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ABSTRACT: We demonstrated a facile route to the preparation of self-assembled poly(vinylidene fluoride-co-trifluoroethylene)

[P(VDF-TrFE)] nanodots from spin-coated thin films. We found that the initial film thickness would play an important role in the

formation of such P(VDF-TrFE) nanodots. Interestingly, the electric dipoles of such nanodots were self-aligned toward the bottom

electrode and their ferroelectric properties were determined by using piezoresponse force microscopy. In addition, the self-polarized

ferroelectric nanostructures were introduced to small molecular organic photovoltaic devices and allowed for enhancing the short cir-

cuit current density (Jsc) from 9.4 mA/cm2 to 10.2 mA/cm2 and the power conversion efficiency from 2.37% to 2.65%. VC 2014 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2014, 132, 41230.
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INTRODUCTION

Organic ferroelectric materials have been highly desirable in

potential applications, such as non-volatile memories, radio-

frequency identification (RFID) tags, and piezoelectric energy

harvesters.1–4 It is however only recent that the incorporation

of a ferroelectric polymer interlayer into organic solar cells

(OSCs) was demonstrated for enhancing the power conversion

efficiency (PCE) due to the electric field induced by ferroelec-

tric dipoles.5 Among various organic ferroelectric materials,

poly(vinylidene fluoride-co-trifluoroethylene), P(VDF-TrFE),

copolymers are fascinating ones in contrast with ferroelectric

oxides because of their large remnant polarization, short

switching time, and the low processing temperature.6–8 A con-

siderable amount of efforts have been made to date in an

attempt to improve the ferroelectric properties of P(VDF-

TrFE) ultrathin films and nanostructures.9–15 Solution spin-

coating has commonly been used to prepare P(VDF-TrFE)

ultrathin films even if several parameters, such as the initial

polymer concentration, residual solvent, spin speed, and

annealing temperature, affect the quality of their films.9–12

P(VDF-TrFE) ultrathin films with an excellent crystalline order,

on the other hand, have been achieved using a Langmuir–

Blodgett (LB) monolayer (ML) transfer technique.13 Spontane-

ous crystalline nanomesa formation from continuous P(VDF-

TrFE) LB films has also been reported.14 However, the LB ML

transfer technique is sensitive to surface chemistry associated

with the P(VDF-TrFE) coverage on water surface prior to its

transfer. Additionally, in terms of self-organizing nanostruc-

tures, 8 ML and thicker films were unable to form discrete

nanostructures even after lengthy post-annealing.15 We accord-

ingly investigated the self-organization of nanostructures from

continuous spin-coated P(VDF-TrFE) films. Their ferroelectric

properties were also evaluated involving piezoresponse force

microscopy (PFM) and local piezoresponse hysteresis measure-

ments. It should be noted that the movement of the main car-

bon backbone during the self-organization was determined

using polarization controlled Fourier transform infrared spec-

troscopy (FTIR). We moreover demonstrated the enhancement

of PCE in small molecular OSCs by the incorporation of self-

polarized ferroelectric nanostructures to the cells.

Additional Supporting Information may be found in the online version of this article.
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EXPERIMENTAL

In this study, self-organized P(VDF-TrFE) nanodots were

obtained by spin-coating and subsequent annealing. We selected

a ferroelectric copolymer consisting of 75% vinylidene fluoride

and 25% trifluoroetylene (75 : 25 copolymer) with a molecular

weight of 200,000 and its pellets were dissolved in methyl ethyl

ketone (MEK) to prepare solutions with concentrations ranging

from 0.25 wt % to 3 wt %. The solutions were filtered through

a 0.2-lm syringe filter and then spun cast onto Au/Ti/Si sub-

strates at 5000 rpm for 20 s. The spin-coated P(VDF-TrFE)

films were then immediately annealed at a specific temperature

for 2 h on a hot plate. The initial thickness of each spin-coated

P(VDF-TrFE) film just after drying solvent was measured to

discover a critical thickness of the self-assembled nanodot for-

mation using a scanning electron microscope (S-4800, Hitachi,

Japan), a transmission electron microscope (JEM-2100F HR,

JEOL, Japan), and a spectroscopic ellipsometer (VASE, J.A.

Woollam, USA). The surface morphology was observed using a

commercial atomic force microscope (AFM, SPA 400, Seiko,

Japan) with a SiN cantilever tip. In order to determine ferro-

electric molecular conformations of P(VDF-TrFE) films and

nanostructures, we utilized a FTIR spectrometer (Vertex 80,

Bruker Optics, Germany) with an image microscope (Hyperion

3000, Bruker Optics, Germany). Importantly, the polarization of

an incident light in the FTIR-attenuated total reflection (ATR)

spectroscopy was controlled in an attempt to explore molecular

orientations of P(VDF-TrFE) copolymers during the self-

organization. Incident p-polarized light redefines the polarizing

direction of an evanescent wave which penetrates into the sam-

ple and is used as a probe beam in FTIR-ATR measurements.

The sampling area was around 80 3 80 lm2 and the spectral

Figure 1. AFM images of P(VDF-TrFE) films annealed at 150�C: initial thicknesses of (a) 126.8 6 7.1 nm, (b) 71.9 6 3.2 nm, (c) 24.03 6 3.5 nm, (d)

17.02 6 0.11 nm, and (e) 6.48 6 0.13 nm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. p-Polarized FTIR-ATR spectra of the P(VDF-TrFE) nanostruc-

tures obtained from (a) 24.03 6 3.5 nm, (b) 17.02 6 0.11 nm, and (c)

6.48 6 0.13 nm-thick P(VDF-TrFE) films. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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resolution was 4 cm21. Both morphological and piezoresponse

images were simultaneously recorded, under ambient condi-

tions, using a commercial AFM (XE-100, Park Systems, Korea)

equipped with a lock-in amplifier (SR830, Stanford Research

System, USA). A controlled modulation voltage of 0.8 Vrms at

17 kHz was applied to a Pt-coated Si tip (Micromasch, Spring

constant k � 6.0 N/m), which allowed the measurement of local

electrical and topological properties both simultaneously and

independently. Piezoelectric hysteresis loops of continuous films

and self-organized nanostructures were measured by positioning

the tip on top of a selected position and monitoring the piezor-

esponse signal as a function of the d.c. bias applied to the bot-

tom electrode. We calibrated photodiode voltage outputs of the

piezoelectric vibration using force-distance measurements to

convert them to effective d33 piezoresponse (pm V21). In order

to determine the efficacy of ferroelectric nanodots on the per-

formance of OSCs, we also fabricated small molecular organic

photovoltaic devices whose structure used in this study was Ag

(100 nm)/bathocuprione (BCP, 8 nm)/fullerene (C60, 20 nm)/

copper phthalocyanine (CuPc):C60 (1 : 1, 30 nm)/P(VDF-TrFE)

nanodots/indium tin oxide (ITO). CuPc and C60 co-evaporated

on P(VDF-TrFE) nanodots formed on ITO : glass substrates

and additional C60 was subsequently deposited. BCP and Ag

layers, eventually, evaporated by the process of thermal evapora-

tion. The photovoltaic characteristics of the devices under AM

1.5 global one sun illumination (100 mW/cm2) were investi-

gated by a solar cell I–V measurement system (K3000 LAB,

McScience, Korea). Photocurrent density (Jsc), open-circuite

voltage (Voc), fill factor (FF), and power-conversion-efficiency

(g) were simultaneously measured.

RESULTS AND DISCUSSION

Illustrated in Figure 1 is the effect of film thickness and anneal-

ing temperature on surface morphology. We observed that the

formation temperature of the P(VDF-TrFE) nanodots decreased

as the initial film thickness decreased. For example, the film

with the initial thickness of 17.02 6 0.11 nm (0.5 wt %) gradu-

ally changed from the continuous film to the isolated nanodots

between 120 and 150�C. This progressive evolution indicated

Figure 3. (a)Topological, (b) piezoelectric amplitude, and (c) phase images of the self-assembled P(VDF-TrFE) nanodots with initial film thicknesses of

(top) 24.03 6 3.5 nm, (middle) 17.02 6 0.11 nm, and (bottom) 6.48 6 0.13 nm. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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that the formation of P(VDF-TrFE) nanostructures would

depend on the initial film thickness and that there was a critical

thickness (t< 24.03 6 3.5 nm) at which nanostructures were

formed. In cross-sectional TEM images, the shape of the dis-

crete nanodots was hemispherical and they were clearly sepa-

rated from one another on the substrate (Supporting

Information Figure S1). It should be noted that 25-nm thick

and thicker films would not be thermally changed to the dis-

crete nanodots even after higher temperature is applied. We

speculate that such critical thickness in spin-cast polymer films

would be associated with the extent of polymer deformation

related to the competition between shear-induced structuring

and thermally activated interdiffusion.16 However, the interdif-

fusion in the polymeric films in relation to the conformational

restructuring during annealing process is restricted by the prop-

agation of pinhole defects below the critical thickness.16,17 Thus,

in the regime below the critical thickness (called a sublayer),

shear stresses associated with spin coating could stretch and/or

disentangle P(VDF-TrFE) polymers. We, in addition, observed

that the formation of nanostructures was affected by the sub-

strate material, such as Al and Cu (Supporting Information Fig-

ure S2). The smaller nanodots were formed on the Al-coated Si

substrate, whilst nanodots were not formed on the Cu-coated Si

substrate. The surface roughness of the substrate would affect

the formation of such nanodots (i.e., the break-up of polymer

films into small droplets) and their feature size (Supporting

Information Table S1). This might also be expected from the

differences in thermal conductivity18,19 and interface adhesion

energies.20,21

The conformation characterization of the P(VDF-TrFE) film

and nanostructures was investigated using the p-polarized FTIR-

ATR spectroscopy. Figure 2 shows p-polarized FTIR-ATR spectra

of P(VDF-TrFE) samples with different initial thicknesses

annealed at 150�C. The absorption bands at 1290 cm21 and

848 cm21 (A1, l ||b) are associated with the b-phase possessing

trans sequences longer than four monomers (tm > 4) and

trans sequences longer than three monomers (tm > 3),

respectively.22–24 It is notable that the 1293 cm21 band can be

used as a reference band when determining relative intensities

within a sample since it does not overlap with any disordered-

phase band. Those at 1195 cm21 and 885 cm21 (B2, l ||a) are

related to anti-symmetric CF2 stretching vibrations and trans

sequence of one monomer.22–24 Those at 1402 cm21and

1076 cm21 (B1, l ||c) are very sensitive to the orientation of car-

bon main chains that can interact with the p-polarized

light.22–24 Unfortunately, the 1076 cm21 band overlaps with

broad disordered-phase bands and thus they cannot be used to

evaluate the chain direction of films and nanostructures. We

should note that the calculated penetration depth of our FTIR-

ATR measurements is 650 nm and thus the penetration depth is

enough to cover all samples used in this study, along with the

fact that the absolute decrease of peak intensities with the

decrease in the initial thickness is caused by smaller quantity of

P(VDF-TrFE) copolymers. In Figure 2, absorption peaks parallel

to an in-plane a axis and a vertical polar b axis decreased as the

initial film thickness decreased (i.e., smaller nanodots were

formed). The absorption peak parallel to the chain c axis, in

contrast, prominently grows in isolated nanodots. This indicates

that P(VDF-TrFE) copolymers start to be progressively aligned

to the vertical direction when nanodots are being formed dur-

ing the post-annealing process.

We think that the fundamental mechanism of self-organizing

nanodots would be related to the mass transfer along an inter-

face between two phases due to surface tension gradient or tem-

perature gradient or both. In our case, MEK plays a key role in

creating the temperature gradient due to its high volatility. The

MEK evaporation can also cause a concentration variation

within the films and this would result in the surface energy var-

iation on the interface between the copolymers and the air. In

addition, the hydrodynamic flow during spin coating stretches

the polymer chains and thus they are predominantly parallel to

the substrate. Xia et al. reported that P(VDF-TrFE) thin films

exhibited the stronger peak at v 5 90� in the v scan of the (110,

200) reflection than P(VDF-TrFE) thick films.25 Park et al. also

Figure 4. Piezoresponse hysteresis loops of P(VDF–TrFE) nanodots. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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confirmed that the strong bias centrifugal force field during

spin coating resulted in the preferential alignment of molecular

chains parallel to the substrate surface by the 2-dimensional

grazing-incidence X-ray diffraction.26 This coincides with the

absorption peaks parallel to either a or b axis in our p-

polarized FTIR-ATR spectroscopic analysis (Figure 2). The pre-

ferred orientation of P(VDF-TrFE) thin films used in this study

was confirmed by the (110) peak at 20� (but not the (001) in-

chain peak at 35�) in X-ray diffraction (Supporting Information

Figure S3). During the self-organization, however, the surface of

nanodots is being exposed to air and then polymer chains begin

to be aligned perpendicular to the surface in order to increase

the hydrophobic interaction with other polymers and reduce

the hydrophilic interaction with the air. Such preferential align-

ment is to achieve the lowest total surface energy of the system.

Thus, we anticipate that the absorption peak aligned perpendic-

ular to the chain c-axis becomes the prominent one during the

nanodot formation. This coincides with p-polarized FTIR

results mentioned above.

Figure 3 shows topological, PFM amplitude, and PFM phase

images of the P(VDF-TrFE) nanostructures. PFM imaging

allows the understanding of the polarization distribution within

individual nanostructures by detecting their mechanical oscilla-

tion in response to the applied ac bias (called piezoresponse).

In the PFM measurements, an amplitude signal indicates the

deviation of polarization from a surface normal (or a longitudi-

nal piezoelectric coefficient), whilst a phase signal indicates the

polarization direction. In our PFM phase images, bright con-

trast means upward polarization, whilst dark contrast means

downward polarization. Interestingly, as-received P(VDF-TrFE)

nanostructures showed uniform dark contrast in the phase

images. It indicates that electric dipoles in the nanostructures

were self-aligned in the direction from surface to the bottom

electrode. To obtain more details about spatial arrangement of

polarization, combined vertical and lateral PFM measurements

can be carried out but this is beyond the scope of this study. In

order to investigate switching properties of P(VDF-TrFE) nano-

dots (average diameter of 172.75 6 40.5 nm and average height

of 51.4 6 10.6 nm), local piezoresponse hysteresis loops were

measured at randomly selected positions and averaged data are

shown in Figure 4(a). The P(VDF-TrFE) nanodots exhibited a

remnant d33 value of 18.1 6 3.3 pm/V comparable with the

macroscopic values of 15–30 pm/V27 and a coercive voltage of

2.4 6 0.5 V. The hysteresis loop was positively shifted along the

voltage axis. This hysteresis loop shift can be elucidated by the

work function difference between top (UPt 5 5.65 eV) and bot-

tom (UAu 5 5.1 eV) electrodes and the polarization offset or

non-switchable dipoles.20 In addition, the percentage of the rel-

ative ratio for the aligned polarization per unit volume beneath

the AFM tip can also be determined by comparing an initial d33

value from the firstly measured hysteresis loop with a remnant

d33 value from the secondly measured hysteresis loop.21 The rel-

ative portion of the self-polarization (i.e., a remnant polariza-

tion in the nanodots without any previous poling treatment)

was 20.5% [Figure 4(b)]. Recently, we reported that such self-

polarization in ferroelectric polymer films would be intimately

linked with the built-in-voltage between the bottom electrode

and the P(VDF-TrFE) layer due to Schottky barrier in the

metal-semiconductor contact.21 Furthermore, we investigated

the effect of the annealing temperature (130, 150, and 170�C)

on structural and ferroelectric switching properties of the nano-

dots (Supporting Information Figure S4 and Table S2). The

absorption bands associated with the b-phase possessing trans

sequences drastically decreased when 24-nm thick films were

annealed at 170�C and thus the post-annealing above melting

temperature (Tm) resulted in poor ferroelectric properties

assessed by local piezoelectric hysteresis loops. Park et al.

reported that the heat treatment above Tm led significant reduc-

tion of ferroelectric polarization in P(VDF-TrFE) thin films

because of recrystallization.26

Figure 5 illustrates the representative J–V characteristics of the

OSCs with and without ferroelectric nanodots. The photovoltaic

parameters are summarized in Table I. The addition of the self-

polarized P(VDF-TrFE) nanodots between CuPc : C60 and ITO

resulted in better photovoltaic performance: Jsc from 9.0 mA/cm2

to 10.1 mA/cm2, Voc from 0.49 V to 0.50 V, and PCE from 2.38%

to 2.64%. We think that the internal electric field induced by the

self-polarized nanodots would affect the work function of the

ITO electrode and thus the change in ITO work function would

result in the improvement of Ohmic contact between CuPc : C60

and ITO related to hole transport from the active layer to anode.

More details about their role in the OSCs are under investigation.

CONCLUSION

In conclusion, we have successfully fabricated P(VDF-TrFE)

nanodots using the simple route of spin coating and

Figure 5. J–V characteristics of CuPc : C60 small-molecule OSCs with

and without P(VDF-TrFE) nanodots. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Table I. Photovoltaic Performance of CuPc:C60 OSCs Without and with

Ferroelectric Nanodots

Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

Without nanodots 0.49 29.00 54 2.38

With nanodots 0.50 210.10 52 2.64
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post-annealing. The self-assembly mechanism of such nanodots

might involve the minimization of total surface energy. We

found that the initial film thickness would play an important

role in the formation of such P(VDF-TrFE) nanodots and that

there was the critical initial film thickness, for example,

t< 24.0 6 3.5 nm. The p-polarized FTIR-ATR spectroscopy con-

firmed P(VDF-TrFE) copolymers near the surface were aligned

perpendicular to the interface when nanodots were formed dur-

ing the post-annealing process. What drew our interest was that

the insertion of the self-polarized nanodots between the active

layer and the anode allowed for enhancing the photovoltaic

parameters in the organic photovoltaic devices. We expect that

the self-polarized nanodots offer a great promise in non-volatile

memories, infrared imaging arrays, touch-screen sensors, and

artificial skin applications. We are currently exploring the regu-

lation of self-organizing nanostructures via external mechanism

and the visualization of three dimensional dipole configuration

in such nanodots using angle-resolved PFM (AR-PFM).28
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