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Piezoelectric and pyroelectric properties of ferroelectric Langmuir—Blodgett
polymer films

A. V. Bune,® Chuanxing Zhu, and Stephen Ducharme®
Department of Physics and Astronomy and Center for Material Research and Analysis,
University of Nebraska, Lincoln, Nebraska 68588-0111

L. M. Blinov, V. M. Fridkin, S. P. Palto, N. G. Petukhova, and S. G. Yudin
Institute of Crystallography of the Russian Academy of Sciences, 117333 Moscow, Russia

(Received 26 October 1998; accepted for publication 22 February) 1999

The piezoelectric and pyroelectric responses of ferroelectric Langmuir—Blodgett polymer films are
less than the largest values measured with bulk films of the same composition. The films of the
crystalline copolymer poliinylidene fluoride trifluoroethylenefabricated by the Langmuir—
Blodgett technique are 30 ML thickl5 nm) and are highly crystalline and oriented with
polarization perpendicular to the film. Both piezoelectric and pyroelectric measurements show
reversible ferroelectric switching. The films are suitable for use in pyroelectric infrared imaging and
in piezoelectric acoustic transducers. 1®99 American Institute of Physics.
[S0021-897809)03311-3

I. INTRODUCTION with carbon backbone chains aligned in the plane of the sub-

Piezoelectric and pyroelectric effects are very well es_strate was previously established by scanning tunneling mi-

tablished in crystalline polyvinylidene fluorid®VDF) and  C'0SCOPY measuremefts®and x-ray diffraction’”
copolymer of vinylidene fluoride and trifluoroethylene

P(VDF/TrFE) since the pioneering work of Kawai in 1969

(Ref. 1) and Bergman, McFee, and Crane in 187But,  A. Piezoelectric measurements

there is still uncertainty about the mechanism and the contri-

; ) . A high-resolution Mach—Zehnder interferométewas
bution of the amorphous phase to piezoelectric and pyroelecaido ted to measure sample strain for the piezoelectric mea-
tric responsé:® Previous PVDF and copolymer(¥DF/ P P X

TIEE) films are mixtures of crystalline and amorphous surements. The strain was caused by an external electric field

phases. Recently, our group has prepared ultrathin crystgl]rough the inverse piezoelectric effect with piezoelectric co-

copolymer PVDF/TrFE) films by the Langmuir—Blodgett efficientds; defined by

(LB) deposition technique, and demonstrated ferroelectricity IS,

in films as thin as 1 nfi-® The goal of this work is the d§3:<—) , (1)
measurement of piezoelectric and pyroelectric responses in IEs/ ¢

these high-quality ferroelectric copolymer(M®DF/TrFE)

films. whereS s the strain induced by the applied electric-fiéd
and the stres3 is constant. Thes axis is the direction of
Il. EXPERIMENT spontaneous polarization, which is perpendicular to the film

surface. [We use contracted notation where the three-

For the present study, ultrathin crystalline films of the dimensional tensod;, is represented by a two-dimensional
random copolymer (¥DF/TrFE), containing 70% Vi- d,, wherel=1-6 represents the six distinct combinations
nylidene fluoride and 30% trifluoroethylene were preparechf the () indices®?] We must keep in mind that the film is
by Langmuir—Blodgett deposition on a glass substrate covclamped on a rigid substrate, and can expand or contract only
ered by aluminum. The films are 30 M5 nm thick and  in the direction perpendicular to the surface. So, the condi-
the electrode area was in the range 1-92mém aluminum tions are not truly stress free. Therefore, the measured piezo-
top electrode was evaporated to form a sandwich structurglectric response represents an effective coeffi¢iefol-
ready for electrical measurements. The polarization of thowing Ref. 13, and taking into account the symmetry of the
films was saturated in the direction perpendicular to the filmp(vDF/TrFE)  films!* we measured the effective
plane at a dc voltage of 16 V1.2 GV/m), well above the piezoelectric coefficient ;5 eff):
coercive field at approximately 12 %for at least 10 min.
Film preparation is described in more detail elsewHeFae
high crystallinity and highly ordered structure of the films E—3=d33(9ff)

dAlso at the Institute of Crystallography of the Russian Academy of Sci- T d13-2(312513_ S11S03) t dg1(312323— $55513)

ences, 117333, Moscow, Russia. =dszt > , (2)
YElectronic mail: ducharme@unlinfo.unl.edu S11S22~ S12
0021-8979/99/85(11)/7869/5/$15.00 7869 © 1999 American Institute of Physics
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B. Pyroelectric measurements

Sample Pyroelectric measurements were conducted by using
Signal beam — both rapid laser modulation heatiiGhynoweth method*®
N N and slow heating/cooling methodfs.For the Chynoweth
® \ modulation method, the sample was heated by the He—Ne
‘ laser 5 mW beam chopped at frequerfeyl kHz. The py-
Function v "] Babinet - Soleil roelectric current was measured by a lock-in amplifieith
® Generator @ v compensator 30 ms time constajpteferenced to the chopper frequerfcy
The absolute value of the pyroelectric coefficient was mea-
Detector sured by the slow heating/cooling method in a temperature-
« - stabilized chamber. The pyroelectric current was measured
Reference beam as the sample was alternately heated and cooled at a constant
, rate ranging from 0.5 to 4 °C/min. The film can expand and
Lock - in .
L Ampiter | contract only perpendicular to the surface, because the ther-

mal expansion coefficient of the substrate is at least one or-
FIG. 1. Mach-Zehnder interferometer for measurement of piezoelectrider of magnitude less than the thermal expansion coefficient
strain. of the polymer, so the measured pyroelectric coefficient
ps(eff) consists of two contributions, the primary effect and
the secondary effect:t’

aT\ 7t

= ®

WheresIl are the elastic compliance coefficients of the film P disey (1

andd]; are the piezoelectric coefficients. In our experiments ~ Pa(€ff)= ( aT) :(Z ot

we use a modified Mach—Zehnder interferometer combined

with an ac lock-in technique, as shown in Fig. 1, with awherePsis the spontaneous polarizatiohjs temperatureS

resolution of 103 nm or better. A He—Ne laser beam with iS the strain d33 is the stress-free piezoelectric coefficient,

wavelength 632 nm was focused to a 0.5 mm diameter on the3; is the elastic compliance coefficient; is the thermal

sample. The bottom of the sample was glued to the samplexpansion coefficient, is the pyroelectric current is the

holder placed at one corner of the signal arm, while the toggurface area, andT/dt is the rate of temperature change.

of the sample was free to move so that any changes in théhe pyroelectric current was measured by a Keithly 428 cur-

thickness of the sample induced by the piezoelectric effectent amplifier. The temperature of the film was measured by

caused a shifa¢ in the optical phase differenag, between & copper—constantan thermocouple with an absolute accu-

the signal beam and reference beam. A Babinet—Soleil confacy £0.5°C and the heating and cooling rates were mea-

pensator was used as a variable thickness plate to adjust teered with a precision of 10% or better. The temperature was

phase difference to the most sensitive poigy€ + 7/2). A controlled by a microprocessor.

function generator provided both dc and ac voltage applied

to the sample. The dc voltage served as a polarization field,

while the small sinusoidal ac voltage at frequency|ll. RESULTS

f=1 kHz acted as the piezoelectric driving field. The inter-

ferometer output at the driving frequentwas proportional

to the piezoelectric coefficient. The induced phase change is The piezoelectric strain was measured with the Mach—
Zehnder interferometdFig. 1) with a small ac drive voltage

S
S33

A. Piezoelectric response

4
Ap= ~ cosfdsy(eff) Ve, €]

where \ is the wavelength of the light, and=45° is the
incidence angle of the beam into the sample surface and the
refractive index of air is taken as 1. This phase change causes
an intensity change in the interferometer:

Al=72111; sin(A¢)~F2\111,A 4, (4)

Strain (10°%)

whenA¢<1 and¢,= * 7/2, wherel; andl, are the inten-

sity of the signal beam and reference beam, respectively, as
measured individually at the detector. The intensity modula-
tion Al was measured by the detector in combination with a
lock-in amplifier referenced to the voltage modulation fre-
quencyf. The whole apparatus was mounted on a honey- AC Electric Field Amplitude (MV/m)

comb optical table with air _SUSpenSion an_d Se"_iled iNt0 @G 2. Plot of piezoelectric strain vs amplitude of the 1 kHz ac electric field
black box to reduce mechanical and acoustical disturbancespplied across the film.

0 10 20 30 40 50 60 70
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a y (Hz) FIG. 5. Plot of pyroelectric current vs rate of temperature change at tem-

FIG. 3. Plot of effective piezoelectric coefficienti(eff) and capacitance vs ~ Perature 20 °C for the slow heating/cooling method.
frequencyf of the ac electric field. The magnitude of the field was 6.7
MV/m.

rent is positive. Similar current patterns were also observed

in control experiments with commercial polarized PVDF
V¢ (too small to disturb the net polarizatipat frequency  film. The pyroelectric current was proportional to the rate of
f=1kHz. The strain increased linearly with the amplitude oftemperature change, as shown in Fig. 5. The effective pyro-
the ac field, as shown in Fig. 2, and the slope of this line wag|ectric coefficient calculated from the data in Fig. 5 using
equal to the effective piezoelectric coefficient;;(eff) Eq. (5) wasps(eff)=—20+ 4 C/mPK at temperature 20 °C.
=—20=2 pm/V. The negative sign of the piezoelectric Co- The temperature dependence was measured by the
efficient was determined by considering the direction of thechynoweth modulation method and is presented in Fig. 6.
spontaneous polarization and the direction of changes of filnThere is a maximum of the pyroelectric current at a tempera-
thickness caused by the driving ac field. The effective piezotuyre of 88°C while heating, corresponding to the
electric coefficient gradually decreases with increasing freferroelectric—paraelectric phase transitfofhe 30 ML films
quency as does the capacitance in the frequency range 1-1@&ain their pyroelectric and piezoelectric properties for at
kHz, as shown in Fig. 3. least several months if kept at room temperature.

B. Pyroelectric response C. Switching

The absolute value of the pyroelectric coefficient of the Figure 7 shows the effect of ferroelectric polarization

30 ML film was measured using the slow heating/coolingjrection reversalswitching on both piezoelectric and py-
method at zero dc voltage after the sample was polarized by jectric responses with the same sample. A dc voltage ini-
a 24 V dc voltage. Figure 4 shows a typical temperaturqia||y set to —16 V (applied to the top electrogavas in-
profile and the corresponding pyroelectric current. As the.raased step by step 16 V, then returned te-16 V. For

temperature increases, a negative current flows through the, .y step, we maintained the voltage constant for 10 min and
circuit, when the temperature decreases, the pyroelectric CUfz moved the dc voltage during brief measuremefithis

latter precaution eliminates contributions to the strain from
electroattraction and electrostrictiopnVe measured the pi-
1.0 E ezoelectric coefficient and the pyroelectric curr@rging the

ot M MYy
WIS | _

-1.0 |

Pyroelectric Current (pA)
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£ 21 \ E 8 F 1
® @
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5 19t 3 &
[ k F ]
18 3
L 1 L Lo 1 3 0 [ ! ) ' ,
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Temperature (°C)
FIG. 4. Temperature cycle for the slow heating/cooling method applied to
the sample and the resulting pyroelectric current response cycled arourfelG. 6. Plot of the pyroelectric current measured by the Chynoweth method
20 °C. Vs temperature.
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T T T T 100 TABLE |. Comparison of the piezoelectric and the pyroelectric coefficients
20 F > Tz of LB films and spun films.
— e
g ol s § deff) ps(eff) P
= = Material (pm/V) (uC/nP K) (CIm?)
3 O
P 2 LB film ~20+2 ~20+4 0.1
z 0 O ) .
g 8 Spun film —AQP -3 0.1
T g
W[ > aReference 5.
50 & b
® - Reference 19.
20 ‘Reference 18.
r dReference 7.

-1 -0.5

0

0.5 1

-100

DC Electric Field (GV. : . . :
C Flectric Fleld (GV/m) bulk ferroelectric behavior as much thicker spun films. The

FIG. 7. Hysteresis of the effective piezoelectric coefficidgyeff) and the  fully stress-free piezoelectric coefficie(ig3 can be as much

pyroelectric current as the applied dc electric field was cycled at roomgg 70% higher then the measuregl(eff), as we estimated

temperature. by Eq. (2) in the case of PVDF for which all the needed
elastic compliance constants are avail#8l&he piezoelec-

Chynoweth methddi with the same laser beam, on the sametic p'roperties in .ferroe'lectric materials arise from the elec-
sample area, and with the same polarization state, also Hpstrlctllc;rbcouplmg with spontaneous polarizatié as
zero dc bias. The nearly rectangular shape of the hysteresillows™
(Fig. 7) indicates a high degree of crystallinity and unifor- (6)
mity. The coercive fields in both piezoelectric and pyroelec- - . . . .
tric measurements show an excellent match &t18° V/m, wherees; is dielectric constant, is vacuum dielectric con-
comparable to other ultrathin(PDF/TrFE) films,®~° and ten stant, ar_1dk33 Is the (quadratig ele_Ctrg St”(it'gn corfflfflc;egt.
times larger than the coercive field in the typical thick films Calculations bfﬁ_ES(G?' where €33=8," kg3=—2.3nf/C",
made by solvent spinnin. The piezoelectric coefficient is and PS:O':L(.:/ - gIves dss=—32pm/V, in reasongble
proportional to the pyroelectric current in all polarization agreement W't.h experlmenta_l resu{tsz_o pm/V).. Equat|on
states(at each point in Fig. ¥because both are proportional ©6) "’?'30 explains why the piezoelectric coefficient h‘.”‘s ap-
to the spontaneous polarizatibhThis is shown in Fig. 8 proximately the same frequency response as thg dielectric
with the values taken from the data in Fig. 7. constant(or the (_:apaqtam)eas shown in Fig. 3. Th|s r_esult
and the proportionality ofl;; to p; demonstrated in Fig. 8
support the electrostriction coupling model as a basic mecha-
nism of the piezoelectric effect in ferroelectric polym2&y
We demonstrated the piezoelectric and pyroelectric relising the temperature dependence of the pyroelectric current
sponse in ultrathin copolyme?DF/TrFE) films (thickness ~ (Fig. 6 and the value of spontaneous polarization at room
about 15 nmand measured the absolute values of the piezotemperaturé, we calculated the expected value of the pri-
coefficientdsy(eff) and pyrocoefficienp(eff) at room tem- mary pyroelectric coefficient at room temperatup
perature, which are summarized in Table 1. The piezoelectric dPs/dT=—830.C/m?K. The phenomenological De-
(—20 pm/\V) and pyroelectric(—20 uC/mPK) coefficients ~ vonshire theory/ predicts
are only slightly lower than those measured in spun films -
e P3= — €338Ps, (7)
[—40 pm/V (Ref. 5 and —35 uC/n? K (Ref. 19], verifying ) ) )
agairf that these ultrathin films have essentially the sameévhere €s;=8 (Ref. 8 is the dielectric constantg=6.7
x10 K1 is the inverse Curie constant, calculated from
the temperature dependence of the dielectric congagt 2
of Ref. 8, e,=4); and P, is the spontaneous polariza-

d33= 2€33€0K33Ps

IV. DISCUSSION

20 ' .

tion [0.1 C/nf (Ref. §]. From Eq.(7), we calculatep
) =—530uC/nMPK at room temperature. Both of these calcu-
10 ] lated values are much higher than 2a/n’K, as was mea-
. sured directly(from Fig. 4). This discrepancy has also ap-

peared in studies of the thicker spun films, where the
observed pyroelectric coefficient ef35 uC/nm?K (Ref. 19

is much smaller than the expected value oP,/dT

‘ =—220uC/mPK (taken from Fig. 3 of Ref. 18and the
value p=—310uC/n?K, calculated from Eq(7), with €33
=10, 3=3.1x10 *K™1, and P,=0.1C/n?, all data from
Ref. 18. This discrepancy can be explained, at least partially,
by the strong secondary pyroelectric effect contribution
given by the second term in E¢G). We calculated the sec-
ondary pyroelectric effect contribution in the rangel0 to

Effective d, (pm/V)
o

-50 0 50
Pyroelectric Gurrent (pA)

100

FIG. 8. Plot of effective piezoelectric coefficiedts(eff) vs pyroelectric
current for all polarizing state@ata from Fig. 7.
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—580 uC/n?K, for different sources of elastic compliance “K. Tashiro, M. Kobayashi, H. Tadokoro, and E. Fukada, Macromolecules

coefficient s33 and piezoelectric coefficientl;; for spun 5#3":691 &1980- 4N, Seo, Jpn. J. Appl. Phys.. PaA1675 (1990
: 19,21,22 ~: : . Furukawa and N. Seo, Jpn. J. Appl. Phys., .
P(VDF/TIFE) films. Disappearance of the pyroelectric 6A. Bune, S. Ducharme, V. Fridkin, L. Blinov, S. Palto, N. Petukhova, and

response at temperatures abpve the phase tran_sition pging: Yudin, Appl. Phys. Lett67, 3975(1995.
(Fig. 6), and hysteresis behavior of the pyroelectric and pi-’s. Palto, L. Blinov, E. Dubovik, V. Fridkin, N. Petukhova, A. Sorokin, K.
ezoelectric responses, show the true ferroelectric nature og‘xe('/‘h‘BJVSkyé\l} SM YFUf_‘c;fllz afgj /S- Zr']afk'n' 'EI_UF&PfQ’I_S- Léig, ‘;65;3 (1|99©A- v
. . . H . V. Bune, V. M. Fridkin, S. Ducharme, L. M. Blinov, S. P. Palto, A. V.
the pyroelectr!c and piezoelectric effects in LB copolymer Sorokin, S. G. Yudin, and A. Zlatkin, Natureondon 391 874 (1998,
P(VD_F/T"FE) films. On_e of the‘_ _advantages _Of LB_ ferroelec- 9s pucharme, A. V. Bune, L. M. Blinov, V. M. Fridkin, S. P. Palto, A. V.
tric films compared with traditional spun films is the low Sorokin, and S. G. Yudin, Phys. Rev.5, 25 (1998.
.. .. . 10 :

polarizing and driving voltage§ig. 7 and 2. We hope these %- CEO'r P. %D:W:e”gltp*- Bg/“i/vl ’VI': _ZEH'S‘;”'PS-PPﬁb'e’zv g- tA?(ﬁnwa”ar g-

. . . o . . ucharme, . A. Ramiiton, V. M. Friakin, S. P. Palto, N. Petuknova, an
ty_pes of LB fllms_ W|_th S|gn|f|cant ple_zoelectrlc and pyroelgc— S. G. Yudin(unpublishedt
tric response will find their place in molecular electronicsiis pycharme, J. Feinberg, and R. R. Neurgaonkar, IEEE J. Quantum Elec-

and as a material for sensors. tron. QE-23, 2116(1987).
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