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Kinetics of ferroelectric switching in ultrathin films

G. Vizdrik,' S. Ducharmé,V. M. Fridkin,*? and S. G. Yudih
nstitute of Crystallography, Russian Academy of Sciences, Moscow 117333, Russia
’Department of Physics and Astronomy and Center for Materials Research and Analysis, University of Nebraska,
Lincoln, Nebraska 68588-0111, USA
(Received 5 September 2002; revised manuscript received 19 June 2003; published 23 September 2003

The kinetics of polarization switching in ultrathin ferroelectric polymer films exhibit a critical behavior;
there is a pronounced slowing just above the coercive field and just below the critical temperature. The critical
slowing is observed in the switching kinetics of ferroelectric Langmuir-Blodgett films of 70% vinylidene-
fluoride and 30% trifluoroethylene copolymer with thickness up to 30 ML. Thicker films exhibit an exponential
dependence on the field and temperature that is normally associated with extrinsic switching by domain
nucleation and growth. We show that the critical behavior arises naturally from the dynamics of homogeneous
intrinsic switching in the context of mean-field theory. These results have important implications for the
modeling and control of the ferroelectric films in nonvolatile computer memories and solid-state data storage
media.

DOI: 10.1103/PhysRevB.68.094113 PACS nuni®er77.80.Fm, 77.80.Dj, 77.80.Bh, 77.22.Ej

A ferroelectric crystal maintains a permanent electric po-the ultrathin films because nucleation is inhibited as the re-
larization that can be repeatedly switched between two stabléuced film thickness limits nucleation volume. The measured
states by an external electric field, thus exhibiting acoercive field in these films reaches 1 GVirmuch larger
polarization-electric field hysteresis loop analogous to théhan the values of 50 MV/m typically found in thicker
magnetization-magnetic field hysteresis loop exhibited bysolvent-formed fims of the same polymérand in good
ferromagnetic crystals. The hysteresis loops are charactepgreement with the predictions of the mean-field theory of
ized by the magnitude of the remanent polarization achieveéerroelectrics’® Notably, the intrinsic switching process
after saturation with a large electric field and by the magnitakes seconds, as opposed to microseconds typically
tude of the coercive field, the minimum value of the electricachieved for extrinsic switching observed at much lower
field necessary to reverse, or switch, the polarization statdields in thicker films.° or in specially prepared Langmuir-
From the early studies of the kinetics of switching in ferro- Blodgett(LB) films,** of the same materials.
electric crystal$;? it has been apparent that switching is al- Here we report the results of a study of the switching
most invariably an extrinsic process involving the inhomo-kinetics in the ultrathin copolymer LB films, revealing a
geneous nucleation of small domains of reversedritical slowing as the applied field approaches the coercive
polarization, usually initiated at crystal boundaries or de-field from above or as the temperature approaches the critical
fects, and subsequent growth of these domains to fill théemperature from below. This is qualitatively different from
crystal. Nucleation-limited extrinsic switching is character- the kinetics of extrinsic switching, which lack a true coercive
ized by an exponential increase in the switching rate withfield and speed up with increased temperature or increased
increased temperature and electric fiektharacteristic of an  field. We show how the observed critical behavior arises
activated proces$,and is usually achieved with external naturally from the mean-field theory of ferroelectricity, and
fields in the range 0.1 to 50 MV/thStrictly speaking, ex- dispel the misconception that the intrinsic switching time
trinsic switching does not have a true threshold coercive fiel@hould be comparable to the ferroelectric relaxation fifné.
because the activation of nucleation permits switching at ar- In order to explain intrinsic switching dynamics, we first
bitrarily small fields, given enough time, but switching ex- describe the intrinsic polarization-fieRi(E) hysteresis loop
periments are typically carried out with an ac field and so thedf the ferroelectric crystal. The crystal state at constant elec-
apparent coercive field is actually a function of frequehcy. tric field E and temperaturé and at zero stress can be de-

In the absence of nucleation, switching an ideal ferroelecscribed by a Gibbs free energ®(P)=a(T—T,)P?/2
tric crystal with uniform polarization requires the application +B8P*/4+ yP®6—EP. The coefficients for a ferroelectric
of an enormous coercive field. We call this the intrinsicwith a first-order phase transition age>0, <0, and y
switching mechanism, and the associated threshold field the 0, and are assumed independent of temperature Tigar
intrinsic coercive field:® The expected value of the intrinsic The zero-field equilibrium polarization states are
coercive field is of order 100 MV/m in most ferroelectrits. =+ Pg(T) below the equilibrium phase transition tempera-
Intrinsic switching does not occur below the intrinsic coer-ture Tc=Ty+38%/16ya, but metastable polarization can be
cive field because the constituent crystal dipoles are highlynaintained up to the critical temperatufg=T,+ 8%/4ya.
correlated—they tend to switch coherently or not at all. OnlyA steady-statd®(E) curve, obtained by minimizing the free
recently has a ferroelectric system been found to exhibit thenergyG(P), is shown in Fig. 1a). The heavy lineJAB
characteristics of intrinsic switching: ultrathin Langmuir- andA’B’) denote fully stable states, the thin lin€&C and
Blodgett films of a vinylidene fluoride-trifluoroethylene B'C’) denote metastable states, and the dotted([3@C’)
copolymef® Extrinsic switching is apparently suppressed indenotes dynamically unstable states. Consider starting with
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B 1L R I B O B B i taneously with a similar dynamical equation for the stress,
S e BN ; with stress-polarization cross terms in both equatfbns.

--------------- ~ Now consider a switching event beginning with the

| 1 £ sample initially polarized in the negative direction at zero

R oo g applied field[point B in Fig. 1(a)] and then abruptly apply-
3

5
T
-Q\ )

o b
o
T

ing a positive fieldE. The evolution of the polarizatioR(t)
° during switching is readily obtained by numerical integration
----- 7 of Eq. (1) and is shown in Fig. (b) along with the current
AT R T N R TR N transients ®(t)/dt for several values of the normalized
0 00 o0 o 20 s0 a0 switching fieldE/E.. Note that there is switching only for
Electric Field E/E time t . . .
© E/Ec>1. If we define a dynamical variableE’=E

FIG. 1. (a) The polarization-fieldP(E) curve calculated from — £dP(t)/dt, then the state traces ouP4E’) curve, like the
Eq. (1) for T~T,. The arrows show the patA(E’) taken during ONe€ in Fig. 1a), in the sequencB-C-O-C'-B’-A". The hori-
intrinsic switching, beginning at poir@ and ending to the right of zontal dashed lines in Fig. 1 connect corresponding points on
point A’. The vertical dashed lines show the valuedE.=+1  the P(E’) curve to the polarization transient fde/Ec
marking the limits of the quasi-steady-state hysteresis Igbp. =1.2. Notice that the polarization evolution is slowésini-
Time evolution of the normalized polarizatid®/P, and current mum currenf, when the state passes through pdhtand
(dP/dt)/(7/Py) during switching afl =T, for several values of the fastest,(maximum currentat C'. The slowing near poin€
normalized electric fiel&E/E¢ given by the numbers next to each was noted by Ricinschet al® from analysis of switching
curve. The numbers give the value of the normalized switching fieldkinetics for a second-order ferroelectric and by Erall®
E/Ec. The horizontal dashed lines connect related points)iand  for a first-order ferroelectric.

(b) as described in the text. The reference polarizatiorPjs There are two convenient points for denoting the switch-
=P«(To)=sart(B|/y)- ing time, the timet, to reach zero polarizatioB-O) or the
time t,, to reach maximum currefB-C’). From the numeri-
cal analysis of Eq(1) for a switching fieldE just aboveE,

or for temperaturél just belowT,, we find that the recip-
rocal switching timety has a square-root critical dependence
of the form

1.2 J1.06 1.02

Polarization P/P0
o
(=]

:

the sample in statB and applying an opposing electric field
E. If E<E(, then the polarization will remain on the line
BC, returning toB after the field is removed. E>E(, then
the polarization will switch to the upper cundB’ as indi-
cated by the vertical dashed line BtE-= * 1, returning to
B’ after the field is removed. The reverse process, going

from B’ to B, is essentially the same. If the crystal remains 1 1/E v T—To |
macroscopically homogenoiithere are no independent do- ty, 7|Ec 1 1- :
maing then the polarization will evolve along the li&OC’

in switching between alternate states. A quasistatic hysteres\iﬁhere ~6 375/,32 The switching timet, tends to infinity
!oop is obtained by measurin_g the polariza_tion while a.pply-aSEH Ec from above ofT— T, from below. Well belowT ;
ing a low-frequency alternating voltage with an amphtudeor well aboveE - the reciprocal switching timg, is linear in

E>Ec so that the/ po/lari/zation will cycle repeatably in the bothT andE. The square root and linear regimes are evident
sequencé-B-C-A -B-C"-A. in the plots of the reciprocal switching time vs. figlBig.

The intrinsic switching dynamics can be derived from thez(a)] and vs. temperaturgFig. 2b)]. The critical slowin
Lagrange equation for the Gibbs free enef@P), similar nearEc and'l"l Wag noted be%;)ré?’”'but without an indiczg-

to the equation obtained earlier by Landau and Khalatrifkov tion of the functional form. We have recently learned of an

(L.K) to describe anomalous sqgnd ab_sorptlon connecteg alytical calculation showing that the square root behavior
with a second-order phase transition. This equation, adapte ises from the kinetics at the slowest pdmfg The switch-

for the first-order ferroelectrit; is ing timet,, is slightly longer thart,, but has approximately
dp G the same dependence on temperature and field bElawn
Eqt= " —a(T-Ty)P—BP3—yP5+E, (1) the case of the first-order ferroelectric, the switching tran-
sients are complicated by the existence of double hysteresis
whereé is the polarization damping constant and should dedoops, resulting in double current peaks just below. Be-
pend on temperature. Analyses of the Lagrangian dynamidsveenTc andT; the zero-field equilibrium state is paraelec-
of ferroelectric switching were reported in several recentiric (Ps=0), so the film can get stuck in this state for
papers:>~17 all of which concerned some variation of Eq. switching fields just abov&g, but not large enough to re-
(1). Because Eq.l) is derived from the thermodynamic free polarize the crystal, as was pointed out by Tral1® Our
energy, it applies only in the quasi-static case when the sysznalysis of Eq.(1) in the case of the second-order ferro-
tem evolves slowly relative to microscopic fluctuations, i.e.,electric also shows a square-root critical behavior similar
when the system is over-damped. Therefore, like LK and théo Eq. (2).
recent analyseS; *®we have assumed that the inertial term,  The studies of intrinsic switching kinetics were made on
which is proportional to the second time derivative of theferroelectric LB films of a random copolymer consisting of
polarization, is negligible. Note that E¢l) applies only in  70% vinylidene fluoride and 30% trifluoroethylen€V®F-
the case of zero stress. Otherwise, one must solve it simulFrFE 70:30.2%2 Prior studies of the LB copolymer films

Ec T,—To @
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Reduced Temp. (T-TOUT-T)) FIG. 3. (8 Switching current transient from 30-ML film 1 re-

corded with a 24-V switching pulse at 25 °(®) Dependence of the
FIG. 2. (8) Dependence of the reciprocal switching timig, on  '€ciProcal switching time 14 on switching voltage, measured with
the electric fieldE/E. calculated from Eq(1) at several values of 30 ML film 1 at 25°C. The solid line is a least-squares fit of the
the reduced temperaturd £ T)/(T;—T,) given by the numbers data to EA(2).
next to each curveb) Dependence of the reciprocal switching time
7/to on the reduced temperaturé+ To)/(T,— T,) calculated from  10-ML films 1 and 2, 16: 0.5V for both 30-ML films 1 and
Eg. 1 at several values of the reduced electric fiélé. given by 2, and 25-0.5V for a 100-ML film. The thickness of these
the numbers next to each curve. samples was not measured directly, but assuming a thickness
of 0.5 nm per monolayéf means that a 10-ML film is 5 nm
thick and so an applied voltage of 5 V would produce an
confirmed the presence of polarization hysteréSiand a internal field of 1 GV/m. The temperature dependence of the
first-order paraelectric-ferroelectric phase transitionTat coercive field for these films was consistent with prior stud-
~80°C even in films as thin as 1 "thThe samples for the ies of the intrinsic coercive field in similar sampfes.
present study were made as follows. ThéVPF-TrFE Two methods were used to measure the switching time.
70:30 copolymer was dissolved to a concentration of 0.05%The first method consisted of measuring the current tran-
by weight in dimethylsulfoxide, dispersed on the surface ofsients during switching and determining the titgeof peak
an ultrapure(18 MQ-cm) water subphase, and slowly com- current. Figure @) shows a representative switching current
pressed to a surface pressure of 5 mN/m. The multilayetransient from 30-ML film 1. The critical behavior is evident
samples were formed by the horizont&ichaefer variation  in Fig. 3(b); the reciprocal switching time tl} decreases
of Langmuir-Blodgett deposition on a glass substrate coatefrecipitously toward zero as the field decreases towards the
with 50-nm-thick, 1-mm-wide stripes of evaporated alumi-coercive voltage/. The solid line is a least-squares fit to
num. A second set of aluminum stripes was evaporated &q. (2), yielding the values for the time constant11.9
right angles to the first set on top of the film, thus forming an+0.5 s, the damping const&hté=3.6+1x 10 Vms/C,
array of independently addressable ferroelectric capacitorand the coercive voltag€-=12.3+ 1V, the latter in good
The samples were then annealed at 120 rC.fo and cooled agreement with the quasistatic hysteresis loop measurement
to room temperature at a rate of 1 °C per h. Film fabricationof Vo=10+0.5V.
methods are described in greater detail in Ref. 21. These The second method for measuring the switching time is to
films had coercive voltage¥. (=E times the film thick- apply a short switching pulse of fixed duration and then re-
ness$, measured at 25°C, of 6:80.1V and 5.0:0.1V for  cording the film pyroelectric response at zero bias using the
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FIG. 4. Polarization measured by the pyroelectric method after
switching as a function of pulse duration measured with a 10-ML  F|G. 5. Dependence of the reciprocal switching timg bh the
film 1 at 25°C for different values of the applied voltage. The switching field E/E., measured at 25 °C, with 10-ML film dup
amplitudes of the voltage pulse for each curve were 6(5ikéles,  triangles, 10-ML film 2 (down triangley 30 ML film 2 (circles
6.7 V(squares 7.0 V(diamonds, 7.5 V (triangles, 8.0 V (inverted  and the 100 ML film(squares The lower line shows the functional
triangleg, and 10 V(wedges. form of the intrinsic switching fit to the data from the 10-ML films,
and the upper line shows the form of extrinsic switching fit to the

. . . . . data from the 100-ML film.
Chynoweth pyroelectric techniqd&which consists of peri-

odically heating the sample with a helium-neon laser at a
632.8-nm wavelength modulated at 1 kHz by an opticalt-
chopper, and measuring the resulting short-circuit ac currené
from the sample with a lock-in amplifier. Strictly speaking,
here we measure not the microscopic polarizaigrbut the

lectri RIAT. which | tonal t i regime for future experimental and theoretical study.
pyro€lectric response o Which 1S proportional 1o né Prior studies suggest that extrinsic mechanisms dominate
film polarization. The basis and detailed technique of the

. . ) switching in LB films thicke? than 30 ML and in all the
pyroelectric measurement method were described in greatghent-formed films? because measured coercive fields in

; ; 4,25 T
detail previously**® The pulse switching method works these films are much lower, and switching is generally much

well even for very s_Iow switching.e., nearEc or T,) when . faster. But, even some films thinner than 30 ML do not show
the switching transients are too small to measure directly N ch clear critical dependence on the switching voltage, per-

the presence of sample conductance and noise. Figure ,f ps because nucleation is not fully suppressed. More telling

shows the dependence of this switched polarization on th% TR
. . . D the dependence of the switching time on temperature for
pulse amplitude and duration for 10-ML film 1 at 25°C. The ¢ yith different thicknesgFig. 6). The 100-ML film ex-

switching time is taken as the pulse duration necessary s clear extrinsic behavior, switching even at fields well

change the sign of the polarization, essentially the same 3Salow the nominal coercive fieltsee Fig. 5 and with the
the above definition of,. The polarization curves in Fig. 4 '

show clearly the qualitative change in behavior near the co-
ercive voltage. With an opposing voltage of 6.7 V or less, the
sample polarization did not change sign, even after more 1.00
than 5 min of field application, indicating that the voltage
was at or just below the coercive voltage, in good agreement
with the valueV-=6.6+0.1V determined from the quasi-
static hysteresis loop8.The switching timet, in the 10-ML

ons connected with the phase transition and phase coexist-
nce betweei; andT,. Critical fluctuations are beyond the
scope of the mean-field theory. This is a potentially fruitful

30ML-_ T

» ij
10 ML "

-1
1t (s7)

films increases markedly as eithér- V. from above(Fig. ..

5) or asT— T, from below(Fig. 6), as predicted by Eq2). o10p T s, g -N7
The lower line in Fig. 5 is obtained by integrating E4) s u----N° -" ‘A---a ]
and adjusting the vertical scale to fit the data from the two [100 ML oo |

10-ML samples, yielding the values for the time constant 1

=12.6t0.5s and the damping constahté~3.8+1 o
0 . : . 0 20 40 60 8 100

X 109 Vms/C, in good agreement with the value obtained T¢C)

from the current transient measurements on 30 ML film 1

(Fig. 3). Figure 6 shows that the reciprocal switching time in |G, 6. Dependence of the reciprocal switching timé, b

10-ML film 1 decreases more sharply than exped®sn-  temperature, measured at a constant value of the normalized switch-

pare Fig. 2o)] as T increases, falling off nearer tdc ing electric fieldE/Ec, from 10-ML film 1 at E/Ec=1.06 (tri-

~80°C, well belowT,;~95 °C. The additional slowing near angleg, 30-ML film 2 at E/Ec=1.1 (circles, and the 100-ML film

Tc may be due to additional damping from critical fluctua- at E/Ec=1.0 (squarek
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usual exponential dependence of the reciprocal switchingot encountered in the small-perturbation case. The dipoles,
time on field and temperaturetd& exg —(c/T+b)/E], where  being correlated according to the order paramtecannot

c andb are constants. While the switching time in 30-ML switch collectively faster than the lattice can expand because
film 2 shows a mostly intrinsic critical dependence on fieldof the large interchain steric hindrance. A more general
(Fig. 5, the reciprocal switching time also decreases, but nomodel would consider microscopic polarization fluctuations,
toward zero, ad— T, indicating that switching proceeds which produce large strains, considerably impeding reorga-
by a combination of intrinsic and extrinsic mechanisms. Thenization of the polarization state. Then, the slower evolution
exponential form has been observed in studies of nucleatioref the macroscopic polarization is a result of microscopic
limited ferroelectric switching from the early work of Metz, fluctuations, which greatly dampen its evolutigim the case
including the prior studies of solvent-formed films of PVDF of a single chain, the boundary between different polariza-
and its copolymer8>* (In some cases, domain-wall motion tion states amounts to a kink or soliton that can travel at
is the IImItIng process in extrinsic SWitChing, so that the rE'quite h|gh Speea:!- but interchain van der Waals and electro-
ciprocal switching time increases linearly with fidldAt static interactions greatly impede kink formation and
fields very close &, the exponential and critical forms are o 32) A fluctuation damping model might be suitable for
very distinct because the exponential form passes smoothlfishiacive ferroelectrics like barium titanate as well. The
throughEc and the critical form drops abruptly toward zero. oo e considerations should apply to the dynamics of the
This is particularly evident in the data from the 10-ML films phase transition, where large molecular rotatioiiarge

(triangles on Fig. 5 . . . .__straing are necessary to convert between the all-trans ferro-
At present we lack detailed information on the polariza- ; .
electric phase and the trans-gauche paraelectric phase. De-

tion distribution in the ferroelectric LB films within the in- tailed ts of ph i ition Kinetics (VCFE
dividual crystallites, which are of order 100—500 nm in size. aiied measurements ot phase ;S‘“S' lon ine |cs(. }
TRFE) copolymers by Todat al>® show that the time to

Therefore, we cannot exclude contributions to switching, . h ation is of
from domain nucleation and growth in films thinner than 1iNg about such a reorganization is of order 10-100 sec-

about 30 ML, nor can we confirm that these processes occiids. comparable to the intrinsic switching time nday.
in thicker films exhibiting an activated behavior. Further, it is Therefore, we propose that the Lagrange dynamics of Hq.
possible that, due to film inhomogeneity, the crystallites havéan be applied to intrinsic switching, but the relevant damp-
a distribution of propertie§.e., the values o, a, 8, y, and  ing constant{ is large and so the characteristic switching
T, are inhomogeneousThe sharpness of the critical behav- time 7 is much larger than the LK relaxation time. Calcula-
ior in field suggests that the inhomogeneity in the coercivegion of the damping constarg would require a thorough
field is small, but it is possible that the damping constaist ~ accounting for the molecular dynamics, considering both in-
more sensitive to microsctructure. To help resolve thesérachain and interchain interactions, for large deviations from
questions, we are currently developing an imaging techniquerystal equilibrium, and is beyond the scope of this paper.
with sufficient spatial and temporal resolution to image Summing up the results, we have observed a critical de-
switching kinetics the crystallites. pendence of the ferroelectric switching kinetics on field and
There remains the important question of why switching intemperature in ultrathin Langmuir-Blodgett films of VDF-
the thinnest LB films is so slow, over six orders of magnitudeTreg 70:30 of about 30 ML or thinner, and shown how
slower than in the solvent-formed films. There isapriori  these kinetics arise from the dynamics of mean-field theory
reason that the intrinsic switching time is in any way relatedys ferroelectrics in the case of homogeneous intrinsic switch-
to the extrinsic switching time. Originally, LK restricted the g The intrinsic and extrinsic mechanisms are readily dis-
mef'in-fleld dy“am!cs_ repArgsenth by ER). to small pertur- tinguished because of the dramatically different dependence
bations from equilibriunt in which case the damping con- on field and temperature. From these results, we come to the

sFantg IS proporponal to the .ultrasomc attenuat|on coeffi- conclusion that the kinetics of intrinsic polarization reversal
cient. The damping constant itself cannot be obtained from . . . T

. .~ are well described by the Lagrangian dynamics of intrinsic
the mean field theory but must be calculated from a mlcro-S tching within the mean-field formalism. The reason for
scopic approach, like molecular dynamics. Later interpreta:s witching with : ISMm.

tions attributed this attenuation to damping of the soft pho_j[he apparent crossover from intrinsic to extrinsic switching

non mode in ferroelectric®?° Recent papeté®‘8continue 1" the LB films at about 30 ML thickne$ss no't. cIear—sqme

to claim that the highly nonequilibrium process of switching films thinner than 30 ML do not show a critical behavior—
must also proceed in a time comparable to the quasiequilip?ut scaling studies of the extrinsic coercive field above the
rium LK relaxation time, which is of order 300 ps in the 30 ML*'suggested that the suppression of nucleation in thin-
ferroelectric copolymer®’ According to this interpretation, ner films raises the extrinsic coercive field until, at about 30
intrinsic switching should be much faster than extrinsicML and thinner, it exceeds the intrinsic coercive field, so
switching, and therefore the large observed coercive fields iintrinsic switching dominate$The present results have ma-
the thinnest LB copolymer films are not connected with in-jor implications for data storage devices based on ultrathin
trinsic switching, but with some pinning mechani$fie  ferroelectric films. As manufacturers reduce film thickness
argué? against this interpretation on the grounds that collec-and feature size in a quest for higher density, there may be a
tive polarization reversal in intrinsic switching, where the similar transition toward slower intrinsic switching like the
physical dipoles must rotate by 180°, faces considerablynillionfold slowing observed in the ultrathin ferroelectric
larger damping due to impediments by neighboring chaingolymer films.
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