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Novel switching phenomena in ferroelectric Langmuir—Blodgett films

A. Bune,? Stephen Ducharme,” and V. Fridkin®
Department of Physics and Astronomy and the Center for Materials Research and Analysis,
University of Nebraska, Lincoln, Nebraska 68588-0111

L. Blinov, S. Palto, N. Petukhova, and S. Yudin
Institute of Crystallography of the Russian Academy of Sciences, 117 333 Moscow, Russia

(Received 13 September 1995; accepted for publication 31 Octobej 1995

We have established ferroelectric switching and observed a novel conductance switching
phenomenon in ferroelectric polymer films fabricated by the Langmuir—Blodgett technique. The
films consist of 10-30 monolayedML) of a copolymer of vinylidene fluoridg70%) and
trifluoroethylene(30%), exhibiting a first-order ferroelectric phase transition at 70 °C and nearly
rectangular ferroelectric and conductance hysteresis at 24 °C. Ferroelectric switching is
accompanied by switching of the conductance by three orders of magnitude. A model describing this
switching phenomenon is proposed. 1®95 American Institute of Physics.

Ferroelectric materials have fascinated scientists sincthickness of 7.4 nn@15 unit cellg for the 30-layer film. The
their discovery in 19232 In analogy with ferromagnets, film shows pronounced thermal hysteresis, a clear indication
characteristic properties of ferroelectrics include a spontanesf the first-order ferroelectric phase transition. The ferroelec-
ous electrical polarization, polarization revergalitching,  tric Curie temperature of 70 °C is suppressed by 5 °C in the
and disappearance of the polarization above a ferroelectriin LB film compared to a much thicker film formed by
phase transition, or “Curie,” temperaturg,. Ferroelectric ~ solvent spinning.
polymers such as palyinylidene fluoride and its copoly- Figure 2 shows the ferroelectric polarization switching,
mers, a special class of ferroelectric materials, have been s probed by the pyroelectric respon$e another 30-layer
subject of intense study for over 25 years, yielding a wealtt-B film. (We have used a pyroelectric probe of the sponta-
of physical dat&, and practical applicatiorfsThe structure neous polarization instead of more direct methods, such as
of a random copolymer of vinylidene fluoride and trifluoro- the Sawyer—Towé? and the Merz method$,because of the
ethylene, PVDF-TrFE),>8 is shown in the inset of Fig. 1. large dc conductandeThe pyroelectric current was mea-
The molecular units in the polymer chain have net dipolesured at zero bias voltage using a lock-in amplifieith 30
moments which point from the electronegative fluorine to theMs time constantas the sample was periodically heated by
electropositive hydrogen. These chains crystallize in parallehn 80-mW laser beart614.5 nm wavelengthchopped at
rows with a rhombohedrdmm2) point group symmetry and 2000 Hz. The hysteresis loops were formed beginning with a
aligned dipoles in the ferroelectric stdt&witching is ac- bias voltage of+30 V (applied to the top electrogledecreas-
complished by applying a large electric field to reverse the
direction of polarization of all the chains.

One of the promising aspects of polymer ferroelectric 400
materials is the possibility of preparing very thin films, for
investigation of ferroelectric phenomena in low-dimension ~

40

systems. The films have potential application in optical, elec-& 300 r30
tronic and sensor technologies. While films with thickness § ._‘/ °
down to 600 A have been prepared by a spin coating s MW% g
. . . . . . S 200 20 8
techniqué® this technique is not suitable controlling the ‘.é / g 5
nanoscale structure. High quality thin films of ferroelectric § o
P(VDF-TrFE) were recently fabricated by our gro‘hpsi.ng O 100 10 ‘:
the Langmuir—BlodgettLB) monolayer transfer technique,
permitting precise control of the films nanostructifté! Fig- —
ure 1 shows the behavior of the capacitance during thermal o ; ¢ 0
cycling of a 30 ML LB film of RVDF-TrFE) 70:30% pre- 0 20 40 60 80 100 120
pared as described previouglyWe assume that the LB tech- Temperature (°C)

nique deposits the films at a rate of 2 ML per unit cell, the

closest value consistent with thé\ADF-TrFE) coverage on i, 1. Thermal hysteresis in the capacitaficethe dielectric constanof

the water surface before transfdeading to a calculated film the VDR70%-TrFE(30%) ferroelectric copolymer. The 30 ML LB film
(solid circleg has a lower ferroelectric Curie temperature than gu®-
thick film made by solvent spinnin@pen squargsinset: A fragment of the
dpermanent address, Institute of Crystallography of the Russian Academy ¢¥DF-TrFE) copolymer chain. 30% of the VDE-CH,—CF,—) units have

Sciences, 117 333 Moscow, Russia. been replaced at random by TH=ECHF—CE—) units. The arrows show the
YElectronic mail: ducharme@unlinfo.unl.edu direction of the net dipole moments.
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FIG. 2. Hysteresis in the pyroelectric currefpen squargsand in the : L L L L -1.0
conductancésolid circles of a 30 ML ferroelectric Langmuir—Blodgett film 0 10 20 30 40 50
of the VDR70%)—TrFE(30%) copolymer. Inset: Orientation of the polymer Time (seconds)

chains in the ON state of the fully ordered ferroelectric LB filappey and
in the OFF state of the partially ordered LB filtlower).
FIG. 3. The kinetics of polarization and conductance switching in a 30-layer

. . Langmuir—Blodgett film of the ferroelectric VIFO%)-TrFE(30%) copoly-
ing in 3V steps to—30 V, and back to+-30 V. Each voltage  mer. (s Switching ON. The sample is was first polarized in the OFF state

level was maintained for 10 min after which the dc electricalwith a —25 V bias voltage for 15 min. The negative bias voltage was
conductance and transient pyroelectric current were recordéigg“gvlflgi aTrr]1deas Q%S;ifievizigsbfi?;vﬂﬂaa?ﬁ :é)Fi’r']ietﬂ :tg’\r?ﬁ > éb\)N;aW%d\‘/-
at zerp voltage. The coercive fl(?ld O,f 10.2x10° V_/m IS . . bias voltége for 15 min. The positive bias voltage was removed and a nega-
forty times larger than the coercive field of the typical thick tive —25 v bias voltage applied at timed s.
film made by solvent spinningThe generally rectangular
shape of the polarization hysteresis implies that the LB films ) .
have a high degree of crystallinit§.Figure 2 also shows a Iution have determined that the duration of the conductance
remarkable and unprecedented switching of the conductanc&Vitching transition is less than 2 ms, further indicating that
from very low conductance in the OFF state, obtained witheonductance switching occurs upon reversal of a single
negative polarization, to the 1000-times larger conductancgonolayer which can occur in less than a nanosecbit.
in the ON state, obtained with positive polarization. The con-Switching measurements at other voltages show that the po-
ductance switching has a slightly lower coercive field oflarization relaxation time strongly depends on the magnitude
1.2+0.2x10° V/m than the polarization switching. The hys- Of the external electric field, but does not depend on its sign,
teresis loops have been repeated over many cycles and sé observed in films made by solvent spinnifigThe
eral samples with various combinations of aluminum, indiumswitching-ON transition of the conductance occurs only after
tin oxide, and gold electrodes. The coincidence of the polarthe polarization has reached80% of its saturated value
ization and conductance hysteresis curves shown in Fig. while the switching-OFF transition occurs without signifi-
implies that the polarization controls the conductance mechacant delay.
nism. The phenomenon of conductance switching has these
The kinetics of switching offer further evidence for the important features(1) It is connected with the bulk polariza-
connection between polarization and conductance as shoviion switching;(2) there is a largg1000:] contrast between
in Fig. 3. The conductance and pyroelectric currents weréhe ON and OFF state¢3) the ON state is obtained only
monitored while a+25 V switching voltage was applied to when the bulk polarization is switched in the positive direc-
reverse a previously polarized state. The pyroelectric curreriion; (4) the conductance switching is much faster than the
was measured with the bias voltage on, resulting in an adddaulk polarization switching. These main features are acco-
contribution from the temperature derivative of the dielectricmodated by the following model. Consider the arrangement
constant(There is also an initial transient signal in both the (upper inset of Fig. Rof a stack of fully polarized polymer
pyroelectric current and the conductance current caused Ighains extending from the substrate to the top electrode so
circuit reactance.The polarization switches to the ON state that current can flow unimpeded from chain to chain as long
slowly [Fig. 3(a@)] with a characteristic relaxation time of 3 s as the dipoles are fully aligned. This is the ON state; current
but the conductance switches OFF after a delay of 6 s, whegan flow through the film, perhaps controlled by tunneling,
the polarization has reacheeB0% of its final value. In con- from the substrate to the top electrode. When the polarization
trast, after application of a negative bias voltage the conduds reversed, the majority of the layers reverse direction with
tance switches OFF without apparent def&yg. 3(b)], but  the exception of one or a few layers that we assume are
the polarization again switches slowly with a characteristicpinned to the upper electrodand/or to the substratso that
relaxation time of 2 s. Measurements with greater time resothey cannot reverse directigfower inset of Fig. 2 This is
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the OFF state; there is a barrier to charge transfer where ttaia with simple nondestructive readout. The films also have
opposing dipoles meet at the domain boundary indicated bpotential application as optical or acoustical sensors.

the dashed line. The conductance switches ON only after the

6-s delay, after the bulk polarization switching is nearly com-

plete, when the last layer switches into alignment with the1; yjasek, phys. Rets, 537 (1920.

others, while the conductance switches OFF without a no-#wm. E. Lines and A. M. GlassPrinciples and Applications of Ferroelec-
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