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Abstract

Bimorph cantilevers were fabricated using the piezoelectric polymer [poly(vinylidenefluoride), Bviitase] for the active layers and
the highly conducting polymer [poly(3,4-ethylenedioxythiophene)/poly(4-styrenesulfonate), PEDOT/PSS] treated with a dimethyl sulfoxide
(DMSO) solvent for the electrodes. The PVDF films were modified so as to have high adhesion at the interface between the PVDF and the
PEDOT/PSS (DMSO) film by using an ion-assisted-reaction (IAR) method. A diffusion barrier was formed on the PEDOT/PSS (DMSO)
surface after the IAR treatment. The barrier on the IAR treated electrode prevented the epoxy from penetrating into the PEDOT/PSS (DMSO)
film, while the adhesive penetrated into the untreated electrode. In order to confirm the penetration of the epoxy adhesive into the IAR treated
PEDOT/PSS (DMSO), X-ray photoelectron spectroscopy (XPS) spectra and scanning electron microscopy (SEM) images were analyzed. The
surface resistance of the IAR treated electrodes was measured with a 4-point probe. The tip displacement of the cantilevers was measured a
a resonance frequency, and the deformation of the PVDF film with the IAR treated PEDOT/PSS (DMSO) electrodes was found to be higher
than that with PEDOT/PSS or inorganic electrodes at the same input voltages. The cantilevers made with indium tin oxide (ITO) or platinum
(Pt) electrodes became damaged after operating the devices at a high frequency or a high input power. The PVDF cantilevers made with the
PEDOT/PSS (DMSO) electrodes were found to be electrically and mechanically durable when operating at both high input voltage and high
frequency.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction electrical polarization in the piezoelectric materials varies
in response to mechanical stress and vice versa. The short
Electro active polymers (EAP) have been used in many cyclic periods and fatigue phenomenon arising from the
fields, such as artificial muscles, vibration and noise crack growth of piezoelectric ceramics are major problems
control systems, actuators and sensors for robots, acousti¢5,6]. The mechanical and electrical degradation of the
transducers, medical imaging systems, and pumps andceramics are caused by an alternating electric field, and these
valves, and so or[1-4]. Piezoelectric polymers in the problems limit their performance. Piezoelectric polymers
EAP materials have been investigated for use in various can withstand a large dimensional change without suffering
applications, such as sensors and actuators, because of thefrom fatigue. Poly(vinylidenefluoride) [PVDF, (GI€F;)]
flexibility, easy processing, light weight, and low cost. The shows higher piezoelectric activity than other piezoelectric
polymers, whose piezoelectric phenomenon was first
reported by Kawai in 196f7]. The direction of polarization
* Corresponding author. Tel.: +82 2 3200 3103; fax: +82 2927 3292.  Of the semi-crystalline PVDF is normal to the surface of the
E-mail addressjjoo@korea.ac.kr (J. Joo). film. In recent years, a great deal of effort has been made
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to improve the piezoelectric performance of these polymers  The surface configuration of the IAR treated PEDOT/PSS
[8,9]. The PVDF surface needs to be modified because (DMSO) was analyzed using SEM. In order to confirm the
the hydrophobic surface exhibits poor adhesion with other chemical bonds on the IAR treated PEDOT/PSS (DMSO)
materialg[10]. In this study, the ion-assisted-reaction (IAR) surface, XPS (PHI 5700 ESCA) spectra were analyzed. An
method is used for the purpose of surface modification. Al Ka monochromatic X-ray sourcéng =1486.6 eV) was
The electrodes in piezoelectric polymer devices play an used, and the pass energy of the analyzer was fixed at 23.5 eV.
important role in the case of high power and high frequency  The epoxy adhesive (Araldite standard, Ciba-Geigy Corp.)
systems, because of the high potential for large deformationwas screen-printed on the pristine and IAR treated PE-
or electrode breakdown of in these devices. In a previous DOT/PSS (DMSO) films, and dried for 1 h at 70. The
study, it was demonstrated that acoustic devices with thickness of the epoxy was 40n. After peeling off the
poly(3,4-ethylenedioxythiophene)/poly(4-styrenesulfonate) PVDF film from the PEDOT/PSS (DMSO) film, the XPS
[PEDOT/PSS (DMSOQ)] electrodes operated in stable mannerspectra and the SEM images of the PEDOT/PSS (DMSO)
withoutdamages at high power, and exhibited anincreased efsurface were analyzed. The surface resistance of the PE-
ficiency and an extended lifetinfigl]. In this study, we fabri- DOT/PSS (DMSO) films was measured with a 4-point probe
cated a durable bimorph type cantilever using IAR treated PE- (SD-520, NAGY) after screen-printing the epoxy on the films.
DOT/PSS (DMSO) for the electrodes and PVDF forthe active  All polymer based bimorph cantilevers were fabricated
layers. with two PVDF active layers, and the PEDOT/PSS (DMSO)
or PEDOT/PSS was coated on both sides of each active layer
(Fig. 1). Two poled PVDF films (12 35 mn?) were bonded
2. Experimental with their directions of polarization parallel to each other.
The length of the cantilever from the free end to the clamped

PEDOT/PSS (Bayer AG, Baytron P) solution was used position was 30 mm. The strips of PVDF in a series bimorph
in this experimental. The weight ratio of PEDOT to PSS was were connected to the voltage source in series, and that in a
1:1.6. In order to obtain highly conducting PEDOT/PSS sam- parallel bimorph were individually connected to the voltage
ples, dimethyl sulfoxide (DMSO) was added to the Baytron sources. The bimorph caused bending deformation, because
P solution at a volume ratio of 4:1 (PEDOT/PSS:DMSO) two PVDF films produce extension or contraction under an
and stirred for 8 h at room temperature (RT2]. The modi- external AC electric field. Three different cantilevers with
fied PEDOT/PSS (DMSO) solution was screen-printed on the PEDOT/PSS (DMSO) electrodes were fabricated using high
PVDF (B phase, 4um in thickness, Kureha, Japan) films. and low conducting electrodes, with and without the IAR
Before screen-printing, the surface of the PVDF was modi- treatment. The inner electrodes of the cantilevers were mod-
fied using the IAR methofil3]. A cold hollow cathode type ified through the IAR process, whereas the outer electrodes
ion source for the IAR treatment was used for the surface were not modified. PVDF cantilevers with inorganic ITO and
modification. The energy of the irradiating argon ions and Pt electrodes were also fabricated, and these electrodes were
the rate of blowing oxygen gas was 1keV and 14 standard deposited using the ion-beam sputtering me{i&dl 2500A
cubic centimeters per minute (sccm), respectively. The ion thick Ptand ITO electrodes were deposited on the IAR treated
dose of argon varied from$% 10'4to 5 x 10*®ions/cnf. The PVDF films. The working pressure and the base pressure were
base pressure inside the chamber was<218~° Torr, and maintained to be 3.% 10-° and 5x 10~ Torr, respectively.
the working pressure was 1x010~“ Torr during the IAR The ion beam potential of the argon was 1keV, and the de-
treatment. After screen-printing the PEDOT/PSS (DMSO) position rate of the target materials was Als. The tip dis-
solution on the IAR treated PVDF films, the solution was placement of the cantilevers was measured using 0.05mm
dried for 10 h at RT. The composite films were also modified scale vernier calipers. In order to define the resonance fre-
by the same IAR process. The thickness of the PEDOT/PSS
(DMSO) films was measured to be 258Grom the cross-
sectional scanning electron microscopy (SEM, JEOL JSM-
5200) image. The samples were coated witth3nick gold
prior to SEM imaging. For the cross-sectional SEM imag-
ing, the samples were tore after dipping into liquid nitrogen
during 10s.

The contact angles of de-ionized water and formamide
to the PEDOT/PSS (DMSOQO) were measured using a contact
angle goniometer (Tantec—CAM Micro). The contact angles
were measured at 5s and averaged value was taken from [ {} | PVDF
three different points on the IAR treated samples. The surface |l Electrode ﬁ Dipole
energy of the samples was calculated from two contactangle [ ] Epoxy

measuremen{d 4], which consisted of the polar energy and
the dispersion energy. Fig. 1. Schematic diagram of the parallel type bimorph cantilever.
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Table 1
The variation of the contact angle and the surface energy of the PEDOT/PSS (DMSO) film modified by 1 keV Ar ion irradiationgeisflow (14 sccm)

Pristine IAR treated PEDOT/PSS (DMSO) (ionsfAm

5x 1014 1x 101 5x 10° 1x 106 5x 1016

Contact angle (water/formamide)) ( 78174 50/33 44/21 35/7 21/5 19/4
Surface energy (mJfh 31 51 56 62 68 69
Polar energy (mJ/R) 27 26 28 35 48 50
Dispersion energy (mJAh 4 25 28 27 20 19

quency, the displacement of the devices was measured frommodification on the polymer at ion doses of greater than
10 Hz to 1 MHz (inset in théig. Bb). The frequency show- 1 x 10'%ions/cn? did not cause the contact angle of the sub-
ing peak displacement of the device is resonance frequencystrates to be lowered any further.
Maximum displacement of the device was appeared at 1st The surface energy of the PEDOT/PSS (DMSO) was cal-
mode resonance frequency. The vibration mode of the deviceculated from the contact angles, and the surface energy of
in side view at 1st and 2nd resonance frequency was 1/4 andhe pristine PEDOT/PSS (DMSO) film was found to be
3/4 1 (wavelength) of standing wave, respectively. 27mJint. As expected from the measured contact angles,
the surface energy of the PEDOT/PSS (DMSO) film in-
creased up to a maximum of 69 m¥/mt an ion dose of
3. Results and discussion 5x 10'8ions/cn?. The polar energy was highly increased
after the IAR treatment, while the change of dispersion en-
The de-ionized water contact angle to the PEDOT/PSS ergy was smallTable ). The dispersion energy decreased
(DMSO) film rapidly changes because the polymer is wa- at ion doses of greater than<110'®ion/cn?, even though
ter soluble. The contact angle of the PEDOT/PSS (DMSO) the ion dose increased. The surface energy of the sample was
film decreased from 78 to 1%fter 10s. After the IAR treat-  saturated at ion doses of greater thax I0*®ion/cn?. The
ment on the polymer film, the contact angle of the film re- IAR treatment on the surface of the PEDOT/PSS (DMSO)
tained its initial value after 1 min. The water and formamide film is no longer effective at ion doses of greater than
contact angles to the PEDOT/PSS (DMSO) films decreased1 x 10'%ion/cn?.
with increasing ion doseT@ble 1. A remarkable decrease SEMimages ofthe IAR treated PEDOT/PSS (DMSO) sur-
in water contact angle was observed as the ion dose in-faces were analyzedrig. 2). The surface images of the IAR
creased from 5 10 to 1 x 10%jons/cn?. The contactan-  treated PEDOT/PSS (DMSO) films at low ion doses were
gles of water and formamide of the sample at an ion dose very similar to that of the pristine PEDOT/PSS (DMSO)
of 1 x 10*%ions/cn? were 21 and G respectively. The IAR  surface. The surface of the IAR treated sample has the

BT TR

{5x10'4 ions/cm2

!

Fig. 2. SEM images of the pristine and IAR treated PEDOT/PSS (DMSO) with various ion dose.
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Fig. 3. Comparison of (a) C1s and (b) S2p core level spectra of the pristine and IAR treated PEDOT/PSS (DMSO) films with various ion doses in an O

environment.

appearance of a porous structure at a high ion dose ofions make the polymer surface unstable and, consequently,
5 x 10%ion/cn? (Fig. 2d). new chemical bonds were produced from the chemical re-
X-ray photoelectron spectroscopy (XPS) spectra analy- action between the unstable surface and the blown reactive
sis was carried out to confirm the changes in the chemical oxygen gases. The hydrophilic functional groups created by
bonds on the IAR treated PEDOT/PSS (DMSO) films. All the IAR treatment usually play an important role in the adhe-
of the spectra were referenced to the C(1s) level which wassion between the surface modified samples and other mate-
set to 285.0eV. The spectrum of the pristine PEDOT/PSS rials[17,18] The hydrophilic groups containing oxygen can
(DMSO) shows two main features, a strong peak at 285.0 eV attract water, and also prevent water from penetrating into the
and a shoulder at 286.5 eWif). 33). The high bindingenergy = PEDOT/PSS (DMSO) filmTable J).
peak originated from the saturated amaonjugated carbon The S(2p) core level spectra of the IAR treated PE-
atoms in the PEDOT and the PSS chains. The shoulder pealDOT/PSS (DMSO) were obtaine#if. 3). The sulfur atom
at 286.6 eV corresponds t€C—-O—C— bonds in the PEDOT  gives rise to a spin-split doublet, S@@ps/), having energy
chaing16]. The XPS spectrum of the PEDOT/PSS (DMSQO) difference (1.18eV) in the S(2p) core level spectrum. The
surface is similar to that of the PEDOT/PSS surface, becauseS(2p) spectra show two main peaks corresponding to the sul-
the structure of the PEDOT/PSS is not changed after addingfur atoms in the PEDOT/PSS (DMSO) chains. The peaks
the solven{12]. New chemical bonds were detected on the near 164.7 and 169.0 eV were attributed to the sulfur atoms
PEDOT/PSS (DMSO) surface after IAR treatmefig( 3a). in the PEDOT and the PSS chains, respectively. The high
The shoulder at the higher binding energy originated from the binding energy peak of the pristine sample corresponding to
newly generated chemical bonds containing oxygen causedthe sulfur in the PSS chains was stronger than that in the PE-
by surface modification. The different binding energies ofthe DOT chains Fig. 3b). The high binding energy peaks near

oxidized carbons corresponding to th€-O—-C—, —C=0, 169.0 eV include two kinds of sulfur peaks, namely the ionic
and—O—(C=0)- were 286.6, 287.9, and 289.0eV, respec- (PSS Na') and neutral (PSSH) peaks. The two low binding
tively. energy peaks at 164.2 and 165.3 eV correspond to a spin-split

A remarkable increment of theC=0 bonds were ob-  doublet of sulfur atoms. Greczynski et Hl6] described the
served on the IAR treated olefinic polymer at a low ion dose reduction of the sulfur atoms in the PSS chains on the surface
[17]. The number of oxygen atoms doubly bonded to the car- of the HCI treated PEDOT/PSS samples after heat treatment.
bon atoms at a low ion dose decreased upon further ion irra-The sulfur atoms in the PSS chains were easily attacked and
diation. In the case of the PEDOT/PSS (DMSO) films, a peak decomposed by the HCI after heat treatment, because the
corresponding to the carbonyl groups also appeared at a lowPSS chains mainly existed on the PEDOT/PSS surface. A
ion dose, but slightly decreased in intensity with increasing similar phenomenon was observed on the IAR treated PE-
ion dose. A peak corresponding to the carboxylate groups DOT/PSS (DMSO) surface. The low binding energy peak
was observed at 289.0 eV on the IAR treated PEDOT/PSSof the sulfur atoms from the PEDOT chains was increased
(DMSO), while this peak was not observed on the olefinic after the IAR surface modification, while the high binding
polymer. The surface phenomena of the IAR treated polymer energy peak from the PSS decreased. Both the ionic and neu-
were explained in a previous stufy8]. The energetic argon  tral sulfur peaks in the PSS chains were reduced after the
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IAR treatment. The atomic concentration of sulfur on the - r - 1 - & v 7 - &
PEDOT/PSS (DMSO) surface was 6.2%, while that on the i 1
IAR treated polymer surface was 4.5%. The quantitative ratio 1
of the sulfur atoms in the PSS chains to that in the PEDOT
chains decreased from 4:1 to 1:3.2 after surface modifica-
tion with an ion dose of % 10*°ions/cn?. The decrease of
peak intensity resulted from the sputtered sulfur atoms caused
by the IAR process. The IAR treatment on the PEDOT/PSS
(DMSO) film at a high ion dose resulted in a change in the
surface configuration, as well as the reduction of the sulfur Epoxy penetration
atoms in the PSS chains. The decrease of sulfur atoms in the int> PEDOT/FSS (DMSO)

Intensity (a.u.)

PSS chain on the film surface do a small contribution to the L IAR treated 3
conductivity of PEDOT/PSS (DMSO) film, because DMSO Wiselisic TN
polar solvent does a major role in increasing conductivity of 294 202 200 288 286 284 282
the film [12]. Binding energy (eV)

XPS Cl1s core level spectra of the PEDOT/PSS (DMSO) _ o
surface after detaching the PVDF film from the screen-printed EES‘O'T%;“SF”’EBS'\;’QS'; lenS] Scc\’,;ﬁr']e;i' ;pnezt;"’s‘:f;:(:l‘(’;l'ssil”nejcﬁ 'ﬁRatr:eated
film were analyzedRig. 4). The surface energy of the IAR O, environment after peeling off the PVDF from the PEDOT/PSS (DMSO)
treated sample with an ion dose ok10™ions/cn? was film.
56 mJ/nf. The surface spectrum of the IAR treated sample
shows two main features, a strong peak at 285.0eV and a SEM images of the surface and cross section of the pris-
shoulder at 286.6 eV, as is also the case in the reference PEtine PEDOT/PSS (DMSO) film, with and without the IAR
DOT/PSS (DMSO) sample. The Cls spectrum of the IAR treatment were demonstrateeld. 5). The penetrated epoxy
treated PEDOT/PSS (DMSO) was very similar to that of the from the opposite surface was observed on the surface of the
reference sample. In the pristine PEDOT/PSS (DMSO) film pristine sampleKig. 5a). The interface between the epoxy
without the IAR treatment, an increment of the XPS sig- and the pristine PEDOT/PSS (DMSO) film was not clear,
nal at 286.6 eV was observed. This increased shoulder peakas shown in the cross sectional imagég( 5c), since both
resulted from the penetration of epoxy containing the chem- epoxy and PEDOT/PSS (DMSO) coexist at the interface. In
ical structure of-C—O—C— into the film. The increment in  the case of the IAR treated sample, epoxy was not observed
the concentration of the epoxy in the PEDOT/PSS (DMSO) on the PEDOT/PSS (DMSO) surfadéd. 5b). A clear inter-
film caused the increase in the resistance of the PEDOT/PSSace between the epoxy and PEDOT/PSS (DMSO) film was
(DMSO) film. observed after IAR treatmenfig. 5d). This result implies

LMLl 5x10'5 ions/cmz [
2 \

sE

[ Pristine LI 5x101 lons/cm2

PEDOT/PSS (DMSO) ¢
| 25004 b /

D14 .6mm 10.0

Fig. 5. SEM images of the surface of (a) the pristine and (b) the IAR treated sample with an ion dos@@P%ons/cnt in an O; environment, and cross
sectional images of (c) the pristine and (d) the IAR treated samples. Inset: magnification of the interface.
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-Srelljtr);:cze resistance of the pristine, the IAR treated, and the epoxy penetrated PEDOT/PSS (DMSO) films

Non treated PEDOT/PSS (DMSO) IAR treated PEDOT/PSS (DMSO) (iorf$/cm

Reference Pristine & 101 1x 101 5x 101° 1x 106 5x 1016
Surface resistance (¥(J) 1.3 70 2.7 1.9 14 2.8 3

that the hydrophilic groups on the IAR treated PEDOT/PSS surface resistance of the pristine PEDOT/PSS (DMSO) sam-
(DMSO) films prevent the epoxy from penetrating into the ple with screen-printed epoxy, which was not subjected to
films. IAR treatment, increased up to 7@K]. The increased sur-
The penetration of the epoxy into the pristine PEDOT/PSS face resistance of the film resulted from the penetration of the
(DMSO) film gave rise to increase in the surface resistance epoxy into the PEDOT/PSS (DMSO) filrkigs. 4 and & In
(Table 2. The PVDF film was peeled from the pristine and the case of the IAR treated samples, no significant change
IAR treated PEDOT/PSS (DMSO) films after dry of the in the surface resistance was observéable 9. The sur-
screen-printed epoxy on the polymer film. The PVDF film face resistance of the IAR treated sample with an ion dose of
was able to be peeled from the PEDOT/PSS (DMSO) film, 5 x 10 ions/cnt was 1.4 /O
because the adhesion strength between the adhesive and the Bimorphs are usually mounted as a cantilever and operate
IAR treated PEDOT/PSS (DMSO) film was stronger than inthe &1 mode. The maximum displacement of the cantilever
that between the IAR treated PVDF and the PEDOT/PSS was observed at the same resonance frequency of 27 Hz in all
(DMSO) film. The surface resistance of the PEDOT/PSS of the cantilevers made with either the PEDOT/PSS (DMSO)
(DMSO) sample before IAR treatment was 1$/kl. The or the PEDOT/PSS electrodddd. 6b). The thickness of the
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Fig. 6. (a) Photographs of the actuation of all polymer based cantilevers with representing the resonance frequency, (b) comparison of tleatigpgleeem
cantilevers made with the pristine, IAR treated PEDOT/PSS (DMSO), IAR treated PEDOT/PSS electrodes and (c) the resonance frequency as &unction of t
length of the bimorph cantilever made with the IAR treated PEDOT/PSS (DMSO) electrode.
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epoxy in this device was 40m. The displacement of all as a mechanical resistor in the device. The resonance fre-
the cantilevers increased with increasing input voltage. The quency of the bimorph cantilever increased with decreasing
displacements of the device made with the IAR treated PE- device lengthig. 6¢). The resonance frequencies of the bi-
DOT/PSS (DMSO) and the PEDOT/PSS electrodes were 7 morph cantilevers with length of 60 and 10 mm were 7 and
and 5.5 mm, respectively, at an input voltage of 4@/ The 246 Hz, respectively. The devices made with the IAR treated
surface resistance of the IAR treated PEDOT/PSS inner elec-PEDOT/PSS (DMSO) electrodes operated in a stable manner
trode in the cantilever device was measured to be 196K during 1 h at 1 MHz and 200 Ms.

The device made with the pristine PEDOT/PSS (DMSQO)  The displacement of the cantilever tip for various elec-
electrodes underwent a lower displacement, because of therodes is shownHig. 7a). The resonance frequencies of the
low conductivity of the inner electrodes caused by the epoxy devices with the PEDOT/PSS (DMSO), Pt, and ITO elec-
penetration into the electrodeBig. &). The displacement  trodeswere 27, 31, and 34 Hz, respectively. The difference in
of the device with pristine PEDOT/PSS (DMSO) electrodes the resonance frequencies of the devices may originate from
was 6.1 mm at an input voltage of 4@)\. The displace-  the different stiffnesses of the electrodes. The tip displace-
ment of the devices was dependent on the conductivity of ments of the devices made with the PEDOT/PSS (DMSO)
the electrode. The epoxy thickness in the cantilever devicesand Pt electrodes were 7.0 and 6.7 mm, respectively, at an
made with PEDOT/PSS (DMSO) electrodes had an effect input voltage of 40 Vins. The surface resistance of the Pt
on the tip displacement and resonance frequency. The resoand ITO electrode was measured to be 0.57 an@243B re-
nance frequency and the displacement of the cantilever devicespectively. Even though the conductivity of the PEDOT/PSS
(120pm thick epoxy) were 46 Hz and 5.3 mm at 4@V, re- (DMSO) electrodes was lower than that of the Pt electrodes,
spectively. The epoxy thickness should be reduced for the the displacement of the device made with the polymer elec-
high bending rate of the cantilever, because the epoxy actstrodes was 0.3 mm higher than that with Pt electrodes at the

Displacement (mm)
.

i :/ —=— PEDOT/PSS (DMSO) at 27 Hz |
1 —e— Platinum at 31 Hz
/ —4—|TO at 34 Hz
o 7
1 L 1 " 1 " 1 " 1
0 10 20 30 40

Inputvoltage(V, )

250 um

SE 07-Nov-03

Fig. 7. (a) Displacement of the cantilever made with ITO, Pt, and IAR treated PEDOT/PSS (DMSO) electrodes and SEM images of the electrically or
mechanically damaged (b) ITO and (c) Pt electrode.
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same input voltage of 40s. The cantilever made with the  and a high performance piezoelectric polymer are needed.
ITO electrodes became damaged after operating the device aln a future study, the mechanical property and the gen-
213 Hz and 200 W5 in several second$-{g. 7b). The con- erator effect of the bimorph cantilever devices will be
ductive ITO electrode became an insulator (>6€0K) fol- investigated.

lowing the electrical and mechanical damage caused by the

high voltage. The mechanically induced cracks might have

resulted from the stiffness of the ITO electrdd®]. Electric References
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