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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 coalest®nce
Kolmogorov-Avrami-Ishibashi modelThis 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(ZrFt)@in
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 polariadit@anmonitored over
a wide enough time intervabre 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.
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[. INTRODUCTION is qualitatively different from that stemming from the
Kolmogorov-Avrami-Ishibashi model, is possible. The prin-
Switching of polarization domains in ferroelectric materi- ciple difference between our model and that by Kolmogorov-
als has been intensively studied since the 1950’s both thedtvrami-Ishibashi is that the former is focused on the statis-
retically and experimentally, in view of numerous applica-tics of nucleation whereas the latter focuses on the statistics
tions. In particular, considerable progress has been achievéd domain coalescence. We test our model by using it for a
in understanding the polarization reversal kinetics in ferro-description of switching dynamics in an 8-decade interval of
electric crystals. The commonly accepted approach to modgWwitching times in Pt/Pb(Zr, Ti) &Y Pt thin films.
eling the switching kinetics in ferroelectrics employs the
modgl developed by the group of Ishibé_sb’ased on t_he Il. EXPERIMENTAL
classical results by Kolmogoréand Avrami® A substantial
contribution to the development of this approach was made For this study we used PZT films dfil1D-orientation
by the group of Shut=® This approach, which enables a grown on Pt(111) bottom electrode by chemical solution
correct description of switching kinetics in ferroelectric bulk deposition. The films with Zr/Ti ratio of 40/60 contained
materials, has been also applied to a description of switchingopants including Ca, Sr, and La as described in Ref. 9. The
in ferroelectric thin film<:” However, as was recently shown thickness of PZT films was 135 nm. 15 by Ln IrO, top
by the group of Waser, in the case of ferroelectric thin films,electrodes were patterned by photoreactive ion etching. For
the application of this approach is limited especially in themeasurements of the switched polarization as a function of
case where the switching kinetics is monitored over a widghe applied voltage and time of exposure we employed a
interval of switching time$.Based on the observation of the pulse switching method using an electrical circuit similar to
Curie—von Schweidler behavior of the switching current re-that described in Ref. 10. The pulses with rise times of 10 ns
sponse, the authors in Ref. 8 concluded that the switchingnd widths ranging from 10 ns to 0.5 s we produced using an
kinetics in thin films could not be explained by the classicalHP33250A function generator. The voltage drop across the
theory of nucleation and growth of reversed domains. Theyerroelectric capacitor and the current associated with the
suggested by that it is not the domain walls and their motiorswitched polarization was detected using a 1GHz LC 564A
that are decisive for the polarization switching but ratheroscilloscope equipped with an active probe with 1 GHz
other polarization processes with a broad distribution of rebandwidth. The 15 by 1xm capacitors were found to be
laxation times. small enough to allow for accurate square pulses with 10 ns
In the present paper we show that an adequate explanatigise time. The shape of switching current response was vir-
of the polarization reversal in thin films can be obtainedtually unchanged as we tested capacitors with size ranging
within the traditional approach involving an analysis of thefrom 5 by 5 to 15 by 15um, showing that our results are not
domain nucleation and growth. We will demonstrate thataffected by RC parameters of the measuring circuit. The
within this approach an alternative switching kinetics, whichcharge associated with the switched polarization in a ferro-
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y 9 g g g FIG. 2. Switching polarization as a function of switching time,

ing current amplitude at the tail of switching curve is far toofor different voltages, measured on a capacitor containing 135 nm
low to be measured. An alternative method involves a two- ges, P 9

. . S tPick PZT film.
step procedure including a polarization reversal by a pulse o
given amplitude and width followed by a subsequent mea-
surement of the switched polarization using a short pulse o
high amplitude’> We used the latter method since, in our
opinion, it provides much better accuracy than the former
The pulse sequence used for our measuremgitslar to
that presented in Ref. 1Zonsisted of four voltage pulses
separated by equal time intervaig=1 s (Fig. 1). Pulse

arly stages of switching, the appeared domains grow with-
ut overlapping, so that the volume where the polarization is
reversed can be found as the sum of those of the individual
domains. However, when domain overlapping occurs, this
sum ceases to yield the switched volume and the problem
requires an additional mathematical treatment. A general
! . mathematical treatment of this problem was offered b

numbers 1, 2, and 4 had a fixed amplitude of 5V and ekolmogorov2 and Avrami® For thz case of ferroelectric g

duration oft,=50 ns. Duration of pulse 33, ranged from itchina the obtained .
10 ns to 0.5 s, for voltage amplitudes of 0.6, 0.9, 1.35, 2.2, S?WI ching the obtained result can be presented in the form

and 5 V. The role of pulse 1 was to define the polarization p(t)=1—e " 1)
state of the film. Since pulse 2 had the same polarity as pulse
1, the current response corresponding to pulse 2 determinedherep(t) is the fraction of the volume of the ferroelectric
the nonswitching polarization. Pulse 3 switched polarizatiorswitched by timet, the parameters, andn depend on the
partially or completely depending on its amplitude anddensity of the nucleus of reversed domains, mobility of the
width; pulse 4 measured the polarization switched by pulsglomain walls, the electric field acting on the moving domain
3. Figure 2 shows “switching curves” measured this way. Inwalls E, and the dimension of the domain growth. In the
this figure, values of the switched polarization have beersimplest version of the theonyis just the dimension of the
plotted as a function of the switching tinf@uration of pulse domain growth, which for thin films can be taken as about 2
3) for amplitudes of pulse 3 ranging from 0.6 V to 5 V. andt, is a decreasing function d&. This approachEq. (1)
Overall, Fig. 2 shows a switching behavior characterized byr results of a modified version of the motewhen applied
a broad variation of switching times, similar to the resultsto the case of ferroelectric thin films, was found to provide a
reported in Ref. 8. Specifically, at 5 V our ferroelectric ca-good description for the time dependence of the switching
pacitor switched completely during a time interval shortercurrents typically in a 1-2 decade interval of tifhelow-
than 10 ns(this is comparable to the switching data from ever, this approach fails when one addresses the switching
Ref. 7), whereas for an applied voltage of 1.5V, the completekinetics of ferroelectric thin films monitored in a broad time
switching of the capacitor took as long as 0.5 s. interval (as we report and was reported in Ref. Bhis is
clear from the comparison of Fig. 2 with Fig. 3 where we
plot Eqg. (1) for n=2 and two different values df, corre-
sponding to two different values of the applied voltage. In-
The traditional approach to the interpretation of thedeed, the result of modeling contradicts the main features of
switching kinetics in ferroelectri¢d ~®based on the classical the experimental result. First, the theory does not reproduce
result by Kolmogoro% and Avram? is often called the the logarithmically slow increase @i(t). Second, in theory,
Kolmogorov-Avrami-Ishibash{KAl') model. The basic idea a variation of the field leading to a change tgf does not
of this model is that ferroelectric domains, which have beerchange the semilogarithmic slope of the curve; contrary to
initiated from independent nucleation centers, unrestrictedlyhe experimental observations, it just shifts the curve along
grow under the action of the applied electric field. At thethe log-time axes. The drastic difference between the predic-

Ill. MODEL FOR SWITCHING KINETICS
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1 which we call nucleation-limited-switchingNLS) model.
We define it by the following assumptions.
- 08 (i) The film is presented as an ensemble of elementary
N region.
g 0.6 (i) The switching of an elementary region occurs once a
‘g £0=10-5 s £0=10-3 s dorr_@m _of reversed polarlz_atpn is nucleated in the region.
a (iii) Time needed for switching of an elementary region is
equal to the waiting time for the first nucleation, i.e., the time
0.2 needed for filling the region with the expanding domain is
neglected compared to the waiting time.
-6 -4 -2 0 (iv) The distribution of the waiting times for the ensemble
Log (Time, sec.) of the elementary regions is smooth and exponentially broad,

i.e., covering many decades.

FIG. 3. Prediction by the Komlogorov-Avraami-Ishbashi model: ~ To describe the switching kinetics yielded by the NLS
fraction of switched polarization normalized to its maximal value asmodel we introducer; as the typical waiting time of the
a function of time, for different values of parametgraccordingto  elementary regiori), 1/7, being the nucleation rate in the
Eq. (1) with n=2. region andy,= S /{S;) for the ratio of the area of regiofh)

S to the average arg&;) of elementary regions in the film.
tions of the KAl model and our experimenta| data Suggestghe fraction of the volume of the ferroelectric switched by
that the polarization switching when treated in an exponentimet, p(t) is given by the obvious relation
tially wide time interval is inconsistent with the domain-
overlapping KAI model. In this paper we propose an alter- 2 S
native model that enables a consistent description of the p()=1— NS @
reported switching kinetics. '

In our model we do not use the basic assumption of the
KAl model that once nucleated, a new domain can unre- . .
strictedly expand until it encounters another expanding dowhere NS means nonswitched by time “t.”
main. Actually, in terms of the KAl model one nucleus, in  1he special case of this problem where the elementary
principle, can provide switching of the whole sample. We'€gions are identical, i.e., aff and all$ are equal, is readily
know from the direct observations of switching in thin described in term of the classical decay equation for the
films'3%4that the switching occurs region-by-region, and theNUmper of nonswitched areddys
switching in a region does not necessarily lead to the subse- dt
guent switching of the neighboring ones as is expected ac- dNyns= —Npys—, (3)
cording to the KAI model. This means that the film can be T
represented as an ensemble of regions, we call these eleme&pherer is the unique waiting time of the elementary regions.
tary regions, where the switching is provided by the domainsThe solution of Eq.(3) satisfying the boundary condition
nucleated at centers belonging to this regftirese domains Nys=Ng at t=0, whereN, is the total number of the el-
not participating in switching of the rest of the filmActu-  ementary regions in the film, obviously readNys
ally this switching scenario has been already successfully=Nye~Y". This solution leads, via Eq2), to the expression
applied to the interpretation of polarization fatigue in thin for p(t) identical to the prediction of KAl model for the case
ferroelectric films>~1" For the moment, the information on of one-dimensional domain growth
the size distribution of the elementary regions is very lim- s
ited. Among these, there may be regions that behave differ- p()=1—-e """ )
ently with respect to the swm_:hmg km_etlcs. We mean that in The real situation addressed by the NLS model comprises
large enough elementary regions, which contain a large num- .~ )
ber of nucleation centers, the switching kinetics should obey distribution ofr; andy, S0 that E_q(4) should be apphec_i to

g’ : g Xinet )érou s of elementary regions with close valuesrof It is
the KAI model whereas in regions containing only a few 1P y Teg jesra
nucleation centers a very different type of the switching ki_stra|ghtforward to show that once the averaging oxeand

netics takes place. The total contribution of the second typée’ is taken i_nto account, the expression for the switched frac-
of regions is controlled by the statistics of virtually indepen- lon of the film reads

dent svv.|tc.h|ng of these regions, WhIC.h is very Q|ﬁgrent from p()=1—(y e Vmy=1—(e V"), (5)

the statistics of coalescence of growing domains in the KAI

model. Since our experimental data are inconsistent with thén this expression, one should perform the averading )

KAI kinetics, we conclude that the elementary regions of theover the distributions of the waiting times and areas of the
first type do not essentially contribute to the switching re-elementary regions. Since the waiting time enters the expo-
sponse of the films. For this reason, we will model thenent of this expression, averaging over its broad distribution
switching as determined by the contribution by regions of thes decisive for our problem. For this reason, addressing in
second type. We will consider the simplest model of this kindthis paper the main trends of the phenomenon, we neglect

all
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with the logarithmic accuracy the correlation between the 1 e —]
distributions of 7, and 7, and replace(y;e V%) by '/"/', e °
(y)(e"V7)y=(e Y7} in the right-hand side of E¢5). The 0.8 > °
final averaging over an exponentially broad spectrum of the 3 . :
waiting times will be performed in the continuous approxi- % 0.6
mation widely used in the theory of disordered systéses, S % Wed
e.g., Ref. 18 i.e., we set g 04 / —
o ° /
o 0.2 > —®
e )= | e gt madn ), © e
* 0
-8 -6 -4 -2 0
where the distribution functiog(z) meets the normalizing i
condition Log (Time, sec.)

% FIG. 4. Fit of the switching curves from Fig. 2 using the pre-
f g(z)dz=1. (7) 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, the
The broadness of the spectrummomakes also possibken ~ data for 0.9, 2.2, and 5 V are marked with gray dots.
the lines of Ref. 18a further simplification of the expression

for the switched fraction of the film. Namely, passing in Eq. _ ™ 29— 2

(6) to the logarithmic variablez=In 7 andz,=Int, we find PO=Th| 7+ —F ) for <2<,
(e"Vriy=[" exp(1Gc~?)g(z)dz The double exponential

function, which enters this integral, exhibits a very fast T Zy— 2y Zo— 2

growth compared to the distribution functigiiz). This jus- p(H=Th §+ r +arctan r for z,<2,,

tifies the replacement of the former by the step function cen-
tered atz=z, to get(e‘“’i)=ffog(z)dz. Finally, making zo=logt. (10
use of Eqs(5)—(7) we arrive at a simple relation between the Thjs relation can reproduce the main features of the experi-
fraction of switched volume and the distribution function of jantal data fop(t) once we use, andz, as voltage de-
the waiting times pendent fitting parameters. The result of the fit of our data to
Int Eqg. (10) where we fixI'=0.8 is shown in Fig. 4. The values
p(t)= g(z)dz (8) of z; andz, corresponding to this fit are plotted as functions
- of voltageV are shown in Fig. 5. This analysis reveals that
the observed switching kinetics can be described in terms of
IV. APPLICATION OF THE NLS MODEL the NLS model where the spectrum of the waiting times of
, . the elementary regions rapidly shrinks with increasing ap-
We have found that the main features of our experlmentab”ed voltage. As seen from Fid a pronounce exponential

results on the switching kinetics in ferroelectric thin films voltage dependence is exhibited by the typical maximal wait-
can be reasonably modeled by using B).with a distribu- g time 7, _ . This dependence can be approximated as
tion function of the waiting times, which is flat farlying

betweenz, andz, (7,= 10" and 7,,,= 10?2 stands for the = 7100V, (12)
lower and upper limits of the spectrum of the waiting times
and which, out of this region, decays ag?l/the rate of the 15
decay being controlled by parametér Specifically, we set
—~ 10
(2) e f ; ?
0(z)= ————— for zy<z4, -
(z—zp)2+12 0 g
E 0
g(z)=h for z;<zy<z,, g . 2
S
L)
(2) AU o :
0(z2)= ————— for z,<z,,
(Z_ z )2+ FZ 1 2 3 4 ;
h=(z,—z;+T'7)" L. 9 Voltage
This distribution function leads to the following expression g\ 5. Upper(black dots and lower(gray dots limits for the
for p(t): spectrum of waiting times for domain nucleation used for fitting
curves in Fig. 4 as functions of the applied voltage. The solid line
p(t):I’h(z—arcta 21— 2y for zy<zy, shovys a fit of the.experimental dgta fqr voltage dependence of the
2 r maximal waiting time to the function given by E(L1).
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where 7,=10"1%s, n=1.5, andV,=6 V. For a 135 nm obstacles for the domain wall movement we examined the
thick film, this equation can be rewritten in terms of the transmission electron microscopy images of the PZT/
applied fieldE as electrode interface. These images revealed a high-quality ep-
itaxial PZT/SRO interface where the only observable defects
/E)1-5’ (12) were stacking faults observed with the intervals of 10-20
nm. We believe that this scale may correspond to the mini-

whereE, =770 kv/cm. The presented fit is not unique, how- mal size of the elementary regions. However, this issue re-
ever, physically, the ambiguity is not so large since the preduires special experimental investigations.

exponential factor is expected to be of the order of the in-
verse of the soft-mode frequenay,,, whereas the activation

field Eq should not be greater than the thermodynamic coer- The analysis of the experimental data performed in the
cive field Ey,. For PZT at room temperature, these param-paper as well as the consistency of the basic assumptions of
eters are expected to hes,=10"s ' (Ref. 19 andEy  the NLS model with the physical situation in the ferroelectric
=0.5-1 MV/cm.?Itis seen that the used fitting parametersthin films suggests that the kinetics of polarization switching
meet these requirements. in these systems is governed by the statistics of the nucle-
For the moment, despite extensive effdgee for the dis-  ation rather than that of the domain coalescence inherent to
cussion Refs. 21,22 there is no self-consistent theory of KAl model.
domain nucleation in ferroelectrics. For this reason, compari- However, because of the phenomenological nature of our
son of Eq.(12) with the results of existing theories is not model, the above conclusion might be questioned. An objec-
instructive. However, the following remarks may be of inter-tion is that a description similar to that presented above can
est. First of all, the clearly exponential field dependence obe formally obtained by averaging the result of the KAI
the upper edge of the spectrum of the waiting times, whichmodel, Eq.(1), over an exponentially broad distribution of
we have obtained, is consistent with the expected activatioparametet,. We admit that it is formally possible, however,
nature of the phenomenon. On the other hand the obtainedis kind of description is not supported by the microscopical
exponentn=1.5 is also comparable with those derived in aspect of the problem. It is seen from the following argu-
early theories of the activated polarization reversal, namelyments. The exponentially broad distribution of parameger
n=1 andn=2 in Ref. 23, anch=1.5 in Ref. 24. which would be required for a successful application of the
To conclude this section we would like to address thek Al model to our system, implies this kind of distribution
origin of the exponentially broad spectrum of waiting times.for the domain wall mobilities. In any real sample, a certain
It has been clearly establistféd"?*that, using the Landau spread of the wall mobilities, e.g., due to fluctuations of the
theory for an ideal crystal, the energy barriers for the nucledefect concentration, is expected. However, being a mac-
ation of reversed domainde, are very large, making at ro(mesoscopic characteristic of the wall, its mobility feels
least thousands of thermal energies for typical experi- the defect concentration averaged over the wall area. This
mental situations. This implies that, in the ideal situation, theaveraging suppresses the fluctuations of the wall mobility so
waiting times for the nucleation, which are inverse propor-that it can hardly exhibit an exponentially broad distribution.
tional to the Gibbs factor exp{Aeq/kT), are infinitely  This feature actually makes the principal difference between
long. In the real situation, the nucleation barriers are believethe NLS and KAl models. In the former, the switching ki-
to be reduced by the external factdssich as defects or free netics via nucleation is sensitive to the local fluctuations of
carrierg by orders of magnitude from some thousands ofthe parameters of the system whereas the latter deals with the
thermal energiekT down to a few tens okT. Thus, the macroscopic wall motion that averages these fluctuations. As
resulting activation energy for the nucleatide, actually  a result, in the NLS model the polarization response is con-
represents the difference between two energies that are arolled by a distribution of relaxation(waiting) times
ders of magnitude larger than this energy itself. This impliesvhereas a unique-relaxation-time kinetics is inherent to the
that small fluctuations of these two energies can lead to akAl model.
essential spread dfe,. Since the waiting time is an expo- In conclusion, the KAI model which is commonly used
nential function of the activation energy, this spread shouldor the description of switching kinetics in ferroelectric ma-
lead to an exponentially broad spectrum of waiting times outerials is found to be inapplicable to the case of PZT thin
approach is based upon. films. Recent experimental data including original results
To summarize, we see that the model we have forwarde@resented in this paper show a strong qualitative disagree-
above gives a good description of the switching kinetics inment with the switching kinetics predicted by KAI model.
ferroelectric thin films employing a rather limited set of as- An alternative model, which provides an adequate descrip-
sumptions which look reasonable in the context of physics ofion of the switching kinetics for PZT thin films has been
the problem. At the same time we recognize the weak pointproposed. The model suggests that the switching in thin films
relating to the phenomenological nature of this model. Inis limited by the nucleation of reversed domains rather than
particular, no direct evidence on the microscopic origin ofby the sideway motion of domain walls. According to this
the elementary regions of independent switching is availablegoncept the switching kinetics is determined by the statistics
for the moment. Here, the issue of primarily importance isof domain nucleation instead of that of domain coalescence
the typical size of these regions, i.e., the typical displacemerds implied by the KAl model. The proposed model enables a
of the domain walls during switching. To identify possible description of the polarization reversal in PZT thin films for

_ E
Tmax— 7'Oe( 0

V. DISCUSSION AND CONCLUSIONS
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