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Non-Kolmogorov-Avrami switching kinetics in ferroelectric thin films
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The switching kinetics in ferroelectric thin films has been intensively studied during the past decade. It is
widely accepted that this kinetics is basically governed by the dynamics of domain coalescence~the
Kolmogorov-Avrami-Ishibashi model!. This conclusion is mainly supported by fitting the time dependence of
the switching currents to that predicted by this model, the fit being typically performed in a 1–2 decade interval
of time. The present paper reports on a study of the switching kinetics in modified Pt/Pb(Zr,Ti)O3 /Pt thin
films as a function of time and applied voltage, performed in time intervals from 10 ns to 1s. Our experimental
data show that both the time and applied field dependences of the switching polarization~when monitored over
a wide enough time interval! are in a strong qualitative disagreement with the predictions of the Kolmogorov-
Avrami-Ishibashi approach. For the interpretation of our result, an alternative approach is forwarded. In con-
trast to Kolmogorov-Avrami-Ishibashi approach, we assume that the film consists of many areas, which have
independent switching dynamics. The switching in an area is considered to be triggered by an act of the reverse
domain nucleation. The switching kinetics is described in terms of the distribution function of the nucleation
probabilities in these areas. The developed approach enables a good description of the polarization dynamics in
typical ferroelectric thin films for memory applications.

DOI: 10.1103/PhysRevB.66.214109 PACS number~s!: 77.80.Fm, 77.22.Ej, 77.55.1f, 77.80.Dj
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I. INTRODUCTION

Switching of polarization domains in ferroelectric mate
als has been intensively studied since the 1950’s both th
retically and experimentally, in view of numerous applic
tions. In particular, considerable progress has been achi
in understanding the polarization reversal kinetics in fer
electric crystals. The commonly accepted approach to m
eling the switching kinetics in ferroelectrics employs t
model developed by the group of Ishibashi1 based on the
classical results by Kolmogorov2 and Avrami.3 A substantial
contribution to the development of this approach was m
by the group of Shur.4–6 This approach, which enables
correct description of switching kinetics in ferroelectric bu
materials, has been also applied to a description of switch
in ferroelectric thin films.6,7 However, as was recently show
by the group of Waser, in the case of ferroelectric thin film
the application of this approach is limited especially in t
case where the switching kinetics is monitored over a w
interval of switching times.8 Based on the observation of th
Curie–von Schweidler behavior of the switching current
sponse, the authors in Ref. 8 concluded that the switch
kinetics in thin films could not be explained by the classi
theory of nucleation and growth of reversed domains. Th
suggested by that it is not the domain walls and their mot
that are decisive for the polarization switching but rath
other polarization processes with a broad distribution of
laxation times.

In the present paper we show that an adequate explan
of the polarization reversal in thin films can be obtain
within the traditional approach involving an analysis of t
domain nucleation and growth. We will demonstrate th
within this approach an alternative switching kinetics, whi
0163-1829/2002/66~21!/214109~6!/$20.00 66 2141
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is qualitatively different from that stemming from th
Kolmogorov-Avrami-Ishibashi model, is possible. The pri
ciple difference between our model and that by Kolmogoro
Avrami-Ishibashi is that the former is focused on the sta
tics of nucleation whereas the latter focuses on the statis
of domain coalescence. We test our model by using it fo
description of switching dynamics in an 8-decade interval
switching times in Pt/Pb(Zr,Ti)O3 /Pt thin films.

II. EXPERIMENTAL

For this study we used PZT films of~111!-orientation
grown on Pt~111! bottom electrode by chemical solutio
deposition. The films with Zr/Ti ratio of 40/60 containe
dopants including Ca, Sr, and La as described in Ref. 9.
thickness of PZT films was 135 nm. 15 by 15mm IrOx top
electrodes were patterned by photoreactive ion etching.
measurements of the switched polarization as a function
the applied voltage and time of exposure we employe
pulse switching method using an electrical circuit similar
that described in Ref. 10. The pulses with rise times of 10
and widths ranging from 10 ns to 0.5 s we produced using
HP33250A function generator. The voltage drop across
ferroelectric capacitor and the current associated with
switched polarization was detected using a 1GHz LC 56
oscilloscope equipped with an active probe with 1 G
bandwidth. The 15 by 15mm capacitors were found to b
small enough to allow for accurate square pulses with 10
rise time. The shape of switching current response was
tually unchanged as we tested capacitors with size rang
from 5 by 5 to 15 by 15mm, showing that our results are no
affected by RC parameters of the measuring circuit. T
charge associated with the switched polarization in a fe
©2002 The American Physical Society09-1
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electric capacitor can be studied as a function of switch
voltage and time in several different ways. One possibility
to apply to the capacitor the pulses of different amplitud
and to measure directly the corresponding switch
current.11 The drawback of this method is that in the case
very long switching times, e.g., within ms range the switc
ing current amplitude at the tail of switching curve is far t
low to be measured. An alternative method involves a tw
step procedure including a polarization reversal by a puls
given amplitude and width followed by a subsequent m
surement of the switched polarization using a short pulse
high amplitude.12 We used the latter method since, in o
opinion, it provides much better accuracy than the form
The pulse sequence used for our measurements~similar to
that presented in Ref. 12! consisted of four voltage pulse
separated by equal time intervalst151 s ~Fig. 1!. Pulse
numbers 1, 2, and 4 had a fixed amplitude of 5V and
duration oft2550 ns. Duration of pulse 3,t3, ranged from
10 ns to 0.5 s, for voltage amplitudes of 0.6, 0.9, 1.35, 2.2
and 5 V. The role of pulse 1 was to define the polarizat
state of the film. Since pulse 2 had the same polarity as p
1, the current response corresponding to pulse 2 determ
the nonswitching polarization. Pulse 3 switched polarizat
partially or completely depending on its amplitude a
width; pulse 4 measured the polarization switched by pu
3. Figure 2 shows ‘‘switching curves’’ measured this way.
this figure, values of the switched polarization have be
plotted as a function of the switching time~duration of pulse
3! for amplitudes of pulse 3 ranging from 0.6 V to 5 V
Overall, Fig. 2 shows a switching behavior characterized
a broad variation of switching times, similar to the resu
reported in Ref. 8. Specifically, at 5 V our ferroelectric c
pacitor switched completely during a time interval shor
than 10 ns~this is comparable to the switching data fro
Ref. 7!, whereas for an applied voltage of 1.5 V, the compl
switching of the capacitor took as long as 0.5 s.

III. MODEL FOR SWITCHING KINETICS

The traditional approach to the interpretation of t
switching kinetics in ferroelectrics1,4–6based on the classica
result by Kolmogorov2 and Avrami3 is often called the
Kolmogorov-Avrami-Ishibashi~KAI ! model. The basic idea
of this model is that ferroelectric domains, which have be
initiated from independent nucleation centers, unrestricte
grow under the action of the applied electric field. At t

FIG. 1. Sequence of voltage pulses used for measuremen
the switching polarization.
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early stages of switching, the appeared domains grow w
out overlapping, so that the volume where the polarization
reversed can be found as the sum of those of the individ
domains. However, when domain overlapping occurs, t
sum ceases to yield the switched volume and the prob
requires an additional mathematical treatment. A gene
mathematical treatment of this problem was offered
Kolmogorov2 and Avrami.3 For the case of ferroelectric
switching the obtained result can be presented in the for1

p~ t !512e2(t/t0)n
, ~1!

wherep(t) is the fraction of the volume of the ferroelectr
switched by timet, the parameterst0 and n depend on the
density of the nucleus of reversed domains, mobility of t
domain walls, the electric field acting on the moving doma
walls E, and the dimension of the domain growth. In th
simplest version of the theoryn is just the dimension of the
domain growth, which for thin films can be taken as abou
and t0 is a decreasing function ofE. This approach@Eq. ~1!
or results of a modified version of the model6#, when applied
to the case of ferroelectric thin films, was found to provide
good description for the time dependence of the switch
currents typically in a 1–2 decade interval of time.6 How-
ever, this approach fails when one addresses the switc
kinetics of ferroelectric thin films monitored in a broad tim
interval ~as we report and was reported in Ref. 8!. This is
clear from the comparison of Fig. 2 with Fig. 3 where w
plot Eq. ~1! for n52 and two different values oft0 corre-
sponding to two different values of the applied voltage.
deed, the result of modeling contradicts the main feature
the experimental result. First, the theory does not reprod
the logarithmically slow increase ofp(t). Second, in theory,
a variation of the field leading to a change oft0 does not
change the semilogarithmic slope of the curve; contrary
the experimental observations, it just shifts the curve alo
the log-time axes. The drastic difference between the pre

of

FIG. 2. Switching polarization as a function of switching tim
for different voltages, measured on a capacitor containing 135
thick PZT film.
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tions of the KAI model and our experimental data sugge
that the polarization switching when treated in an expon
tially wide time interval is inconsistent with the domain
overlapping KAI model. In this paper we propose an alt
native model that enables a consistent description of
reported switching kinetics.

In our model we do not use the basic assumption of
KAI model that once nucleated, a new domain can un
strictedly expand until it encounters another expanding
main. Actually, in terms of the KAI model one nucleus,
principle, can provide switching of the whole sample. W
know from the direct observations of switching in th
films13,14 that the switching occurs region-by-region, and t
switching in a region does not necessarily lead to the su
quent switching of the neighboring ones as is expected
cording to the KAI model. This means that the film can
represented as an ensemble of regions, we call these ele
tary regions, where the switching is provided by the doma
nucleated at centers belonging to this region~these domains
not participating in switching of the rest of the film!. Actu-
ally this switching scenario has been already successf
applied to the interpretation of polarization fatigue in th
ferroelectric films.15–17 For the moment, the information o
the size distribution of the elementary regions is very li
ited. Among these, there may be regions that behave di
ently with respect to the switching kinetics. We mean tha
large enough elementary regions, which contain a large n
ber of nucleation centers, the switching kinetics should o
the KAI model whereas in regions containing only a fe
nucleation centers a very different type of the switching
netics takes place. The total contribution of the second t
of regions is controlled by the statistics of virtually indepe
dent switching of these regions, which is very different fro
the statistics of coalescence of growing domains in the K
model. Since our experimental data are inconsistent with
KAI kinetics, we conclude that the elementary regions of
first type do not essentially contribute to the switching
sponse of the films. For this reason, we will model t
switching as determined by the contribution by regions of
second type. We will consider the simplest model of this k

FIG. 3. Prediction by the Komlogorov-Avraami-Ishbashi mod
fraction of switched polarization normalized to its maximal value
a function of time, for different values of parametert0 according to
Eq. ~1! with n52.
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which we call nucleation-limited-switching~NLS! model.
We define it by the following assumptions.

~i! The film is presented as an ensemble of elemen
region.

~ii ! The switching of an elementary region occurs onc
domain of reversed polarization is nucleated in the regio

~iii ! Time needed for switching of an elementary region
equal to the waiting time for the first nucleation, i.e., the tim
needed for filling the region with the expanding domain
neglected compared to the waiting time.

~iv! The distribution of the waiting times for the ensemb
of the elementary regions is smooth and exponentially bro
i.e., covering many decades.

To describe the switching kinetics yielded by the NL
model we introducet i as the typical waiting time of the
elementary region~i!, 1/t i being the nucleation rate in th
region andg i5Si /^Si& for the ratio of the area of region~i!
Si to the average areâSi& of elementary regions in the film
The fraction of the volume of the ferroelectric switched
time t, p(t) is given by the obvious relation

p~ t !512

(
NS

Si

(
all

Si

, ~2!

where NS means nonswitched by time ‘‘t.’’
The special case of this problem where the elemen

regions are identical, i.e., allt i and allSi are equal, is readily
described in term of the classical decay equation for
number of nonswitched areasNNS

dNNS52NNS

dt

t
, ~3!

wheret is the unique waiting time of the elementary region
The solution of Eq.~3! satisfying the boundary condition
NNS5N0 at t50, whereN0 is the total number of the el
ementary regions in the film, obviously readsNNS
5N0e2t/t. This solution leads, via Eq.~2!, to the expression
for p(t) identical to the prediction of KAI model for the cas
of one-dimensional domain growth

p~ t !512e2t/t. ~4!

The real situation addressed by the NLS model compr
a distribution oft i andg i so that Eq.~4! should be applied to
groups of elementary regions with close values oft i . It is
straightforward to show that once the averaging overt i and
g i is taken into account, the expression for the switched fr
tion of the film reads

p~ t !512^g ie
2t/t i&.12^e2t/t i&. ~5!

In this expression, one should perform the averaging^•••&
over the distributions of the waiting times and areas of
elementary regions. Since the waiting time enters the ex
nent of this expression, averaging over its broad distribut
is decisive for our problem. For this reason, addressing
this paper the main trends of the phenomenon, we neg

:
s

9-3
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TAGANTSEV, STOLICHNOV, SETTER, CROSS, AND TSUKADA PHYSICAL REVIEW B66, 214109 ~2002!
with the logarithmic accuracy the correlation between
distributions of t i and g i and replace ^g ie

2t/t i& by
^g i&^e

2t/t i&5^e2t/t i& in the right-hand side of Eq.~5!. The
final averaging over an exponentially broad spectrum of
waiting times will be performed in the continuous appro
mation widely used in the theory of disordered systems~see,
e.g., Ref. 18!, i.e., we set

^e2t/t i&5E
2`

`

e2t/tg~ ln t!d~ ln t!, ~6!

where the distribution functiong(z) meets the normalizing
condition

E
2`

`

g~z!dz51. ~7!

The broadness of the spectrum oft makes also possible~on
the lines of Ref. 18! a further simplification of the expressio
for the switched fraction of the film. Namely, passing in E
~6! to the logarithmic variables,z5 ln t andz05 ln t, we find
^e2t/t i&5*2`

` exp(10z02z)g(z)dz. The double exponentia
function, which enters this integral, exhibits a very fa
growth compared to the distribution functiong(z). This jus-
tifies the replacement of the former by the step function c
tered atz5z0 to get ^e2t/t i&5*z0

` g(z)dz. Finally, making

use of Eqs.~5!–~7! we arrive at a simple relation between th
fraction of switched volume and the distribution function
the waiting times

p~ t !5E
2`

ln t

g~z!dz. ~8!

IV. APPLICATION OF THE NLS MODEL

We have found that the main features of our experime
results on the switching kinetics in ferroelectric thin film
can be reasonably modeled by using Eq.~8! with a distribu-
tion function of the waiting times, which is flat forz lying
betweenz1 andz2 (tmin510z1 andtmax510z2 stands for the
lower and upper limits of the spectrum of the waiting time!
and which, out of this region, decays as 1/z2, the rate of the
decay being controlled by parameterG. Specifically, we set

g~z!5
G2h

~z2z1!21G2
for z0,z1 ,

g~z!5h for z1,z0,z2 ,

g~z!5
G2h

~z2z2!21G2
for z2,z0 ,

h5~z22z11Gp!21. ~9!

This distribution function leads to the following expressi
for p(t):

p~ t !5GhS p

2
2arctan

z12z0

G D for z0,z1 ,
21410
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p~ t !5GhS p

2
1

z02z1

G D for z1,z0,z2 ,

p~ t !5GhS p

2
1

z22z1

G
1arctan

z02z2

G D for z2,z0 ,

z05 log t. ~10!

This relation can reproduce the main features of the exp
mental data forp(t) once we usez1 and z2 as voltage de-
pendent fitting parameters. The result of the fit of our data
Eq. ~10! where we fixG50.8 is shown in Fig. 4. The value
of z1 andz2 corresponding to this fit are plotted as functio
of voltageV are shown in Fig. 5. This analysis reveals th
the observed switching kinetics can be described in term
the NLS model where the spectrum of the waiting times
the elementary regions rapidly shrinks with increasing
plied voltage. As seen from Fig. 5 a pronounce exponentia
voltage dependence is exhibited by the typical maximal w
ing time tmax. This dependence can be approximated as

tmax5t010(V0 /V)n
, ~11!

FIG. 4. Fit of the switching curves from Fig. 2 using the pr
diction of the NLS model, Eq.~10!. Experimental data from Fig. 2
for voltages of 0.6, 1.35, and 3 V are marked with black dots,
data for 0.9, 2.2, and 5 V are marked with gray dots.

FIG. 5. Upper~black dots! and lower~gray dots! limits for the
spectrum of waiting times for domain nucleation used for fitti
curves in Fig. 4 as functions of the applied voltage. The solid l
shows a fit of the experimental data for voltage dependence of
maximal waiting time to the function given by Eq.~11!.
9-4
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where t0510213 s, n51.5, andV056 V. For a 135 nm
thick film, this equation can be rewritten in terms of th
applied fieldE as

tmax5t0e(E0 /E)1.5
, ~12!

whereE05770 kV/cm. The presented fit is not unique, ho
ever, physically, the ambiguity is not so large since the p
exponential factor is expected to be of the order of the
verse of the soft-mode frequencyvSm whereas the activation
field E0 should not be greater than the thermodynamic co
cive field Eth . For PZT at room temperature, these para
eters are expected to bevSm.1013 s21 ~Ref. 19! and Eth
50.521 MV/cm.20 It is seen that the used fitting paramete
meet these requirements.

For the moment, despite extensive efforts~see for the dis-
cussion Refs. 21,22!, there is no self-consistent theory o
domain nucleation in ferroelectrics. For this reason, comp
son of Eq.~12! with the results of existing theories is no
instructive. However, the following remarks may be of inte
est. First of all, the clearly exponential field dependence
the upper edge of the spectrum of the waiting times, wh
we have obtained, is consistent with the expected activa
nature of the phenomenon. On the other hand the obta
exponentn51.5 is also comparable with those derived
early theories of the activated polarization reversal, nam
n51 andn52 in Ref. 23, andn51.5 in Ref. 24.

To conclude this section we would like to address
origin of the exponentially broad spectrum of waiting time
It has been clearly established24,21,22 that, using the Landau
theory for an ideal crystal, the energy barriers for the nuc
ation of reversed domainsD«0 are very large, making a
least thousands of thermal energieskT for typical experi-
mental situations. This implies that, in the ideal situation,
waiting times for the nucleation, which are inverse prop
tional to the Gibbs factor exp(2D«0 /kT), are infinitely
long. In the real situation, the nucleation barriers are belie
to be reduced by the external factors~such as defects or fre
carriers! by orders of magnitude from some thousands
thermal energieskT down to a few tens ofkT. Thus, the
resulting activation energy for the nucleationD« r actually
represents the difference between two energies that are
ders of magnitude larger than this energy itself. This impl
that small fluctuations of these two energies can lead to
essential spread ofD« r . Since the waiting time is an expo
nential function of the activation energy, this spread sho
lead to an exponentially broad spectrum of waiting times
approach is based upon.

To summarize, we see that the model we have forwar
above gives a good description of the switching kinetics
ferroelectric thin films employing a rather limited set of a
sumptions which look reasonable in the context of physics
the problem. At the same time we recognize the weak po
relating to the phenomenological nature of this model.
particular, no direct evidence on the microscopic origin
the elementary regions of independent switching is availa
for the moment. Here, the issue of primarily importance
the typical size of these regions, i.e., the typical displacem
of the domain walls during switching. To identify possib
21410
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obstacles for the domain wall movement we examined
transmission electron microscopy images of the PZ
electrode interface. These images revealed a high-quality
itaxial PZT/SRO interface where the only observable defe
were stacking faults observed with the intervals of 10–
nm. We believe that this scale may correspond to the m
mal size of the elementary regions. However, this issue
quires special experimental investigations.

V. DISCUSSION AND CONCLUSIONS

The analysis of the experimental data performed in
paper as well as the consistency of the basic assumption
the NLS model with the physical situation in the ferroelect
thin films suggests that the kinetics of polarization switchi
in these systems is governed by the statistics of the nu
ation rather than that of the domain coalescence inheren
KAI model.

However, because of the phenomenological nature of
model, the above conclusion might be questioned. An ob
tion is that a description similar to that presented above
be formally obtained by averaging the result of the K
model, Eq.~1!, over an exponentially broad distribution o
parametert0. We admit that it is formally possible, howeve
this kind of description is not supported by the microscopi
aspect of the problem. It is seen from the following arg
ments. The exponentially broad distribution of parametert0,
which would be required for a successful application of t
KAI model to our system, implies this kind of distributio
for the domain wall mobilities. In any real sample, a certa
spread of the wall mobilities, e.g., due to fluctuations of t
defect concentration, is expected. However, being a m
ro~meso!scopic characteristic of the wall, its mobility fee
the defect concentration averaged over the wall area. T
averaging suppresses the fluctuations of the wall mobility
that it can hardly exhibit an exponentially broad distributio
This feature actually makes the principal difference betwe
the NLS and KAI models. In the former, the switching k
netics via nucleation is sensitive to the local fluctuations
the parameters of the system whereas the latter deals with
macroscopic wall motion that averages these fluctuations
a result, in the NLS model the polarization response is c
trolled by a distribution of relaxation~waiting! times
whereas a unique-relaxation-time kinetics is inherent to
KAI model.

In conclusion, the KAI model which is commonly use
for the description of switching kinetics in ferroelectric m
terials is found to be inapplicable to the case of PZT th
films. Recent experimental data including original resu
presented in this paper show a strong qualitative disag
ment with the switching kinetics predicted by KAI mode
An alternative model, which provides an adequate desc
tion of the switching kinetics for PZT thin films has bee
proposed. The model suggests that the switching in thin fi
is limited by the nucleation of reversed domains rather th
by the sideway motion of domain walls. According to th
concept the switching kinetics is determined by the statis
of domain nucleation instead of that of domain coalesce
as implied by the KAI model. The proposed model enable
description of the polarization reversal in PZT thin films f
9-5
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a wide range of the switching times and applied voltages
is shown that the electric field impacts the switching kinet
via influencing the spectrum of the local waiting times f
the nucleation of reversed domains: an increase of the
results in a shrinkage of the spectrum.
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