid solar cells. The
pore size and porosity of P(VDF-TrFE) thin films used as interlayers
could be easily controlled by the amount of added water, influencing
the photovoltaic performances of  poly(3,4-ethylenediox-
ythiophene):poly(styrenesulfonate) (PEDOT:PSS)/Si hybrid solar cells,
which were reversibly switched up and down by positive and negative
poling of P(VDF-TrFE) interlayers. The mechanism responsible for the
enhanced performance of PEDOT:PSS/P(VDF-TrFE)/n-Si hybrid solar
cells was elucidated based on finite-difference time-domain (FDTD)
simulations.

2. Experimental section
2.1. Fabrication of porous P(VDF-TrFE) thin films

Porous P(VDF-TrFE) thin films with a VDF:TrFE molar ratio of 3:1
were prepared using a solution of P(VDF-TrFE) in acetone (15 mg/mL).
Addition of deionized water (18.2 MQ cm at 25 °C) to the above solu-
tion dramatically changed the morphology of the produced films.
Typically, 0.3 g of P(VDF-TrFE) was dissolved in 20 mL of acetone,
followed by addition of deionized water (15-80 pL), with hydrophobic
interactions between water and P(VDF-TrFE) resulting in the formation
of porous P(VDF-TrFE) thin films during spin coating.

3. Characterization of P(VDF-TrFE) thin films

The morphology of P(VDF-TrFE) films was observed by scanning
electron microscopy (Quanta200 FE-SEM, FEI). X-rays used in XRD
measurements were generated in a Cu-closed X-ray tube at a generator
voltage and current of 40 kV and 30 mA (D8 ADVANCE, Bruker AXS).
FT-IR spectra (670, Varian) were acquired in attenuated total re-
flectance mode using a mercury cadmium telluride detector. AFM and
PFM measurements were performed using an atomic force microscope
(XE70, Park System). For PFM phase images, patterns were written in
the contact mode with an electrical bias applied to the probe on the
surface. A scan rate of 0.9 Hz, an AC frequency of 16.786 kHz, and an
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amplitude of 1.5V were used. Conductive Pt-coated Si cantilevers
(SCM-PIT, Bruker) were used to write and image the ferroelectric do-
mains. The porosity of P(VDF-TrFE) films was calculated from several
SEM images of porous P(VDF-TrFE) films using Image J software (NIH,
http://rsb.info.nih.gov/ij).

4. Device fabrication and characterization

P(VDF-TrFE)/water/acetone solutions were spin coated onto the
surface of n-Si (100) substrates (Czochralski-grown, 525 + 25 um thick,
1-10 Q cm, Unisill Inc.) followed by 4-h annealing at 140 °C on a hot-
plate. A highly conductive PEDOT:PSS (CLEVIOS PH 1000) solution
containing 9 wt% ethylene glycol and 0.1 wt% Triton X-100 was spin
coated onto porous P(VDF-TrFE)/Si substrates, and the produced
PEDOT:PSS/P(VDF-TrFE)/Si composites were annealed at 125 °C for
10 min. A silver electrode was deposited on top of the PEDOT:PSS layer
using a shadow mask (Areal coverage = 10%, 950 um of spacing be-
tween the silver contacts) and an e-beam evaporator. Ti(20 nm)/Au
(200 nm) was deposited onto Si substrates as a bottom contact. The
active area of the fabricated devices equaled 0.7 x 0.7 cm?. All devices
were characterized under simulated AM 1.5 G illumination (100 mW/
cm?) using a xenon lamp solar simulator.

4.1. FDTD simulation of PEDOT:PSS/P(VDF-TrFE)/Si solar cells

The electrostatic potential energy in PEDOT:PSS/P(VDF-TrFE)/
Si solar cells was calculated using COMSOL Multiphysics modeling
software equipped with semiconductor, AC/DC, and piezoelectric
modules. In this simulation, the Ti/Au back contact was included, but
Ag top electrode was not considered because PEDOT:PSS can act as an
electrode as well as a hole transfer layer in the Schottky junction.
Boundary conditions for Si, Schottky contacts, and P(VDF-TrFE) ferro-
electric thin films are described elsewhere [17,19], with details pro-
vided in the Supporting information.

5. Results and discussion

Porous P(VDF-TrFE) thin films with controlled porosity were self-
assembled in the presence of water, as shown in Fig. 1. Sarazin et al.
suggested that P(VDF-TrFE) dissolved in acetone features randomly
oriented fibrous domains [20]. The synthetic approach to porous or-
ganic ferroelectric thin films proposed in this study was inspired by the
BF method, wherein a polymer solution in a volatile solvent is drop cast
and evaporated in a flow of humid air to enable the simultaneous ab-
sorption of water vapor by the polymer. The absorbed water vapor
condenses and engages into hydrophobic interactions with the polymer,
forming water droplets with sizes ranging from a few hundred nan-
ometers to several micrometers. Eventually, a porous polymeric film
with a thickness of several micrometers is formed upon complete

(d)
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Fig. 1. Schematic fabrication of P(VDF-TrFE) porous thin films. (a) Homogenous solution of P(VDF-TrFE) and water in acetone, (b) coalescing water droplets in solution, (c) expansion of
coalesced water droplets during spin coating, and (d) self-assembled porous ferroelectric P(VDF-TrFE) thin film after complete evaporation of all solvents.
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solvent and moisture evaporation. The large thickness of the drop-cast
polymer film implies that the produced pores are not necessarily in-
terconnected to provide a pathway from the polymer surface to the
interface with the substrate (Fig. S1a, Supporting information) [21,22].
On the other hand, if spin coating is used instead of drop casting, the
fast solvent evaporation leaves insufficient time for water absorption
from humid air. As a result, the polymer film does not adopt a perfo-
rated hole structure despite having a thickness of only ~100 nm (Fig.
S1b) [23]. Therefore, we herein propose a modified spin-coating-based
BF method, overcoming the limitations of the conventional technique
and forming porous thin films by adding a small amount of water to the
solution of P(VDF-TrFE) in acetone used for spin coating (Fig. 1a). The
hydrophobic interaction of the added water with P(VDF-TrFE) causes
the formation and growth of water droplets (Fig. 1b and ¢), producing a
uniform porous P(VDF-TrFE) thin film (Fig. 1d). Compared to the
conventional BF method, the amount of added water not only con-
trolled the pore size of the P(VDF-TrFE) thin film and its porosity, but
also allowed the formation of a completely perforated pore structure.
For example, ~300-nm pores started to develop at an added water
content of 0.25wt% (Fig. S2a and e), with the observed porosity
equaling 5%. Increasing water content increased both pore size and
porosity (Fig. S2b, ¢, f, and g), i.e., ~4 um pores and 80% porosity
were observed at a water content of 0.92 wt% (Fig. S2d and h).

The effects of water content on the morphology and properties of P
(VDF-TrFE) thin films were investigated by scanning electron micro-
scopy (SEM), X-ray diffraction (XRD), and Fourier transform infrared
(FT-IR) spectroscopy. Water-free P(VDF-TrFE) formed continuous thin
films featuring random nanoneedle-shaped domains, in agreement with
previous studies (Fig. 2a) [24-26]. In contrast, the addition of water
induced the formation of a porous structure with each domain aligned
in the radial pore direction (Fig. 2b). This behavior was explained by
the hydrophobic interaction between water and P(VDF-TrFE) that re-
sulted in the reduction of contact area and total energy by orienting P
(VDF-TrFE) domains in the radial direction with respect to water dro-
plets in the pores. Therefore, porous P(VDF-TrFE) thin films exhibited
extended crystalline domains, whereas continuous films possessed
shorter ones (Fig. 2¢ and b). Fig. 2e shows the XRD patterns of con-
tinuous and porous P(VDF-TrFE) films, with sharp peaks corresponding
to B-phase (110/200) reflections at 20 = 20°. The narrower peaks of the
porous film indicated its higher crystallinity compared to that of the
continuous film. For more quantitative analysis, the XRD spectra were
deconvoluted into crystalline (C) and non-crystalline (N) peaks, with
the degree of crystallinity calculated as the C/(N + C) peak area ratio.
The above parameter equaled 63% for the porous film, being much
higher than the value of 41% observed for the continuous film. More-
over, as shown in Fig. 2f, porous P(VDF-TrFE) thin films exhibited
crystallinities much higher than those of PVDF and its copolymer films
prepared by methods such as stretching [27], poling [28], gamma-ray
irradiation [29], and electrospinning [30,31] with the higher S-phase
content of porous P(VDF-TrFE) thin films also confirmed by FT-IR
spectroscopy (Fig. S3). Considering that the only factor accounting for
the difference between continuous and porous P(VDF-TrFE) thin films is
the addition of water, the much higher crystallinity and -phase content
of porous thin films can be explained by the fact that their fibrous
domains are radially aligned with respect to the pores and closely
packed, causing the alignment and reinforcement of the f-phase po-
larization direction, respectively.

Fig. 3 shows atomic force microscopy (AFM)-determined topo-
graphies and piezoelectric force microscopy (PFM) images of the porous
P(VDF-TrFE) film. For the PFM measurement, there is no conductive
layer on top of the ferroelectric materials to clearly investigate the
switching behavior [32,33]. Therefore, the porous P(VDF-TrFE) thin
films were prepared on the n-Si / Ti / Au without the PEDOT:PSS layer
unlike the solar cell structure. thin films of porous P(VDF-TrFE) were
prepared on n-Si with Ti / Au back contacts. To investigate the ferro-
electric properties of the film, such as the reversal capability or
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localized polarization, the samples for PFM measurements are fabri-
cated without PEDOT: PSS layers. The film with 65% porosity was
~150 nm thick, being networked in such a way as to expose the Si
surface inside the pores (Fig. 3a and S4). Fig. 3b shows the downward
polarization PFM amplitude obtained by scanning a 3 X 3 um? porous
film using a grounded tip, with a positive voltage applied to the bottom
electrode. Line analysis of the PFM amplitude image (Fig. 3¢) clearly
shows that polarization is induced only in the networked P(VDF-TrFE)
region (with the exception of pores). To confirm the polarization re-
versal capability of porous films (Fig. 3d), downward polarization was
performed on a 3 x 3 um? area, with upward polarization performed
on a smaller inner area of 1 x 1 um? As a result, the polarization re-
versal (Fig. 3e and f) was confirmed by the clear 180° phase shift re-
lative to a clean P(VDF-TrFE) background with uniform downward
polarization, indicating that the porous ferroelectric P(VDF-TrFE) film
is suited for use as a solar cell interlayer.

Organic-inorganic hybrid solar cells based on n-type Si and PEDOT:
PSS junctions have attracted increased attention due to their hole-se-
lective transport at Schottky heterojunctions and the high transparency
and hole conductivity of PEDOT:PSS [34-42]. The built-in electric field
associated with Schottky junctions separates the photogenerated elec-
trons and holes to create a photocurrent. Fig. 4a shows a schematic
diagram of a PEDOT:PSS/P(VDF-TrFE)/Si organic-inorganic hybrid
solar cell fabricated using a porous P(VDF-TrFE) film as an interlayer.

Although the ferroelectric layer strengthens the built-in electric field
of the contacting Si, its insulating nature blocks the transport of charge
carriers, implying that the porosity of this layer should be optimized.
Therefore, we fabricated a series of hybrid solar cells with interlayers
comprising P(VDF-TrFE) films of different porosity (from 0% in con-
tinuous thin films to 100% in non-ferroelectric ones), with the corre-
sponding current density-voltage (J-V) curves and photovoltaic per-
formances presented in Fig. S5 and Table S1, respectively, showing that
both Photo conversion efficiency (PCE) and PCE enhancement (APCE)
before and after positive poling depend on the porosity of P(VDF-TrFE).
Obviously, solar cells with continuous ferroelectric thin films as inter-
layers exhibit a negligible photovoltaic effect due to the insulating
nature of P(VDF-TrFE) (Fig. S5a). As porosity increases, PCE and APCE
increase to their maximum values and then decrease. Specifically, the
average PCE equals 11.4% at a porosity of 80%, whereas APCE has a
maximum value of 46.8% at a porosity of 40%. The maxima of PCE and
APCE are observed at different porosities, since the former parameter is
approximately proportional to the area of the heterojunction between
n-Si and PEDOT:PSS, thereby achieving its maximum at a relatively
high porosity of ~ 80%. Conversely, APCE is influenced by the addi-
tional electric field induced by the ferroelectric thin film in the per-
ipheral region of the pores. As shown in Fig. S2, the above peripheral
area is highest at a porosity of ~40%, since porosity is positively cor-
related with pore size. It is worth noting that solar cells with an in-
terlayer porosity of 80% have a higher efficiency than ferroelectric
interlayer—free ones with a layer porosity of 100%.

Fig. 4b shows the J-V curve of a hybrid solar cell with an interlayer
of 80% porosity recorded at various poling voltages (Table 1). Poling of
ferroelectric thin films was performed by applying an increasing vol-
tage from 0 to 20V in the positive direction at 5-V intervals and a
voltage from -5 to —15 V in the negative direction (Table 1), with the
negatively poled PEDOT:PSS/P(VDF-TrFE)/Si solar cell exhibiting Js.
= 28.7mAcm 2, Voo = 532mV, and FF = 53.2%, yielding a PCE of
8.40%. The lower V,. and FF originate from the electron-hole re-
combination caused by negative ferroelectric layer poling. Upon posi-
tive poling at a voltage of +20 V, the PCE of the PEDOT:PSS/P(VDF-
TrFE)/Si solar cell improved to 11.73%, with J,. = 30.8 mA cm ™2, Vo,
= 583 mV, and FF = 65.4%. This dramatic increase was attributed to
the elevated amount of photogenerated charges due to reduced re-
combination, resulting in a performance enhancement of as much as
10% compared to the corresponding non-poled cell.

Fig. 4c shows the V. of the hybrid solar cell as a function of poling
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Fig. 2. High-magnification SEM images of (a,c) continuous and
(b,d) porous P(VDF-TrFE) thin films. (¢) XRD patterns of con-
tinuous and porous P(VDF-TrFE) thin films, (f) crystallinities of
PVDF/P(VDF-TrFE) films prepared by methods reported else-
where.
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voltage. Regardless of the poling direction, V,. rapidly changes in the
region between -5 and 5 V and saturates at poling voltages above 5V,
suggesting that a 150-nm-thick P(VDF-TrFE) thin film can be suffi-
ciently poled at a voltage of 5V, i.e., at an electric field of ~33 MV/cm.
Mai et al. [43]. measured the displacement—electric field (D-E) curves
of P(VDF-TrFE) thin films prepared by spin coating and LB methods on
Al bottom electrodes, showing that the coercive field of these films
obtained from D-E hysteresis loops was inversely proportional to the
film thickness, lying in the range of 43-127 MV/cm. These coercive
fields were considerably larger than the poling voltage of the porous P
(VDF-TrFE) thin film used in this study, which was ascribed to the
different crystallinities of porous and continuous P(VDF-TrFE) thin
films.

This poling effect is reversibly switchable from positive state and
negative state, repeatedly. As shown in Fig. S6, the positively poled
device exhibited 11.7% with J,. = 29.7 mA cm ™2, V,. = 580 mV, and
FF = 68.0% at the first scan. Consecutively, the device is negatively
poled as —15 V, and then showed 8.67% with J,. = 28.2 mA cm ™2, V,.
= 550 mV, and FF = 55.9% at the second scan. When the devices are
switched from positive poling state to negative poling state repeatedly,
the efficiency is maintained around 11% after positive poling while

efficiency is around 8.5% after negative poling. After each cycle, all the
output parameter are reversible to similar levels.

Fig. S7 shows the V. changes of the devices with and without fer-
roelectric layers as a function of the time. Three photovoltaic devices
(positively poled, non-poled, and without ferroelectric layer) were
prepared and the poling was performed only once immediately after the
fabrication of the device. The fabricated non poled device exhibited the
Voe of 563 mV (black line) while the device without ferroelectric in-
terlayer showed V,. of 570 mV (green line). On the other hands, posi-
tively poled devices show the V,. of 587 mV (blue line). The PED-
OT:PSS/n-Si based solar cells are known to be degraded rapidly due to
the penetration of humidity into the junctions, resulting in the dete-
rioration of V. [44]. Likewise, the V. of the all devices are decreased
as the time passed (Fig. S7a). However, the degradation of the devices
as time passed should be distinguished from poling duration. Specifi-
cally, the AV, (V,. differences between non-poled and poled devices)
corresponding to magnitude of the poling effect, is maintained until
12 h later while the V. is deteriorated as time passed. After 12 h, the
AV, also start to be decreased (Fig. S7b). Consequently, the effect of
poling is maintained until 12h, and then slightly weakened. Ad-
ditionally, because P(VDF-TrFE) layers can prevent the humidity
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Fig. 3. AFM and piezoresponse images of a P(VDF-TrFE) porous film. (a) AFM topography, (b) PEM amplitude for a film with 65% porosity poled at +10 V over the central 3 x 3 um?
area. (c) Line scanning of PFM amplitude. (d) AFM topography, (e,f) PFM amplitude, and PFM phase for a film with 40% porosity poled at +10 and —10 V over 3 x 3and 1 x 1 pm?
areas, respectively.
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Table 1
J-V characteristics of PEDOT:PSS / P(VDF-TrFE) / n-Si solar cells with poling voltage.

Poling voltage -15 -10 -5 0 5 10 15 20
vl

Voe [V] 0.55 0.552 0.554 0.567 0.576 0.58 0.582 0.583
Jse [MA/cm?] 28.7 29.2 29.5 29.9 30.2 30.3 30.6 30.8
FF [%] 53.2 575 592 625 65.0 650 651 654
Efficiency [%] 8.40 9.25 9.67 10.58 11.30 11.44 1159 11.73

Table 2
Reverse saturation current density (Js) and ideality factor (n) of PEDOT:PSS/P(VDF-
TrFE)/Si solar cell before and after poling.

Js (A) n (average)
Negative poling 3.22E-8 2.87
Non poling 3.17E-9 2.03
Positive poling 1.05E-9 1.67

and after poling shown in Fig. 4d. After positive poling, the dark sa-
turation current decreased by more than one order of magnitude, in-
creasing upon negative poling (Table 2), which can be explained using
the energy band diagram for the heterojunction of n-Si and PEDOT:PSS
with a poled P(VDF-TrFE) interlayer. The above junction was assumed
to be of the Schottky type due to being similar to metal-semiconductor
junctions, with PEDOT:PSS acting as a metal due to its high work
function. In this junction, the built-in potential y; at the metal-semi-
conductor junction is ideally defined as the difference between the
PEDOT:PSS work function q¢p and the electron affinity of Si with a
band energy of qys + (Ec — Ep). During thermal equilibrium estab-
lishment, electrons move from the n-type semiconductor to the metal,
causing upward band bending in n-type Si. The presence of porous P
(VDF-TrFE) at the n-Si/PEDOT:PSS interface affects the above band
bending depending on the direction of its ferroelectric polarization. For
positive poling (Fig. 4e), the upward band bending of n-Si is increased,
resulting in a decreased reverse saturation current flowing from PED-
OT:PSS to Si. Conversely, for negative poling, the band bending of n-Si
is reduced, resulting in a nearly flat band state and increasing the re-
verse saturation current (Fig. 4f).

The open circuit voltage depends on the saturation current J, and
the light-generated current J;, of the solar cell (Eq. (1)) [45]. Since J;,
does not typically exhibit large variations, the key influence is exerted
by Jo, since this quantity can be varied by several orders of magnitude,
as demonstrated herein.

(i)

where n is the diode ideality factor, k is the Boltzmann constant, T is the
absolute temperature, and q is a charge of an electron. According to Eq.

(b)
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(1), the saturation current decrease is responsible for the increase of V.
after positive poling. Ideality factors obtained by linear fitting of J-V
curves in the forward bias region are summarized in Table 2, decreasing
in the order of negative poling > no poling > positive poling. After
positive poling, the above parameter equaled 1.67, being close to unity
and thus implying that the recombination of electrons and holes at the
n-Si/PEDOT:PSS interface is retarded. This observation can be ex-
plained by the fact that photogenerated electrons and holes are effi-
ciently collected rather than being trapped by interfacial states between
n-Si and PEDOT:PSS, reducing the ideality factor to 1.0 and increasing
the fill factor of the positively poled solar cell.

FDTD simulation was performed to more clearly understand the
effect of porous ferroelectric thin films on the photovoltaic performance
of hybrid solar cells (Fig. 5). The geometry of the PEDOT:PSS/P(VDF-
TrFE)/Si hybrid solar cell considered in this simulation is shown in
Fig. 5b, featuring island-shaped ferroelectric interlayers inserted at the
interface between n-Si and PEDOT:PSS. Moreover, the calculations
were performed assuming a poled ferroelectric material which has the
remnant polarization of 100 mCm™2 (detailed in derivation S1,
Supporting information). The PEDOT:PSS/Si hybrid solar cell without a
ferroelectric layer was calculated to exhibit a moderate built-in po-
tential of ~0.7 V induced by electrostatic potential energy differences,
in good agreement with experimental data (Figs. 5a and 5c¢) [46].
However, after the ferroelectric thin film was inserted between n-Si and
PEDOT:PSS, the built-in potential increased (Fig. 5b and c). Specifi-
cally, the electric field strength increased not only directly beneath
ferroelectric islands (path “C” in Fig. 5¢) but also in the peripheral
regions of these islands not covered by the ferroelectric layer (path “B”
in Fig. 5¢), increasing the separation of photogenerated electron-hole
pairs. Moreover, these photo generated carriers flatten the shape of the
Schottky junction, the ferroelectric layers help to flow photo generated
carriers and prevent recombinations. The efficient charge separation at
the interface shortens the time required for the photogenerated carriers
to stay at this interface, increasing their probability of being collected at
the corresponding electrodes without recombining via interfacial states
between n-Si and PEDOT:PSS.

6. Conclusion

We developed a modified BF technique to fabricate porous ferro-
electric P(VDF-TrFE) thin films by spin coating a solution of P(VDF-
TrFE) in acetone containing a small amount of deionized water. XRD,
FT-IR and PFM measurements revealed that porous P(VDF-TrFE) thin
films exhibit superior crystallinity and ferroelectric properties com-
pared to those of continuous P(VDF-TrFE) thin films, which is ascribed
to the reinforced crystallinity and ferroelectricity of the former due to
the alignment and stacking of fibrous domains in the radial direction of
the pores. The photovoltaic properties of a PEDOT:PSS/Si hybrid solar
cell with a porous P(VDF-TrFE) interlayer were demonstrated to be

—
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Fig. 5. FDTD electrostatic potential simulation for (a) PEDOT:PSS/n-type Si solar cell and (b) PEDOT:PSS/n-type Si solar cell with a ferroelectric layer; (c) line scans along paths A, B, and
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reversibly switchable by repetitive positive and negative poling, and the
optimized ferroelectric solar cell showed a PCE of 11.73%, which was
more than 10% higher than that of a interlayer—free solar cell. FDTD
simulation clearly indicated that the ferroelectric interlayer increases
the strength of the built-in electric field between n-Si and PEDOT:PSS,
promoting the separation of photogenerated electron-hole pairs and
thereby suppressing their recombination. Compared to the conven-
tional LB method, the modified BF technique is very useful for syn-
thesizing substrate-supported porous polymeric thin films by spin
coating, being widely applicable to various organic-inorganic hybrid
devices.
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