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Understanding the effect of ferroelectric polarization on power conversion
efficiency of organic photovoltaic devices
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Stephen Ducharmebc and Jinsong Huang*ab
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It is demonstrated that the power conversion efficiency (PCE) of organic photovoltaic devices can be

increased by inserting an ultrathin film of a ferroelectric co-polymer, poly(vinylidenefluoride-

trifluoroethylene) (P(VDF-TrFE)), at the metal–organic interface, due to an enhancement of the charge

extraction efficiency. Specifically, the effect of P(VDF-TrFE) crystallinity on its function in ferroelectric

organic photovoltaic (FE-OPV) devices has been studied by several methods. Highly crystalline and

amorphous P(VDF-TrFE) films have been prepared by the Langmuir–Blodgett method and spin-

coating from acetone solution, respectively. The polymer solar cell devices with a crystalline P(VDF-

TrFE) interfacial layer at the cathode have larger PCE than the structures with amorphous P(VDF-

TrFE) and have the unique feature of switchable diode polarity and photovoltaic performance

controlled by external applied voltage pulses. The obtained results confirm that the spontaneous

polarization of the ferroelectric P(VDF-TrFE) layer is responsible for the enhancement of PCE in

FE-OPV devices and that a highly crystalline ferroelectric polymer film is required to observe the

enhancement of PCE. Amorphous P(VDF-TrFE) films act as regular dielectric layers with a little

poling effect on device PCE. The polarization of P(VDF-TrFE) is shown to be stable, and the

photogenerated charges could be collected efficiently by the cathode rather than being compensated.
aDepartment of Mechanical and Materials Engineering, University of
Nebraska-Lincoln, Lincoln, Nebraska 68588-0656, USA. E-mail:
jhuang2@unl.edu
bNebraska Center for Materials and Nanoscience, University of Nebraska-
Lincoln, Lincoln, Nebraska 68583-0298, USA
cDepartment of Physics and Astronomy, University of Nebraska-Lincoln,
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Broader context

Organic photovoltaic (OPV) cells with polymer-fullerene bulk hete

performance energy sources. The highest reported power convers

internal quantum efficiency of one or two materials can approach 1

layer is still a major challenge for many semiconductor polymers, in

reported a method to increase the charge pair separation and cha

ultrathin layer of ferroelectric co-polymer poly[(vinylidenefluoride

between the electrode and a semiconductor layer, which enhances th

up to 200% (Nat. Mater., 10, 296, 2011). In this paper, we studied

a ferroelectric OPV (FE-OPV). It was shown the enhanced PCE and

nature of the P(VDF-TrFE) crystallinity. The results highlight the

provide guidance for the fabrication of high performance FE-OPV

8558 | Energy Environ. Sci., 2012, 5, 8558–8563
1. Introduction

Organic photovoltaic (OPV) research has developed rapidly

during the last few years. The highest reported power conver-

sion efficiency (PCE) has been increasing steadily, exceeding

10%.1 Several innovative approaches have been used to increase

the OPV efficiency, including optimization of morphology by

thermal and/or solvent annealing, optimization of electrode

work function, reduction of the band-gap of the light absorbing

polymers, development of stacking/tandem structures to
rojunction are promising candidates for future low-cost, high-

ion efficiency (PCE) has exceeded 10%. Although the highest

00%, the inefficient charge extraction from the light absorbing

cluding low bandgap polymers recently developed. Recently, we

rge extraction efficiency using a permanent electric field of an

-trifluoroethylene] (P(VDF-TrFE)) introduced at the interface

e power conversion efficiency (PCE) of several types of OPV by

the effect of P(VDF-TrFE) crystallinity on the performance of

the switchable FE-OPVs are well connected to the ferroelectric

P(VDF-TrFE) crystallinity as a critical issue for FE-OPVs and

devices.

This journal is ª The Royal Society of Chemistry 2012
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combine the high bandgap and low bandgap materials, etc.2–5

Despite the fact that the highest internal quantum efficiency of

one or two materials can approach 100% for some devices with

special structure,6 a major challenge for many semiconductor

polymers, including low bandgap polymers recently developed,

is the inefficient charge extraction from the light absorbing

layer. A significant portion of energy is lost to heat due to the

non-radiative recombination of charges or charge transfer

excitons (CTEs).7–11

Recently, we reported a method to increase the CTE separa-

tion and charge extraction efficiency using a permanent electric

field of an ultrathin layer of a ferroelectric co-polymer, poly-

(vinylidenefluoride-trifluoroethylene) P(VDF-TrFE), introduced

at the interface between the electrode and a semiconductor layer.

After poling in the proper direction, polarization charges on

P(VDF-TrFE) induce a strong internal electric field in the sem-

iconducting active layer. The induced electric field significantly

enhances the CTE dissociation and increases the charge collec-

tion efficiency. The PCEs of several types of OPV were increased

by up to 200% – the highest reported value for the devices using

the same type of active materials.12 In subsequent work, the

ferroelectric polarization of P(VDF-TrFE) has been used to shift

the relative donor and acceptor energy levels to increase the open

circuit voltage (Voc) of OPV without interrupting the charge

transfer and collection.13 On the other hand, it was argued14 that

the observed PCE enhancement was caused by an electro-

chemical reaction between Al and P(VDF-TrFE) under an

applied electric field rather than by the polarization of the

P(VDF-TrFE) layer. This argument was put forward based on

apparently the same behavior shown by the OPV devices with the

P(VDF-TrFE) layer and non-ferroelectric polymer. In this

paper, we report the effect of P(VDF-TrFE) crystallinity on the

performance of a ferroelectric OPV (FE-OPV). The obtained

results provide guidance for the fabrication of high performance

FE-OPV devices and explain the contradictory results reported

in ref. 14. The crystalline P(VDF-TrFE) reported here can be

used as a universal interfacial layer for both cathode and anode.
2. Experimental

FE-OPV device fabrication and measurement. Cleaned indium

tin oxide (ITO) substrates were firstly treated by UV-ozone for

10 minutes. Poly(3,4-ethylenedioxythiophene)–polystyrenes-

ulfonic acid (PEDOT:PSS, Baytron-P 4083) was then spun

onto ITO substrates at a speed of 3000 rpm. Regioregular

poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid

methyl ester (PC60BM) were purchased from Rieke Metals Inc.

and Nano Carbon Inc. respectively, they were used as received.

The films have been deposited on the P3HT:PC60BM layer on

a glass/ITO substrate. Both materials were dissolved in 1,2-

dichlorobenzene (DCB) at 35 mg ml�1 and blended in a mass

ratio of 1 : 1 and stirred for about 15 hours at 40 �C. Then the

solution was spun on PEDOT:PSS at a speed of 800 rmp for

20 s inside the glovebox. Ultrathin P(VDF-TrFE 70:30) dipole

layers were deposited on the P3HT:PC60BM layers by spin-

coating 0.2% P(VDF-TrFE) (dissolved in acetone) at a speed of

6000 rpm for 60 s or by Langmuir–Blodgett (LB) coating. The

details of the LB coating process can be found elsewhere.12 The

LB films were annealed at 135 �C for 30 min, and the spun
This journal is ª The Royal Society of Chemistry 2012
films were annealed at 90 �C for 10 min as reported in ref. 14.

The FE-OPV device fabrication was finished by thermally

evaporating 100 nm thick Al for regular solar cell devices, or

30 nm Au for switchable diode devices.

Electrical characterization. The current–voltage (I–V) charac-

teristics of the devices were measured in the glove box (O2 < 0.1

ppm) under simulated AM 1.5G irradiation (100 mW cm�2)

using a xenon-lamp-based solar simulator (Oriel 96000 150W

Solar Simulator) which is calibrated by a KG5 filtered-silicon

detector. For the P(VDF-TrFE) dipole relaxation measurement,

the devices were fixed on a metallic platform and illuminated by

0.3 sun (30 mW cm�2) irradiation. Then the devices were heated

by attaching a 135 �C hot metal block for 25 s without applying

a bias to depolarize the dipole and then the metal blocks were

removed. The photocurrents were monitored in situ during the

whole process.

Domain visualization has been performed using piezoresponse

force microscopy (PFM) by applying a high-frequency modu-

lating voltage (200–600 kHz, 1.0–1.5 V) to the Pt–Ti-coated

silicon (Mikromasch) or Au-coated SiN tips (Olympus). Local

piezoelectric hysteresis loops were measured in fixed locations on

the film as a function of a dc bias superimposed on ac modulation

voltage.

Structural characterization. In the X-ray diffraction (XRD)

measurement, both the P(VDF-TrFE) LB film (50ML) and spun

film (150 nm) were deposited on bare Si substrates. The XRD

data were taken with a Rigaku D/Max-B X-ray diffractometer

with Bragg–Brentano parafocusing geometry, a diffracted beam

monochromator, and a conventional copper target X-ray tube

set to 40 KV and 30 mA. The wavelength of the X-rays is 1.544 �A

(Cu Ka).
3. Results and discussion

3.1 Crystallinity of the P(VDF-TrFE) films fabricated by LB

and spin coating methods

To determine the effect of the ferroelectric polymer layer on the

performance of the OPV device, it is essential to fabricate

P(VDF-TrFE) of high crystallinity,15 and then perform thorough

electrical characterization to verify its ferroelectric nature. For

this reason, we fabricated two types of OPV devices, differing

only in the method of deposition of the P(VDF-TrFE) copolymer

film. The P(VDF-TrFE) films were fabricated by two different

methods, LB deposition from a water subphase and spin-coating

from acetone solution, as described in ref. 14. The films were

deposited on an OPV nanocomposite layer composed of P3HT

and PC60BM which was deposited by spin coating on an ITO/

glass substrate. The LB-deposited 2 monolayer (ML) P(VDF-

TrFE) films with an average thickness of 3.4 nm were annealed

for 30 minutes at 135 �C to optimize their crystallinity.16–18 The

P(VDF-TrFE) films formed by spin coating with an average

thickness of 3.2 nm were annealed at a lower temperature of

90 �C for 10 min as described in ref. 14. Typical morphology of

the P(VDF-TrFE) films fabricated by these two deposition

methods is illustrated in Fig. 1a. The samples fabricated by these

two deposition methods with a thickness around 150 nm were

firstly characterized by XRD study. LB deposition results in

fabrication of highly crystalline P(VDF-TrFE) films as thin as
Energy Environ. Sci., 2012, 5, 8558–8563 | 8559
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Fig. 1 (a) An illustration of the morphology of the LB and spun P(VDF-

TrFE) films. (b) XRD spectra of a 50 ML P(VDF-TrFE) LB film and

a spun P(VDF-TrFE) film (�150 nm) on Si substrate; (c) topography of

a P(VDF-TrFE) LB film (2 mm � 2 mm); (d) topography of a P(VDF-

TrFE) spun film (5 mm � 5 mm); (e) PFM amplitude images of a P(VDF-

TrFE) LB film; and (f) PFM response mapping images of the

P(VDF-TrFE) spun film on P3HT:PC60BM surface. (g) Comparison of

the PFM amplitude of the P(VDF-TrFE) LB film and spun film on the

marked positions in (e–f).

Fig. 2 PFM amplitude (a–c) and phase images (d–f) of the domain

structure in the P(VDF-TrFE) nanomesa on P3HT:PC60BM before and

after application of positive or negative voltage pulses. (g–h) PFM

hysteresis loops (phase and amplitude) of an unscreened P(VDF-TrFE)

domain on a P3HT:PC60BM layer.
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1 nm,19 evident by the strong and sharp combined (110)–(020)

peak shown in Fig. 1b.20 The spun P(VDF-TrFE) films show

a very weak (110)–(020) diffraction peak, which indicates that

these films have much poorer crystallinity. This difference is not

surprising, because the boiling point of acetone (56 �C) is too low

to form a crystalline copolymer due to the quick solvent

evaporation in the spin coating process. In addition, the spun

P(VDF-TrFE) films must be annealed above the ferroelectric–

paraelectric transition temperature, which is over 100 �C for the

70% VDF copolymer, to achieve high crystallinity.21
3.2 Ferroelectric properties of the LB and spun P(VDF-TrFE)

films

To further investigate the role of the film fabrication procedure

on the ferroelectric properties, the P(VDF-TrFE) films have been

tested by PFM.22,23 The results of these studies are shown in

Fig. 1c–f. The LB P(VDF-TrFE) film (2 ML) shows strong PFM

contrast while the spun P(VDF-TrFE) film shows barely any

PFM response, which is consistent with its low crystallinity.

XRD and PFM imaging data clearly show that the spun P(VDF-

TrFE) films have very weak ferroelectricity, and therefore can

function only as a regular dielectric layer.

The ferroelectric nature of the LB P(VDF-TrFE) films has

been further confirmed by inducing polarization reversal using

the electrically biased PFM tip (Fig. 2). A �10 V, 1 s voltage

pulse supplied by the PFM tip can switch the polarization of

the P(VDF-TrFE) crystallites up and down, as is clearly

observed in the PFM images. Saturated hysteresis loops

measured by PFM in LB P(VDF-TrFE) on P3HT:PC60BM are

shown in Fig. 2g–h.
8560 | Energy Environ. Sci., 2012, 5, 8558–8563
3.3 Switch capability of the devices with LB and spun P(VDF-

TrFE) interlayers

The switchable polarization of ferroelectric material results in

a switchable photovoltaic and diode effect, which is a unique

characteristic of a ferroelectric photovoltaic device.24,25 We first

compared the performance of the devices with crystalline and

amorphous P(VDF-TrFE), i.e., prepared by LB deposition and

spin coating, respectively, on the three states: as-grown, posi-

tively poled (the device is reverse biased) and negative poled (the

device is forward biased). The device structure of ITO/

PEDOT:PSS (25 nm)/P3HT:PC60BM (150 nm)/P(VDF-TrFE)

(2 ML)/Al (100 nm) is the same as previously reported.12 As

shown in Fig. 3a and b, the performance of the device with

crystalline P(VDF-TrFE) changes dramatically with different

poling states (as previously demonstrated in ref. 12 and 13) while

the device with amorphous P(VDF-TrFE) shows little variation

of photocurrent in these three states. The device with crystalline

P(VDF-TrFE) LB film has an enhanced PCE of 3.4% after

positive poling and suppressed PCE of 1.4% after negative poling

the P(VDF-TrFE) layer. In contrast, the PCE of the device with

amorphous P(VDF-TrFE) spun film has much smaller difference

between 2.5% (enhanced) and 2.0% (suppressed) after positive
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 Variations of the open circuit voltage and short circuit current in

the FE-OPV structure over two weeks of observation.

Fig. 3 Comparison of device performance with P(VDF-TrFE) as

interfacial layers by LB (a) and spin coating (b) with a device structure of

ITO/PEDOT/P3HT:PC60BM/P(VDF-TrFE)/Al. Comparison of switch-

ing capability of the devices with crystalline (c) and amorphous P(VDF-

TrFE) (d) at both cathode and anode with a device structure of

ITO/P(VDF-TrFE)/P3HT:PC60BM/P(VDF-TrFE)/Au.
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and negative poling, respectively. It is thus concluded that the

amorphous P(VDF-TrFE) dielectric film acts primarily as

a charge blocking layer, although the relatively small ferroelec-

tric fraction may also contribute to the change. Actually, the

observed small tunability of photocurrent in amorphous P(VDF-

TrFE) device can be explained by the partial crystallization of

P(VDF-TrFE) upon thermal annealing.

To observe more distinct current switching capability of FE-

OPV devices, we inserted P(VDF-TrFE) films, prepared by both

LB and spin coating methods, on both the cathode and anode

sides with a device structure of ITO/P(VDF-TrFE) (3.4 nm by

LB coating, or 3.2 nm by spin coating)/P3HT:PC60BM (150 nm)/

P(VDF-TrFE)/Au (30 nm). Since Au and ITO have very similar

work functions, the dipole direction of P(VDF-TrFE) determines

the diode direction of the device. Fig. 3c and d show the dark

current of the two devices under the three states. The diode

conductance direction of the device with crystalline P(VDF-

TrFE) was reversed by the switching pulses, while the conduc-

tance direction of the device with amorphous P(VDF-TrFE)

remained unchanged. This result further confirms that crystalline

P(VDF-TrFE) with robust switchable polarization is required to

enhance the efficiency of the FE-OPV devices.
Fig. 5 Short circuit current of LB P(VDF-TrFE) FE-OPV under 3 mW

cm�2 illumination.
3.4 Stability of the polarization in P(VDF-TrFE)

To be of practical use in a FE-OPV device, polarization of the

ferroelectric layer needs to be stable for long periods, both in the

dark and under illumination. It has been shown in our earlier

work that the nanometer-thick nanocrystallites of P(VDF-TrFE)

on the doped silicon substrate exhibit stable polarization over

a very long period of time (>1 month) even without any top

electrode.26 Strong polarization retention (up to several days at

least) was also reported for P(VDF-TrFE) nanoislands covered

with a nanometer-thick insulating film.17,20 The photocurrent

output stability of FE-OPV devices with positively poled crys-

talline P(VDF-TrFE) in a device structure of ITO/PEDOT:PSS
This journal is ª The Royal Society of Chemistry 2012
(25 nm)/P3HT:PC60BM (150 nm)/P(VDF-TrFE) (2 ML)/Al (100

nm) was measured over a period of more than two weeks. The

measurements showed only minimal decay (10%) both for the

open circuit voltage and short circuit current (Fig. 4). This weak

decay in principle may be caused by a slight depolarization of

P(VDF-TrFE), but more likely to be induced by other factors

such as degradation of the semiconductor polymers and oxida-

tion of the electrodes, since the devices without the ferroelectric

layer also show a similar degradation rate in our lab and those

reported elsewhere.27–29 During the stability test, the devices were

kept in the dark and the whole poling process was conducted in

the dark.
3.5 Can the polarization charge be screened by the

photocurrent?

The polarization of the ferroelectric layer affects the distribution

of the charges in the semiconductor layer in the FE-OPV. A

simple estimation shows that the photogenerated charge density

in an OPV is too small to compensate the polarization charge on

the P(VDF-TrFE) surface: the photogenerated charge density

measured by charge extraction in real P3HT:PC60BM device

under 1 sun illumination is about 0.5–2.8 � 1016 cm�3 from zero

bias to open circuit voltage,30 which corresponds to a total sheet

charge density in the range of 1.2–6.7 � 10�4 C m�2 for an active

layer thickness of 150 nm, assuming a uniform charge distribu-

tion. This charge density is three orders of magnitude smaller

than the polarization charge density of 0.1 C m�2 at the P(VDF-

TrFE) surface.31 Therefore, unless the photogenerated charges

accumulate at the P(VDF-TrFE)/semiconductor interface over
Energy Environ. Sci., 2012, 5, 8558–8563 | 8561
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time, in which case the PCE would steadily decrease, the

compensation of the polarization charge of P(VDF-TrFE) by the

instant photogenerated charges is negligible. In order to find out

whether the photogenerated charges accumulate at the P(VDF-

TrFE)/semiconductor interface and gradually compensate the

polarization charges, we monitored the photocurrent of the FE-

OPV under a weak illumination of 3 mW cm�2 over a long time

scale. If all the photogenerated charges were accumulated at the

P(VDF-TrFE)/semiconductor interface, the device needs to be

illuminated for 30 s to generate enough charges to completely

screen the P(VDF-TrFE) polarization charge. The FE-OPV

device was poled right before the testing. Previous results show

that the retention time of P(VDF-TrFE) polarization is long

enough to guarantee its polarization to be stable during this

testing process. If the polarization charges are completely

compensated by the photogenerated charges, a decrease in

photocurrent is expected after screening. However, as shown in

Fig. 5, the device photocurrent is constant during the 90 s of

observation. This result thus excludes the accumulation of

significant photogenerated charge at the P(VDF-TrFE)/semi-

conductor interface. This negligible charge accumulation is due

to the efficient charge collection at the cathode interface, which is

proved by the very high short-circuit current density of the

FE-OPV devices.12

3.6 Direct correlation of photocurrent with polarization in

P(VDF-TrFE)

The next experiment further highlights the essential role of the

ferroelectric polarization in enhancing device efficiency. The

positively poled ferroelectric layer was partially depolarized by

heating it up to 135 �C into the paraelectric phase for 25 seconds

and then cooling back to room temperature under zero bias. As

shown in Fig. 6a, the photocurrent of the device with crystalline
Fig. 6 (a) In situmonitoring of the variations in the photocurrent (under

30mW cm�2 illumination) upon annealing to induce depolarization of the

ferroelectric layer. (b) Illustration of the dipole rearrangement in P(VDF-

TrFE) LB and spun films as a result of annealing.

8562 | Energy Environ. Sci., 2012, 5, 8558–8563
LB P(VDF-TrFE) dropped by 5–10% as a result of dipole

misalignment after annealing. In contrast, the photocurrent of

the device with amorphous P(VDF-TrFE) is found to be almost

the same before and after annealing. The observed bump in the

current–time curve during the heating process is probably due to

the thermally assisted charge transport.7 The photocurrent of the

device with crystalline P(VDF-TrFE) is still higher than that with

amorphous P(VDF-TrFE) after thermal annealing, which might

be caused by the incomplete depolarization of P(VDF-TrFE) or

partial pinning of the dipoles by P3HT:PC60BM and aluminum

oxide.12 The reduced photocurrent of the device with a crystalline

P(VDF-TrFE) interlayer can be explained by the loss of polari-

zation of P(VDF-TrFE) upon thermal annealing without field

cooling. The device with an amorphous P(VDF-TrFE) interlayer

is not affected by the thermal annealing process because there is

no aligned polarization in the amorphous P(VDF-TrFE). These

scenarios are illustrated in Fig. 6b. This experiment is additional

strong evidence that efficiency improvement in FE-OPV

is caused by ferroelectricity of the inserted crystalline

P(VDF-TrFE) layer.
4. Conclusion

In conclusion, it has been shown that the observed enhancement

of PCE of the OPV devices with an inserted thin layer of P(VDF-

TrFE) is caused by the ferroelectric polarization of the polymer.

It is then critical to fabricate highly crystalline P(VDF-TrFE)

films to utilize their ferroelectric properties in FE-OPVs.

Amorphous P(VDF-TrFE) films show almost no ferroelectricity

and act as regular dielectric layers in the OPV devices, which

generally reduces the device efficiency due to the increased

contact resistance. Polarization of crystalline P(VDF-TrFE) has

been shown to be very stable at the semiconducting polymer/Al

interface. The instant photocurrent in FE-OPV devices is too

small to screen the polarization charges of P(VDF-TrFE). The

non-continuous morphology of P(VDF-TrFE) allows efficient

charge extraction to the electrodes and avoids/reduces the piling

up of photogenerated charges at the P(VDF-TrFE)/semi-

conductor interface. The switchable diode and photovoltaic

enabled by the inserted ferroelectric dipoles may allow new

applications of organic electronic devices.
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