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Dynamic response of the dielectric and electro-optic properties of epitaxial ferroelectric thin films

B. H. Hoerman, B. M. Nichols, and B. W. Wessels
Department of Materials Science and Engineering and Materials Research Center, Northwestern University, Evanston, lllinois 60208
(Received 28 September 2001; revised manuscript received 5 February 2002; published 10 June 2002

An analysis of the dynamic dielectric and electro-optic relaxation response of thin-film ferroelectrics is
presented. The analysis is based upon the relaxation of ferroelectric domains with a continuous distribution of
sizes given by percolation theory. The resulting temporal response is described by the expbg$$ion
ot~ Mexd — (t/7)#]. The analysis was applied to KNj@hin films. Measurements of the polarization, birefrin-
gence, and dielectric transients show qualitative agreement with the model over 11 orders of magnitude in time.
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I. INTRODUCTION three dimensional; and4) no cooperative interaction be-
tween domains. The model predicts a stretched exponential
The dynamic response of the dielectric and nonlinear opgrowth of the volume fraction of the aligned domains, 1
tical properties of ferroelectrics is of fundamental interest for— exp(—(t/7)?), wheret is the time, and3 and r are con-
elucidating the microscopic mechanisms of the ferroelectrigtants. The value o8 depends on the dimensionality of the
(FE) state. Both of these properties are influenced by thelomain growth and can take on integer values of 1, 2, or 3.
domain structure, which is in turn dependent on the micro-The expression describes experimental switching current
structure. In thin-film FE’s the second-harmonic genel’étion datain many cases, a|though noninteger Va|qumb often
(SHG) and electro-optit (EO) coefficients are typically an  required**2Fort<r, the stretched exponential reduces to a
order of magnitude lower than in bulk materials. The reducpower law ¢/7)2. However, the theory cannot account for
tion is attributed to the presence of a complex domainhe fractional values of3 typically observed®*? Thus to
structurel-* Upon application of an electric field these do- gescribe such cases a different explanation of the power-law
mains align, leading to an increase in the nonlinear opticatesponse must be found.
susceptibilities:™ This poling process has been observed to  \while the previous model assumes preexisting domains of
occur on time scales ranging from 1 to 1000 s for SHG, yniform radius, the domain structure in thin films is very
spontaneous birefringenceand the EO effect. Moreover, ifferent. In contrast to the large sizes and regular shapes of
the alignment process in thin films, in contrast to single-py |k FE domains, irregularly shaped, nanoscale domains
crystal FE's, has been observed to be completely revetsiblgyith a distribution of sizes have been observed in thin
upon removal of the pollng flela—4The Competition of elec- filmS.l’lO'13’14The EO response of these domains to micro-
trostatic and elastic interactions between domains is believegayes(2—4 GH2 has been studied:** Measurements indi-
to be the source of the reversibility of the poling prock$8.  cate that the switching process of the nanodomains take
Recently, we have examined the influence of domain dynamp|ace over very short time scalts.
ics on the transient response of the nonlinear optical proper- To fj|l in the gap between experiment and existing theory
ties of FE thin films on time scales from 6 ns to 100 Ms. \ve have developed a model for the dynamic dielectric and
The transient response of the EO effect follows a power lawgg response in thin-film FE's that takes into account the
~t~™. This dependence was tentatively attributed to the registribution of domain sizes observed in thin-film systems.
laxation of ferroelectric domains. The model predicts a temporal response that is described by
A similar power-law time response has been observed fofhe expressionb (t)oct~™exd —(t/7)#]. The model is com-
the dielectric properties of thin-flm FE%’ The time re- pared to transient measurements of the EO coefficient, the
sponse of the relaxation current responsible for the dielectrigo|arization, and the dielectric constant of epitaxial KNbO
loss has been observed to follow a power-law time respons@in films. These measurements support the proposed model
t~™ or frequency response™ " with 0<m<1. The power- in that the temporal response of all three properties agrees

law dependence of the relaxation current has been observgglth the predicted response over time scales ranging from
to extend over 12 orders of magnitude in frequehd@he  <g ns to~10° s.

physical origin of the power-law relaxation in thin-film FE's
is not understood, although processes involving FE domains
are believed to play an important rdfe. Il. THEORETICAL ANALYSIS

To explain the dielectric relaxation or switching current of
ferroelectrics, a model based on the nucleation and growth of The proposed model describes the dynamic response in
FE domains under an applied electric field has been previterms of a distribution of relaxation timé%jn contrast to a
ously developed® The model assumed) a random distri-  “normal” FE system where the response is described by a
bution of preexisting, aligned domains with a uniform radiussingle relaxation time. Since the relaxation rate depends on
Rc; (2) a constant nucleation rate of aligned domains with adomain size, the broadened response occurs as a result of the
radiusRc ; (3) the growth of the domain boundary proceedsdistribution of domain sizes observed in the thin filtfis.
at a constant velocity and can be categorized as one, two, or The relaxation functiorb (t) for the system consisting of
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Q) dynamically correlated domains is assumed to be of the Vinax t
form®® d(t)=¢' fv N(V)V exp( _BV) dv. (6)
- t Upon substitution of Eq(4) for N(V),
D(t)=2, ¢(vi>exp<——_, (D
i=0 Ti Vimax t
QD(t):qﬁ’Nof Vlyexy(—B—)dV. 7
wheret is the time and¢(V;) is the magnitude of the re- Vimin v
sponse for a domain with volumé and relaxation timei.  golying the integrdf
For FE materials, it has been previously proposed that the
relaxation timer; is directly proportional to the domain vol- D(t)=¢'No(Bt)2 [T (y—2tB/Viaw
umeV; (Refs. 10, 12, 14, and 16-18
—I(y=2tB/Vmin) ], ()
Vi whereI'(x,y) is the incomplete gamma function defined®as
ni(Vi)=g 2
—_ X—1a—2
where B is a constant® This expression accounts for the TOoy)= Jy e tdz ©

coupling between FE domains through electrostatic and me- ) o )
chanical interaction& In the long-time limitt>V,,,/B, the response in Eq.8)
For the EO effect the respons&(V,) is proportional to ~P€comes
the cross-sectional area of the domain multiplied by the path D)= ' No(BH)2 T (v—21tB/V 1
length? or, equivalently, the volume. Hence, (1)=¢"No(BY) (7= 24B/Vmay)- (10

0 For a constant &y—2<0.5, the function I'(y
, t —2tB/V .y is well approximated by a stretched exponen-
‘D(t):;o ¢'Viexg By |, () tial with 0<B<1 and®(t) is approximately

B
where the constanp’ represents the response of each do- q)(t)oth‘Yex;{—( tBK)
main per unit volume—i.e., the spontaneous birefringence, Vina

polarization, or EO coefficient. (11

For a continuous distribution of domain sizes, the summagor the short-time limit<V,,,,/B (the relaxation time of the

tion may be approximated by an integral by introducing ajargest domains the relaxation is given by
domain volume distributiomN(V). It is supposet that the

form of N(V) is given by percolation theory, which is often D(t)oct? r=t"™ (12

used to characterize quenched systems with local

disordef*?? and has been used to model the relaxation Ol@é\/herem.:hy—fz. The rellaxat|on follows a power-la:jv.v deFen-
dislectricsls ence with a fractional exponent Moreover,m is directly

: o . related to the distribution of domain sizes given by the criti-
For a percolative distribution of FE domain volunfés, cal exponenty.

=t2"Yexd — (t/7)"].

N(V)=NgV~?, 4
11l. EXPERIMENTAL PROCEDURE

whereN, is a normalization cpnstant angdis a critical ex- To verify the model, the dynamic response of the dielec-
ponent related to the fractal dimensiDg of the FE domains i susceptibility, polarization, and birefringence of epitaxial
given by KNbO; was measured. Epitaxial films of KNkCor this
study were prepared by low-pressure metal organic chemical
D.— De ) vapor depositiofMOCVD) on spinel(100) substrates. The
F growth procedure and structural characterization have been
detailed elsewher&:? The films are epitaxial as determined
where D¢ is the Euclidean dimension of the embeddingby x-ray diffraction and transmission electron microscopy;
space,Dg=3. Physically,D¢ can take on values spanning however, they are multidomaffi:?° Film thicknesses ranged
the Euclidean dimensions from 3 t¢2This places limits on ~ from 100 to 400 nm, however, no dependence of the mea-
yranging from 2 to 2.5, respectively. For percolation in threesured transient properties on film thickness was observed.
dimensions Dg=3), expected values af®@-~2.525-0.01  The index of refraction ranged from 2.26 to 2.30, which is
and y~2.19. Recent reports of the fractal properties of FEcomparable to the buf®
domains support these valugs?® For EO and dielectric measurements, the samples were
The distribution given in Eq(4) is restricted to a finite patterned with Au/Cr, coplanar surface electrodes separated
range of domain siz€s. For a continuous distribution of by a 5um gap. The EO effect was measured as a He-Ne
domain sizes between the limitg,,, (the volume of the laser beam passed through the electrode gap, normal to the
largest domain and V,,, (the volume of the smallest do- film surface. The apparatus used for the determination of the
maing the relaxation function is given by EO coefficient and measurement of the transient response
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FIG. 1. Change in birefringence of a KNBGhin film after the Elapsed Time (s)
removal of a 4-MV/m, 1us electrical pulse. The data fit a power
law (solid line) with an exponenmgo=0.2. The inset shows the FIG. 2. Change in the electronic polarization of a KNb@in
measured response upon application and removal of the pulse onfigm after the removal of a 1-MV/m, 30-ms electrical pulse. The
linear scale. data fit a power law(solid line) with an exponenmp=0.1. The

inset shows the data recorded during application and removal of the
has been described thoroughly elsewherePolarization pulse on a linear scale.
measurements were carried out on a Radiant Technologies
6000S FE test systefDielectric measurements were per- KTa,Nb; _,05.° For times less tha3 s the relaxation fol-

formed on an HP4192A impedance analyer. lows a power law withm,=<0.1. For longer times the dielec-
tric response is best described by a modified stretched
s 5
IV. EXPERIMENTAL RESULTS exponentia® of the form

The time-dependent EO measurements are shown in Fig. B m A
1. The increase in birefringencé(An), measured during de(t)=(e(0)t "exp — T
the application of the s electric field pulse of 4 MV/m ) ) ) ) )
results from domain alignmertinset of Fig. 2. Upon re- whereg(0) is the d|ele_ctr|c constant mea_sured |_mmed|ately
moval of the field, the domains relax back to their initial @fter removal of the bias pulse of 100=sjs the time con-
configuration over times much longer than the original pulseéStant, andg is the power of the stretched exponential. The
duration. For each of the films measured, the relaxation resolid line in Fig. 3 is a fit to this equation with~96 s and
sponse followed a power law of the same form as @Q)
with an exponenmgq~0.2—0.3.(The subscript “EO” de- 10" P T T
fines the exponent for the EO effect. The observed power- C ]
law dependence holds for times spanning the entire measure i ]

: (13

ment range from 6 ns to 0.1 ms. % 4
The dynamic response of the polarizati@i, for these 2

KNbO; films is shown in Fig. 2. The increase in the polar- % T

ization, during application of the 1-MV/m, 30-ms electric & , ., e 8

; . . ; ; & 10 TR T ;

field pulse, is also due to alignment of domaiimset of Fig. o L

2). After the bias pulse is removed the polarization decays-£
according to a power law. This behavior spanned the resolu-qg’v
tion limit of the measurement system, froril msto 0.6 s. &
For each of the films measured, the power-law exponent for®
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the polarizationmp, was between 0.2 and 0.001. The wide a0 5E.apse§6§me (5)450 600
range ofmp is attributed to its dependence on the applied 45 R BT T TTTY BT BT R Y
pulse duratior{1—100 m$ and magnitud€0.5—-2 MV/m), as 10° 10" 102 10° 10*

will be discussed below.

To assess the long-time response of the system, the dielec-
tric responsede of the films was also measured as a function g, 3. Relaxation of the change in capacitance at 1 MHz
of time before, during, and after an applied field of 4 MV/m (1 v, ) after removal of the bias field follows a modified stretched
for 100 s(inset, Fig. 3. The time-dependent behavior of the exponential as in Eq13) (solid line). The inset shows the capaci-
dielectric relaxation is shown in Fig. 3. The response is simitance before, during, and after application of a 4-MV/m bias for
lar to that observed by Sommer and Kleeman in100 s.

Elapsed Time (s)
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. _—— For the lowest-magnitude and shortest-duration pulses,
Applied Electric Field (MV/m) the measuredhn values converge to a value of 0.3-0.2, cor-
0.0 0.5 1.0 1.5 2.0 25 responding to the derived valueg=2.3—-2.2 andDg
G B BB =2.3-2.5, respectively. These numbers are well within the
3 framework of the model discussed above and agree with
those predicted by percolation theony=2.2 andDg=2.5.
Moreover, the derived values are consistent vidth previ-
ously measured in FERefs. 22, 23, and 25and ferromag-
netic films3*? The m values are also comparable to expo-
nents describing the temporal evolution of the domain
structure in other FE'§:33:34
The longest time over which the power-law relaxation
holds,~1 s, corresponds to the limit imposed by the largest
domains. Consistent with Eq(11), at long times {

LA A RLL) o

*m
107 P

Power Law Exponent
=

——m =V,n/B) the relaxation is dominated by a stretched-
P Y ] exponential transient response, Ef3). For measurement
10 s s s el times on the order af~1 s the relaxation time of the largest

107 10° 10° 10* 10° 102 10' 10° domgins,r=Vme/B, is aprp])roachedl. Assumingfthr;clt thedlarg-
. est domain volume in the sampl¥,,,, is of the order

Pulse Width (s) (1um),2 the coefficientB in Eq. (2) must be of the order
1 um3/1 s=10 *® m3s. Further assumidgthat the volume
of the smallest domainsy,,,, is on the order of 1 nfh
suggests that the shortest relaxation times in the system are
on the order otV,,,/B~1 nnt/10 ¥ m3/s=1ns. Thus the
predicted relaxation rate of these nanoscale domains corre-
sponds to 1 ns, an observation made by previous

H H 2,14
B~0.34. The time constant for these films was independen'{]vesngam@'

of the applied field duration for pulses from 10 to 1000 s, and VI. CONCLUSION
7 ranged from 10 to 100 s.

FIG. 4. Dependence of the exponenis (J) on the duration of
a 4-MV/m applied pulse anth, (@) on the duration of a 2-MV/m
applied pulselower x axis). Also shown is the dependence of
(#) on the magnitude of a 2-ms applied puls@perx axis). Lines
are a guide to the eye.

In conclusion, the dynamic response of the EO effect in
thin-film ferroelectrics has been analyzed for a continuous
V. ANALYSIS AND DISCUSSION distribution of FE domain sizes. The analysis indicates the

The results of the transient experiments show a relaxatiofyn@mic response is described by the expressiofi)

response consistent with EQ.2) over a range of times from =<t " exf{ —(t/7)"], which in the short-time limit reduces to a
1079 to ~1 s. However, upon first inspection, the values of POWer law with a fractional exponent. This expression pro-

the exponentsnz, and mp appear to be distinct. The wide vides' an gxcellent fit for thg measurgd relaxation response of
range of measured valué8.3—0.001 is actually a result of f[he _bwefnngencg, p_olanza'uqn, and dlelectrlc_ constant for ep-
the different magnitudes and durations of the fields used t§axial KNbO; thin films on time scales ranging over 11 or-
align the FE domains. The dependencerobn the applied ders of magnitude, from 6 ns to 1000 s.

pulse duratio(mgg andmp) and magnituderip) is shown
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