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Efficiency enhancement in organic solar cells with
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The recombination of electrons and holes in semiconducting polymer-fullerene blends has been identified as a main cause of
energy loss in organic photovoltaic devices. Generally, an external bias voltage is required to efficiently separate the electrons
and holes and thus prevent their recombination. Here we show that a large, permanent, internal electric field can be ensured
by incorporating a ferroelectric polymer layer into the device, which eliminates the need for an external bias. The electric field,
of the order of 50 V um™', potentially induced by the ferroelectric layer is tens of times larger than that achievable by the use
of electrodes with different work functions. We show that ferroelectric polymer layers enhanced the efficiency of several types
of organic photovoltaic device from 1-2% without layers to 4-5% with layers. These enhanced efficiencies are 10-20% higher
than those achieved by other methods, such as morphology and electrode work-function optimization. The devices show the
unique characteristics of ferroelectric photovoltaic devices with switchable diode polarity and tunable efficiency.

fullerene bulk heterojunction are promising candidates for

future low-cost, high-performance energy sources, owing to
their low material and processing costs and mechanical flexibility'.
High efficiencies of 6-8% have been realized in polymeric
OPVs by reducing both the optical bandgap and the highest
occupied molecular orbital of the semiconducting polymers, and
by optimizing the morphology of polymer—fullerene blend film
with thermal annealing and solvent annealing®”. Although further
optimization of the bandgap and highest occupied molecular
orbital level of the semiconducting polymer is possible’, the
path to increasing OPV efficiency to 15% must include recovery
of significant energy loss even in the relatively high efficiency
devices demonstrated so far''2. There are five main causes of
reduced efficiency in OPV devices: energy level misalignment,
insufficient light trapping and absorption, low exciton diffusion
lengths, and non-radiative recombination of charges or charge-
transfer excitons (CTEs), which consist of electrons at the acceptor
and holes at the donor bound by Coulomb attraction, and low
carrier mobilities'">. In many of the most efficient polymer—
fullerene OPV devices, 50% or more of the energy loss is
caused by the recombination of CTEs (ref. 11). For example,
if we look at the most intensively studied material system,
regioregular poly(3-hexylthiophene) (P3HT) and phenyl-C61-
butyric acid methyl ester (PCBM) blend, the photocurrent at the
maximum power output point is only 70% of what could be
extracted by externally applying a large reverse bias voltage to
the device!®. The purpose of the present work is to show how
to achieve greater efficiency using a large internal electrical field
provided by the permanent electrical polarization of a ferroelectric
(FE) polymer layer. To understand how this innovation works,
we need to understand how internal electric fields affect charge
extraction efficiency.

Polymeric organic photovoltaic (OPV) cells with polymer—

As illustrated in Fig. 1a, CTEs form right after the photoinduced
electron transfer. The next step is to separate them and enable
them to contribute to the photocurrent. CTEs can be treated as
a precursors of free carriers, and their bandgap sets a maximum
value for the open-circuit voltage (V,; refs 10,15-23). The CTEs
can be lost by non-radiative recombination when the dissoci-
ation driving forces (temperature and electric field) are small.
The non-radiative recombination of CTEs, of course, reduces the
photocurrent. In addition, the non-radiative recombination of
CTEs reduces the free charge concentration, and then reduces
the quasi-Fermi-energy (or chemical-potential) difference between
electrons and holes, resulting in a lower V., reducing the out-
put power even further. A strong reduction of the non-radiative
recombination is required to reduce the fundamental efficiency
loss'"124, Using the detailed balance theory, which was used to
calculate the theoretical efficiency limit of a p—n junction solar
cell in ref. 25, to treat a polymer—fullerene solar cell, a V,,. gain of
0.3-0.5 V by eliminating the non-radiative recombination pathways
was predicted in ref. 13.

The mechanism of the non-radiative recombination of CTEs is
not well understood'***. Nevertheless, there is a clear mechanism
for dissociating the CTEs, and thus preventing recombination by
applying a strong electric field to draw the electron and hole
apart’®2®. The dissociation efficiency of CTEs into free charge
carriers depends on the magnitude of the local electric field, where
the probability of dissociation can be described quantitatively by
the Onsager—-Braun model®. The probability (P) that a charge-
transfer state is dissociated can be described by a field-dependent
dissociation rate, kp, and a field-independent decay rate, kg, of
the CTE (refs 26-28).
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Figure 1| Working principle of FE-OPV devices. a, Dynamic process for the dissociation of a (singlet) exciton to form a CTE (dashed oval) across the
donor-acceptor interface, and the dissociation of the CTE to free carriers. Reduced CTE recombination results in a higher electron quasi-Fermi level and
thus a higher V.. b, The structure of polymer photovoltaic devices with FE interfacial layers and a schematic diagram of electric field induced by the
polarized FE layer and the field-assisted charge extraction. The right-hand panel illustrates the electric-field distribution and electron conduction through
the P(VDF-TrFE) on the Al side. ¢,d, Charge distribution and electrostatic potential profile of a junction with semiconductor (S) layer and ferroelectric (FE)
layer inserted between two metal electrodes (M/S/FE/M) under the zero-bias condition. The surface charge density of the poled FE layer is op. The

induced screening charge density at the two electrodes is os.

kp(E) is derived in ref. 28 to be

kn(E)=k 3 BT 1+b+b2+b3+ v + (2)
D) =R © 3 718 180

where kg is the bimolecular rate constant of the bound e-h pair, a
is the initial separation of the bound e-h pair at the interface CTE,
b=e’E/8meoe, k> T?, & is the dielectric permittivity of the vacuum,
&, is the relative dielectric permittivity of the organic layer and Ej is
the e-h pair’s binding energy. In most polymer—fullerene systems,
a reverse bias larger than 5-10V (electric field of 25-50 Vum™'
for 200-nm-thick film) is required to dissociate the majority of
CTEs at room temperature”. A small, internal electric field can be
obtained even at zero device bias by using electrodes with different
work functions. The electrode material used with conventional OPV
devices, however, affords a work-function difference of no more
than 2V, producing an internal electric field of only 10 Vum™" for
typical device dimensions, which is much too small for efficient
CTE dissociation®®. At the maximum-power point, the effective
applied potential is even smaller, only 0.1-0.2V (converted to 0.7
to 1.4Vum™' for a polymer thickness of 150 nm; refs 14,27). A
new mechanism is then required to generated a ten-times-higher
intrinsic electric field in the polymer semiconductor.

In this work, we incorporated the ultrathin FE film into polymer
bulk heterojunction photovoltaic devices to increase efficiency
with the induced polarization electric field. The device structure
and working principle of the FE-OPV are shown in Fig. 1b. The
ultrathin FE layer(s) were inserted at the interfaces of the organic
semiconductor and metal electrodes. The two-dimensional FE
materials have a net polarization electric field after poling. With

one type of charge partially or completely compensated by the
metal electrode, the other type of charge sheet generates an electric
field penetrating into the polymer semiconducting layer. The
prerequisite for the operation of FE-OPV is the huge density of
charges induced by FE polymer at the FE—semiconductor interface.
These charges cannot be compensated by the low-concentration
free charges in organic semiconductors, which leaves a large
uncompensated internal field in the semiconductor. Vinylidene
fluoride—trifluoroethylene copolymer, P(VDF-TrFE) (ref. 31),
was the initial choice for the FE material for its advantages of
chemical inertness, low fabrication temperatures, photostability
and compatibility with polymer semiconducting materials. Its
ferroelectricity originates from the molecular dipoles attached
perpendicular to the chain axes and nearly normal to the plane
of the thin film in the photovoltaic devices. A large electric
polarization of the order of 100 mC m~? can be produced with two-
dimensional FE P(VDF-TrFE) films as thin as 1 nm (refs 32-35).
The light-absorbing material used for most of this study was
P3HT:PC;,BM. Another low-bandgap polymer, poly[(4, 4'-
bis(2-ethylhexyl)dithieno[3,2-b:2',3'-d]silole)-2,6-diyl-alt-(2,1,3-
benzothiadiazole)-4,7-diyl] (PSBTBT) provided by Yang®, was
also briefly tested. The P(VDF-TrFE) thin film was deposited
by Langmuir-Blodgett (LB) deposition or spin-coating®>*’. As
P(VDEF-TrFE) is a good insulator, the thickness of P(VDF-TrFE)
was controlled well below 10nm so that carriers could tunnel
through it to electrodes.

The maximum electric field induced in the semiconductor layer
by the FE polymer film was calculated with a simplified model of
internal electric potential balance at zero device bias (short-circuit
condition). The model of the charge distribution is constructed
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by modifying the metal-FE-metal junction model of ref. 38 with
a semiconductor layer inserted between the FE layer and one
metal electrode. The charge distribution and respective electrostatic
potential profile at short-circuit condition of a device with an
FE layer inserted at the aluminium-semiconductor interface are
plotted in Fig. 1c,d. A Thomas—Fermi model was used to describe
the incomplete screening of the FE layer by the metal electrodes.
The built-in electric field introduced by the P(VDE-TrFE) layer
into the polymer is derived (see Supplementary Information for
the derivation) to be

dop

(3)

&o€reL

where op is the polarization charge density, d is the thickness
of the P(VDF-TrFE) layer, L is the thickness of the polymer
semiconductor layer and epp is the relative dielectric constant
of the P(VDF-TrFE) layer. The underlying physics is that the
ultrathin FE layer has a large surface charge density that raises
the electric static potential at the surface of the semiconductor
layer. The FE polymer is assumed to uniformly cover the whole
surface and be polarized in a direction nearly perpendicular to the
plane. Using the nominal remnant polarization of 100 mC m~? for
P(VDE-TrFE), the electric field induced by the three monolayers
(ML) (5nm) P(VDF-TrFE) in a 150nm P3HT:PC;,BM layer is
calculated to be approximately 50 V um™'. Therefore, 3 ML of FE
P(VDE-TrFE) can induce an electric field in the semiconductor
layer that is sufficient to dissociate all the CTEs and suppress their
non-radiative recombination. However, the actual induced electric
field might be less than the model predicts owing to factors such
as charge screening, possible incomplete poling of the FE layer and
in particular the morphology of the FE layer, which will be shown
below and in the supplementary document.

The influence of the induced electric field on the device
performance is evident in the FE-OPV devices with P3HT:PC,,BM
as the active layer, as shown in Fig. 2a. The addition of a 1 ML
LB film of P(VDF-TrFE) led to a small increase in short-circuit
current (I), even before poling, probably owing to the partial
poling of the P(VDF-TrFE) LB films that typically occurs during the
deposition process*’, which is confirmed by the piezoresponse force
microscopy (PFM) study to be shown later. After poling the FE layer
by applying a large positive voltage pulse on the Al electrode, an
extra electric field was added to the polymer—fullerene layer which
had the same direction as the electric field induced by the electrode
work-function difference. After positive poling, the I increased
from approximately 10+ 1 to 12 &= 1 mA cm™2. There is a small
variation in the maximum I, caused by the different P3HT:PCBM
thicknesses used and the variation of remanent P(VDF-TrFE)
polarization under different experimental conditions.

The electric field induced by the FE layer increases the V.
of the OPV devices as well. The increase of the V,. can be
understood by considering the photovoltage loss mechanisms
in OPV devices. First, the above-mentioned, field-assisted CTE
dissociation process increases the photocurrent generation by
reducing the recombination and, in the meantime, preserves the
high quasi-Fermi energy of electrons, which then contributes
to increasing the V.. In this scenario, the V.. can be tuned
continuously by controlling the electric field in the semiconductor,
which has been realized by a partial polarization of P(VDE-TrFE)
in our devices (Supplementary Fig. S2). Second, the voltage loss in
photovoltaic devices is also related to the saturated dark current of
the device'***°. The poled FE polymer film was found to reduce
the saturated dark current by two orders of magnitude, as shown
in Fig. 2b. The reduced saturated dark current should be ascribed
to a high carrier-injection barrier at reverse bias introduced by the
FE dipole layer. The poled FE polymer film also controls the dark
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Figure 2 | Improvement in device performance by the FE layer. The control
devices have the structure of ITO/PEDOT:PSS/polymer:PC70BM/Al, and
the FE-OPVs have the FE layer inserted at the polymer/Al interfaces.

a, Photocurrents of P3HT:PC7oBM devices without an FE layer (magenta
line) and with an FE layer before poling (black squares), and with an FE
layer after positive poling (red squares). b, Dark current of devices with
1ML P(VDF-TrFE) film before and after positive and negative poling; the
inset compares the reverse saturated dark currents of a device before and
after positive poling. €, Photocurrent of a PSBTBT:PC70BM device without
an FE layer (magenta line), with an FE layer before poling (black square
line) and with an FE layer after poling (red squares).

current of the device. The energy efficiency is increased from 1.7%
to 4.5% after positive poling.

In addition to the greater free-carrier generation by the
increased geminate-pair separation, the induced electric field is
also expected to increase the photogenerated-carrier collection by
increasing the drift length of the carriers and/or extend the charge
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Figure 3 | Morphologies of FE films and their effect on the device performance. a, Comparison of the /-V curves of P3HT:PC70BM devices with 0-3 ML
P(VDF-TrFE) at the cathode interface. b,Surface morphology of P3HT:PCBM film covered by 0-3 ML of P(VDF-TrFE) tested by AFM in tapping mode

(4 um x 4 um). ¢,d, PFM amplitude and phase image of a 2 ML P(VDF-TrFE) layer on a P3HT:PCBM film, tested by PFM in contact mode (1pum x Tum) with
Pt/Ti-coated silicon tips. e f, PFM amplitude and phase image of a 2 ML P(VDF-TrFE) layer on a P3HT:PCBM top, poled by £8 V d.c. bias with a PFM tip
under contact mode (1um x pum). g,h, AFM topography and conducting AFM current mapping of the same area (500 nm x 500 nm) of a P3HT:PCBM film

covered with 2 ML P(VDF-TrFE).

bimolecular-recombination lifetime. The carrier drift length is the
product of carrier mobility, carrier recombination lifetime and
internal electric field. Such a mechanism is especially important to
semiconductor polymers with low carrier mobility, where a thicker
layer can be used to increase the light absorption efficiency of OPV
devices without sacrificing carrier collection efficiency. This was
confirmed in our test of the low-bandgap material PSBTBT, which
has a carrier mobility an order of magnitude lower than that of
P3HT (ref. 7). It was found that a thicker (90 nm) film is needed
to reach the optimized efficiency in the device with an FE layer
than in a regular device (80 nm). The efficiency of the device with
a PSBTBT:PC;BM active layer was increased from 1.5% to 4.9%

by inserting 2 ML P(VDF-TrFE) and poling (Fig. 3¢; ref. 41). The
devices with the Al cathode instead of calcium (Ca) were used as
control devices because Ca chemically reacts with P(VDF-TrFE)
and kills the ferroelectricity of P(VDE-TrFE). Nevertheless, all the
FE-OPVs have already shown higher efficiencies than optimized
devices with Ca as the cathode (see Table 1; refs 42,43).

According to equation (3), a thicker P(VDF-TrFE) layer can
introduce a larger electric field into the semiconductor layer.
However, the increased P(VDE-TrFE) layer thickness also increases
the contact resistance, which would reduce device efficiency. This
was studied in our experiments by increasing the thickness of
P(VDE-TrFE) from OML to 3ML. The current—voltage (I-V)
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Table 1| Comparing the device performance with 0-3 ML FE materials.

Anode Semiconducting layer Cathode Jse (MAcm™—2) Voc (V) FF (%) PCE (%)
MoOs/Ag P3HT:PCgoBM Bare ITO 6.41 0183 31 0.37
1ML LB film/ITO 7.60 0.405 41 1.3
2 ML LB film/ITO 7.49 0.460 49 1.7
3 ML LB film/ITO 6.65 0.418 46 1.3
ITO/PEDQOT:PSS P3HT:PC70BM Bare Al 10.2 0.426 38 1.7
Ca/Al 10.5 0.582 61 3.7
1ML LB film/Al 1.8 0.579 60 41
2 ML LB film/Al 12.8 0.589 60 4.5
3 ML LB film/Al o 0.579 52 3.6
ITO/PEDQOT:PSS PSBTBT:PC70BM Bare Al 7.78 0.600 31 1.5
Ca/Al 13.2 0.660 51 4.4
1ML LB film/Al 121 0.647 53 4.2
2 ML LB film/Al 13.8 0.660 54 4.9
3 ML LB film/Al 131 0.654 54 4.6

characteristics of the P3HT:PC;,BM devices with 0-3 ML of
P(VDE-TrFE) after poling are shown in Fig.3a. One or two
monolayers of P(VDF-TrFE) was the optimum thickness range for
P3HT:PC,,BM. From this point of view, the absence of a critical
thickness for the ferroelectricity of two-dimensional P(VDE-TrFE)
is crucial to ensuring that the FE-OPV can work so well. An
increased thickness to three monolayers of P(VDF-TrFE) resulted
in slightly reduced efficiency for P3HT:PCBM devices, although
it is still much larger than the device without an FE layer.
To understand the device performance variation with P(VDE-
TrFE) thickness, we studied the morphology of P(VDE-TrFE)
by atomic force microscopy (AFM), as shown in Fig. 3b. The
pristine P(VDE-TrFE) LB films are continuous before annealing
but become non-continuous and rougher after thermal annealing.
The roughness data, ranging from 0.8nm to 1.7nm for films
before annealing, and from 1.0 nm to 3.6 nm after annealing, are
summarized in Supplementary Table S1. It is clearly shown that
the 3 ML films of P(VDF-TrFE) aggregate after annealing, forming
many nanomesas. This must be caused by the mismatch of surface
energy between the P3HT:PCBM film and P(VDF-TrFE) film,
and the formation of nanomesas helps to minimize the surface
energy*. The thickness of the nanomesas formed by annealing
3ML of P(VDF-TrFE) is approximately 10nm (Supplementary
Fig. S3), which is too thick for efficient tunnelling of electrons
through this layer, and explains the reduced photocurrent. The
highest efficiency occurs at a balance of electric fields added by
the P(VDFE-TrFE) layers and the series resistance introduced by the
insulating P(VDF-TrFE) layers.

The 1-2 ML of P(VDE-TrFE) film were also found to be non-
continuous, with P(VDF-TrFE) islands sitting on P3HT:PCBM,
from the PFM measurement (Fig. 3c,d). The spontaneous po-
larization of P(VDF-TrFE) on P3HT:PCBM exhibits a preferred
direction and the same direction as positively poled P(VDF-TrFE),
which explains the observed increased photocurrent in the devices
with P(VDF-TrFE) layers even before positive poling. The detailed
mechanism of the initial net polarization is still not clear but is
believed to be related to the difference in chemical affinity of F
and H to the substrates or semiconducting polymer*’. The P(VDE-
TrFE) films on P3HT:PCBM were directly poled by the PFM tip
with an applied voltage of £8V and the polarization imaged by
PFM (Fig. 3e,f), which confirmed the ultrathin P(VDF-TrFE) film’s
ferroelectricity at the nanoscale. After poling, the electric fields from
all FE film areas point in the same direction.

To understand how the current conducts through the ul-
trathin insulating FE films, their conductance was measured at
nanoscale with conducting AFM in conjugation with PFM on

the same area (500 nm x 500 nm) of 2 ML P(VDEF-TrFE)-covered
P3HT:PCBM/poly(3,4-ethylenedioxythiophene):polystyrenesulph-
onate (PEDOT:PSS)/indium tin oxide (ITO) under small bias. The
conductance of the P(VDF-TrFE) can be well correlated to the
thickness and morphology. It is clear that the current is smaller
through the nanomesa than through the area surrounding the
nanomesa unless at FE domain boundaries. It is evident in Fig. 3e,f
that there is still a very thin layer of P(VDF-TrFE) surrounding the
nanomesas whose thickness might be in the range of tunnelling
length. The thickness of this remaining layer was not determined
because of the large roughness of the semiconducting polymer
film. The charges can go through these thin P(VDF-TrFE) layers
although the electric field in P(VDE-TrFE) is in the opposite
direction. It is believed that the thicker FE nanomesas mainly
contribute a large induced electric field in the semiconductor
polymer on the top of and around them and increase the average
induced electric field, but thinner FE surrounding layers are
more efficient in collecting charges. This result also implies the
potential to further increase the FE-OPV efficiency by optimizing
the morphology of FE polymer such as the thickness and the area
ratio of thick and thin FE polymer islands.

The non-continuous P(VDF-TrFE) nanomesas covered less
than 50% of the surface of P3HT:PCBM film, as inferred from
Fig. 3¢c,d. The incomplete coverage inevitably leads to a smaller,
induced internal electric field than calculated by equation (3).
The actual electric field produced by the FE layer was calculated
by extrapolating the photocurrent of the device without P(VDEF-
TrFE) at reverse bias (Supplementary Fig. S4). Here we used
the assumption that the photocurrent is only determined by the
effective electric field applied”’. The enhanced I. in FE-OPV
compared with the regular OPV is attributed to the electric field
added by the FE layer. The extracted electric field due to the
FE polymer was approximately 124+3Vum™! added by P(VDF-
TrFE), which is much less than the calculated result of 50 V um™".
There is therefore plenty of room for improvement, which was
verified by the observation that application of a large reverse bias
of =5V produced an even larger photocurrent of 15mA cm™
(compared with 10 mA cm™ at the maximum-power point) in the
P3HT:PC,,BM device.

The FE-OPV shows the unique characteristics of an FE
photovoltaic with switchable diode polarity and tunable device
efficiencies. As shown in Fig. 4, the polarity of the device with
1ML P(VDF-TrFE) inserted at both anode and cathode can
be completely switched by the +15V pulse. The current of
the pristine device shows nearly Ohmic behaviour and little
rectification. The I-V curve becomes asymmetric with a much
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Figure 4 | Switch behaviours of FE-OPV devices. Photocurrent output from
a device with a structure of ITO/1 ML P(VDF-TrFE)/P3HT:PCBM/1 ML
P(VDF-TrFE)/Al. The inset zooms in the |-V curves around zero bias.

larger rectification with diode characteristics after positive poling
or negative poling. This is the first time that both a switchable
diode and photovoltaic devices have been demonstrated. The
larger V,. in the positively poled devices is consistent with
the fact that there is a built-in electric field pointing from
Al to ITO as well as an asymmetric polarization of P(VDE-
TrFE) due to the interface chemistry effect*®. The devices with
an FE layer inserted at the cathode interface, either the Al
cathode or the ITO cathode, also show a switchable photocurrent
alternating between high-efficiency and low-efficiency states as
the FE film polarization is switched back and forth by positive
and negative voltage pulses (see Supplementary Figs S5 and
S7). This result also demonstrates that P(VDF-TrFE) can be
used as a universal interface material for electrodes, greatly
expanding the design and fabrication flexibility. The switchable
nature of the photocurrent and photovoltage by poling P(VDE-
TrFE) along the two opposite directions implies that the FE
polarization has a dominant role in the observed photovoltaic
enhancement effect. The efficiency of our FE-OPV is several orders
of magnitude larger than the largest reported efficiency of other FE
photovoltaic devices*.

In summary, we report an FE-OPV hybrid device, which has
both FE photovoltaic and OPV characteristics. The electric field
induced by the ultrathin FE polymer films significantly increased
the device efficiency, from 1-2% without the FE film to 4-5%
after poling the FE layer. These enhanced efficiencies are 10—
20% higher than those achieved by other methods, such as
morphology and electrode work-function optimization. There is
still ample opportunity to further increase the efficiency of the
FE-OPV devices with our current semiconducting polymers by
using a better-controlled morphology and thickness of the FE
film. The theoretical limit of I, from FE-OPV can be derived
from the photocurrent of regular OPV at a reverse bias of
—10V. With the increased electric field to eliminate the CTEs’
recombination and bimolecular recombination®®, a further increase
of V,. is expected”. Also note that the increase of V,. may
not be as pronounced as the optimum 0.3-0.5V because there
may be modes of non-radiative charge recombination that are
field independent, such as defect- or impurity-mediated charge
recombination. The increased V,. can also be partially offset
by the contact resistance brought by the insulating FE layer.

Further work is necessary to optimize the morphology of the
FE film to take full advantage of its electric field and increase
charge-collection efficiencies, while ensuring efficient transfer to
the electrodes with minimum conduction resistance through
the FE film.

Methods
For the device fabrication, PEDOT:PSS (Baytron-P 4083) was first spin-cast
onto a cleaned ITO/glass substrate at a spin speed of 3,500 r.p.m., which gives a
PEDOT:PSS film thickness of approximately 30 nm, as measured with a Dektek
profilometer. The spun PEDOT:PSS was then baked at 120 °C for 20 min before
spin-casting the polymer film. P3HT (purchased from Rieke Metals, used as
received) was first dissolved in 1,2-dichlorobenzene to make 30 mg ml~' solution,
followed by blending with PC;,BM (purchased from Nano-C, used as received)
in a ratio of 1:1 by weight. The blend was stirred for about 14h at 40°C in a
nitrogen-filled glove box. The active layer was obtained by spin-coating the blend
at 800 r.p.m. for 20 s, and the thickness of the PZHT:PC;BM film is approximately
150 nm. For the devices based on PSBTBT, both PSBTBT and PC;,BM were
dissolved in chlorobenzene in a 1.5:1 (10 mg ml™") ratio. The film was obtained by
spin-coating at 2,000 r.p.m., then annealed at 140 °C for 5 min, and the thickness
of the film was approximately 90 nm.

The LB deposition, although not the only choice for the deposition of
P(VDE-TrFE) onto polymer semiconductor or ITO, has the unique capability
to form a conformal and controlled ultrathin film to the level of 1 ML and has
more tolerance to surfaces with different surface energies*. For the deposition of
FE LB films, the random copolymer P(VDEF-TrFE), containing 70% vinylidene
fluoride and 30% trifluoroethylene, was dissolved in dimethyl sulphoxide with
a concentration of 0.05% by weight. The polymer was dispersed on the surface
of ultrapure (18 M2 cm) water, and slowly compressed to a surface pressure
of 5mNm~" at room temperature in air. Then the LB layer was transferred to
a glass/ITO substrate covered with P3HT:PC,BM or PSBTBT:PC;BM film.
The P(VDF-TrFE) films were deposited 1 ML at a time by horizontal dipping.
The samples were annealed at 135°C in N, for half an hour to improve the
crystallinity of the P(VDE-TrFE; ref. 30). The FE LB film preparation procedure is
described in detail in ref. 48.

The active device area was 0.08 cm”. Photocurrent measurement was
done under simulated air mass 1.5 global irradiation (100 mW cm~2) using a
xenon-lamp-based solar simulator (Oriel 67005, 150 W Solar Simulator). A Schott
visible-colour glass-filtered (KG5 colour-filtered) Si diode (Hamamatsu S1133) was
used to calibrate the light intensity before photocurrent measurement.
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1. The induced electric field in the organic layer by ferroelectric film

We estimated the electric field in the organic layer induced by the ferroelectric film
by using a simple model of a semiconductor (S) layer and ferroelectric (FE) layer inserted
between two metal electrodes (M;/S/FE/M;), as shown in Figure S1. There are

polarization charges (with a density of £ o, ) on each surface of the poled ferroelectric

film. The negative polarization charges at the FE/M; interface are partially screened by

the induced positive charges (with a density of + o) in the metal. As a result, a net

electric field penetrates into the organic layer even under short-circuit conditions, as
shown in Figure S1b. Here we consider the short-circuit condition for a M;/S/FE/M;,
junction. Charges can move freely between the electrodes through the external circuit so
that the potential of the two electrodes is equal at infinity and the charge density at the

M//S interface is — o ¢ due to the charge conservation law. We apply a Thomas-Fermi

model for the study of screening charges'" 2. According to this model the electrical
potential within metal 1 (z < 0) and metal 2 (z > L+d) electrode is given by:
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here J, and 9, are the Thomas-Fermi screening lengths in the M; and M electrodes. The
@, —> O0when z — too, which is consist with the short circuit condition. The potential
drop between the M,/S interface and FE/M,; interface due to the electric field in the
organic and ferroelectric layer is determined by:

d(o,-0) Loy ‘ @)
Eo€rE €0€0rg

Doy = Pir+ay =

here, ¢, and &,,, is the relative dielectric constant of ferroelectric layer and organic

layer, respectively. The screening charge density can be found by the using of equation

(1, ()

Epd
O_S _ Org O-P ) (3)

6(8,+38,) + 60, d + £ L

Finally the additional electric field £ in the organic layer is:

Fo_Os _ do, . 4)
Eo€org  Eofril

For an ideal condition, the one monolayer (ML) P(VDF-TrFE) on the organic layer
is assumed to be continuous and uniform, with a thickness (d) of 1.7 nm’. Meanwhile, the
thickness of our P3HT:PCBM layer (L) is about 150 nm, the §, and &, will be less than
one angstrom for “good” metals, and is negligible as compared to the thickness of the

semiconducting polymer. The relative dielectric constant of P(VDF-TrFE) layer (¢, ) is

2 NATURE MATERIALS | www.nature.com/naturematerials
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reported to be around 7.5*. The polarization charge density (o ») of P(VDF-TrFE) is 100

mC/m”. Under this condition, the additional electric field added by the 1~3 ML(s)

ferroelectric P(VDF-TrFE) layer in the organic semiconductor layer is found to be 17~51

V/pm.
FE M, FE M,
+O'P
+o,
z z
—Op PL+d
+0,'
z zZ
—Op PrL+d
0 L L+d L+d

Figure S1. Electrostatics of a M;/S/FE/M; junction. a, and ¢, Charge
distribution, b, and d, the respective electrostatic potential profile. The
polarization charge density at the ferroelectric layer is o, , the induced
screening charge density at the two electrodes is o or o', the trapped
charges or/and mobile ions accumulated at the M;/S interface and S/FE
interface is o, .
The main concern is the possible buildup of electric charge in the cell under solar
illumination. If this “space charge density” is too large, then the electric field across the
cell will “collapse.” We start with determining the transport time (¢#7) of an electron

through the semiconductor layer under short-circuit conditions: L(¢) = u, Et,, where L(f)
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is the semiconductor layer thickness, u. is an electron mobility. For a better comparison,
we used the extracted average electric field E of 12 V/um here, which is the electric field
estimated from the actual performance of ferroelectric organic photovoltaic (FE-OPV)

device as discussed below. We used this transport time to roughly estimate how much the
total charge of electrons builds up under solar illumination. We write ¢ =J¢, /2 ,where

is the total electron space charge in the polymer layer (per unit area of the cell). The
factor of 2 implies that the current is contributed equally by electrons and holes. For
short-circuit conditions with Jsc = 10 mA/cmz, we obtain { = 1.3 x 107 C/mz, which is
several orders magnitude less than the polarization charge density of 0.1 C/m’ at the
ferroelectric layer surface. So the photogenerated mobile charges have negligible impact
on the induced electric field by the ferroelectric layer. A more sophisticated model is
constructed by considering the trapped charges or mobile ions at the S/FE and M,/S
interface, as schemed in Figure Slc. For the first glance, the net electric field in the
semiconductor layer will be reduced and the influence of the poled FE layer to the
semiconductor layer will be weakened. However, our calculation shows that, in practice,
the trapped carriers or/and ions will be screened by the two metal electrodes and the

electric field in the organic layer will remain unchanged. The detail calculation is as

follows:
15,/
o.'0e
;0T <0
&y
o' 0 o'
_ s Y1 s
Py=< ——+ X+¢;., 0<z<L. (5)
2 €080rg
' —|z-L-d|/5,
\ 00
— , z>2L+d
&y
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Where the potential ¢, , is the potential distribution contributed by the trapped charges

and ions, if present. By assuming the distribution of carriers or/and ions is exponential

with a decay length of &, (J; << L), the potential ¢, , can be described by Poisson’s

equation:
d’ep o
;(z) __ I (e’z/‘% _ eZ*L/‘S}) . (6)
dz E0€0rg O

And similarly, the potential drop across the FE layer should satisfy boundary condition:

(op—0s')d

(7)

Gy = Puray =
EolrE

Using the equation (5), (6) and (7), we arrived at the following value for the
screening charge density:

- Eorgd . £rp(L—25,)
Emp (0, +8)) + el + 80, d T £55(8,+0,) +E L+ Eorgd

oy'= o,~o,+0,. (8)

By comparing equation (8) with (6), it can be found that the screening charge
density at the electrode increased when the trapped charges or mobile ions were
accounted. The second item in the right side of equation (8) is induced by the trap charges

or/and mobile ions. It approaches to o, because the ¢, L is much larger than &,,.d ,

which means most of the trapped carriers or/and mobile ions will be screened by the
electrode by add the same amount of charges in the electrode. As a result, after
accounting on the space charge in the semiconductor (Figure Slc), the electric field
induced in semiconductor layer is nearly unchanged from the situation excluding charge

layers within the semiconductor (Figure S1a).

'
O, —0O
gOgOrg
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This approximation is a good one because the charge density induced in the

semiconductor o, is generally much less than o , because the extremely low free carrier

density in organic semiconductor materials. (In the case of inorganic semiconductors, the
free charge density are much larger and therefore the approximation of equation (9) is not
so good’) This argument is supported by the capacitor measurements which show that the
contribution of screening charge to the capacitance of the diodes at reverse bias is

effectively negligible.

2. The poling process of devices with ferroelectric layers

For a better understanding of the poling process of the P(VDF-TrFE) layer in the
FE-OPV device, we recorded the open circuit voltage (V) of device with 1 ML P(VDF-
TrFE) under different poling time and temperature condition. The structure of P3HT
based FE-OPV device was ITO/PEDOT (30 nm)/P3HT:PCBM (1:1 by wt, 150
nm)/P(VDF-TrFE) (1 ML)/Al. As shown in Figure S2, when a bias of 15 V was applied
continuously to the Al electrode at room temperature, the V. of devices increased slowly,
it takes about one hour for the V. increased from 0.476 V to 0.531 V, demonstrating
different degree of partial polarization. While for the device that was poled under 15 V at
an elevated temperature of 120 °C for about 15 s and then field-cooled, the V. increased
from 0.474 V to 0.570 V. Heating induces a rapid and more complete poling of P(VDF-
TrFE) layer. The switching time of the ferroelectric layer is believed to be limited by the
thermal diffusion process because the intrinsic switching time of P(VDF-TrFE) layer is
reported to be as short as 100 ns ®. Accordingly, the poling of devices under -2 V at both

heating and field cooling process is referred as negative poling. We use a low bias of -2 V

6 NATURE MATERIALS | www.nature.com/naturematerials
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applied on Al electrode for the negative poling because a higher voltage would induce too

much charge injection from ITO/PEDOT:PSS, which burns the devices.

0.58 — : :
os6 | 15Vat120°C
054 |

:>:°o.52- s _/\/.

050 &' 45y at
0.48} l/' Room temperature

0 10 20 30 40 50 60
Treating Time (min)

Figure S2. Polarization dynamic process of ferroelectric polymer film in the OPV device.

3. The morphology of P(VDF-TrFE) layers

The morphology of the 0-3 ML(s) of P(VDF-TrFE) LB film on P3HT:PCBM was
studied by atomic force microscope (AFM) in tapping mode. The film roughness data are
summarized in Table SI1. The coating of ferroelectric polymer smoothed the
semiconductor films. After annealing, the films become even more smoother. However,
as shown in Figure S3, the 3 MLs P(VDF-TrFE) coated on P3HT:PCBM layer aggregates
during thermal annealing and forms many nanomesas with a thickness of around 10 nm.”
The aggregation of P(VDF-TrFE) may derive from the mismatch of surface energy
between P3HT:PCBM film and P(VDF-TrFE) film and the formation of nanomesas helps

to minimize the surface energy.”
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Figure S3. AFM pictures of 3 MLs of P(VDF-TrFE) films on P3HT:PCBM

Table S1. Summary of the roughness of the samples with different

monolayer(s) of P(VDF-TrFE) on P3HT:PCBM , before and after annealing.

(PVDF-TrFE) OML IML 2MLs 3MLs
RMS  Before Annealing 1.72 1.14 1.25 0.79
(nm)  After Annealing 1.54 1.16 0.98 3.59

4. Effect of the induced field on the photogenerated current of devices.

The photogenerated current of OPV devices obtained by subtracting the dark
current from the current under illumination is depend on the effective built-in electric
field. The photogenerated current increases linearly near the open-circuit voltage (Voe-V <
0.1 V) and saturates at large reverse voltage (Vo.-V > 10 V). Figure S4 compared the
photogenerated current of positively poled FE-OPV and corresponding regular devices.
The structures of the regular devices are ITO/PEDOT (30 nm)/P3HT:PC7BM (1:1 by wt,
150 nm)/Al and ITO/PEDOT (30 nm)/PSBTBT:PC;0BM (1.5:1 by wt, 90 nm)/Al
respectively. For the FE-OPVs, 1 ML P(VDF-TrFE) was inserted at the cathode interface.

The photogenerated current of FE-OPV device at an applied voltage of 0 V (Jy) is equal

8 NATURE MATERIALS | www.nature.com/naturematerials
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to the extrapolated photocurrent of the regular device at an applied voltage of -2.3 V in
P3HT:PC;BM device, and 0.8 V in PSBTBT:PCBM device. We simply attribute the
increased Ji. in FE-OPVs to the electric field induced by the P(VDF-TrFE) layer. Then
the induced electric field is roughly estimated by dividing the equivalent applied voltage
by the thickness of the semiconductor film, which is approximately 12+3 V/um (15

V/um in P3HT:PC70BM device, and 9 V/um in PSBTBT:PC7,BM device).

b P3HT:PC, BM PSBTBT:PC, BM
161 q P(VDF-TrFE)/Al ] 2t b ! P(VDF-TrFE)/Al |

]

°

<

| Ve £

-5 gl 23V Al -
853025 2015100500 05 45 A0 05 00 05 10

Voltage (V) Voltage (V)

Figure S4 The photogenerated current of positive poled FE-OPV with P(VDF-
TrFE)/Al cathode and regular device with Al cathode. The applied voltage across

the semiconductor induced by the FE layer is extrapolated.

S. Switching behaviors of the FE-OPVs

The performance of FE-OPV devices can switch between two states repeatedly. Figure S5
show the current density-voltage (I-V) curve of OPV devices with 1 ML P(VDF-TrFE). The Js¢
of the devices switched between 11.3 + 0.3 mA/cm” and 7.7 + 0.6 mA/cm” after alternant
positive poling and negative poling. Meanwhile the V,. and fill factor (FF) also switched
evidently. After each cycle, all the output parameter came back to same levels. The repeatable

switch behaviors of the devices clearly exclude the contributions of annealing effect which may
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be proposed to explain the performance improvement observed here’.
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Figure SS Switching behaviors of OPV device with 1 ML of P(VDF-TrFE) at the cathode

interface

For comparison, devices without ferroelectric layer were treated under the same poling
condition as the positive poling process. The performance of the devices did not show any visible
improvement after poling, as shown in Figure S6. The I-V curve of the poled device was almost
identical to that of unpoled device. The results exclude the contribution of other factors, such as

ions movement or annealing effects’, to the efficiency improvement in FE-OPV devices.
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Figure S6. I-V curves of fresh regular OPV devices and the devices after positive

poling.

6. P(VDF-TrFE) layer on ITO

In an inverted OPV device using ITO as cathode, the insertion of P(VDF-TrFE) layer also
lead to improved device performance and switchable behaviors. The structure of the inverted
devices is ITO/P3HT:PCBM (1:1 by wt, 150 nm)/MoQO3 (4 nm)/Ag has an V. of about 0.18 V. A
positive poling of the thin P(VDF-TrFE) layer led to an improved output, and a succedent
negative poling process make the performance switching back to a lower level, as shown in
Figure S7, and summarized in Table S2. The results demonstrated the switching behaviors are

general and independent on the electrode material used.
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Figure S7. I-V curves of regular invert OPV devices and invert FE-OPV devices

with 1-3 ML(s) of P(VDF-TrFE) on the ITO cathode.
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