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Polarization relaxation kinetics and 180° domain wall dynamics in ferroelectric thin films
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The time-dependent relaxation of remanant polarization in epitaxial lead zirconate titanate
[Ph(Zry 5Tig.905,PZT] ferroelectric thin films, containing a uniform two-dimensional grid of 90° dom&ins
axis in the plane of the filj is examined using voltage-modulated scanning force microscopy. 90° domain
walls preferentially nucleate 180° reverse domains during relaxation, which grow and coalesce as a function of
relaxation time. Relaxation is seen to saturate at different levels depending on the write voltageatLate
tion) stages of relaxation are accompanied by pinning and faceting of the domain(avalitically reducing
the wall mobility), which is direct evidence of the role of defect sites and crystallographic features on polar-
ization relaxation. The kinetics of relaxation is modeled through the nucleation and growth Johnson-Mehl-
Avrami-Kolmogorov theory with a decreasing driving force.
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[. INTRODUCTION 180° domain wall dynamics and relate its topology and dy-
namics to the crystallography and defect structures in the
At present there is considerable interest in ferroelectridilm and therefore to the overall relaxation kinetics. Johnson-
thin films as a medium for nonvolatile data stordda.par-  Mehl-Avrami-Kolmorogov (JMAK) theory is a useful ap-
ticular much attention has been paid to investigating highproach for systems exhibiting nucleation and growth routes
density gigabit data storage using scanning probef phase change kineti€dn this article we attempt to apply
techniqueg. The ferroelectric element in these storage mediahis theory to the polarization reversal in the ferroelectric
is subject to progressive loss of polarization, commonly re+hin films.
ferred to as “polarization relaxation.” Measurement of the
remanant polarization of a macroscopic capacitor is one of
the ways to study the polarization loss as a function of wait Il. EXPERIMENT
time. However, this may not necessarily lead to a complete
understanding of the underlying domain evolution in the The ferroelectric films consisted of epitaxial 4000-A-thick
ferroelectric film. It is important to supplement the informa- PZT (0:20:80 films grown on a single-crystal SITigQSTO)
tion obtained from such a macroscopic experiment withsubstrate with a 500-A-thick La-Sr-Co-QLSCO) oxide
high-resolution domain images during the relaxation procesgyer as the bottom electrode. PRZFi, 405 thin films were
in order to understand the mechanisms governing backgeposited at 650 °C and 100-mTorr oxygen partial pressure
witching. Early studies on the microscopic origins of polar-on (001) epitaxial grade STO substraté€rystec. GmbH,
ization reversal using scanning probe microscope teChermany by pulsed laser depositiofPLD). The details of
niques show that they have the potential for quantifying the ihe deposition process are given elsewlelée samples
phys_ical origin of the relaxatiqn _kinetics. In many of theseWere cooled at a rate of 1°C/min from the growth tempera-
studies the top electrode is eliminated to obtain the highest, e The thickness of individual layers were confirmed by

resolution pos_sible and more importantly to artificially ?pee.dRutherford backscatteringRBS) and transmission electron
up the relaxation process. Absence of a top electrode implie

that the film polarization is forced predominantly into a uni- %'(;:3200&3#;52& (XRD) experiments for all samples were
form orientation thereby leading to a net driving field for the y P P

unstable reverse poled parts of the film. In a recent pubgone on a four-circle Siemens D5000 diffractometer with

lication® we showed the evolution of reversed domains inMenochromatic i« radiation. Crystallographic character-
epitaxial lead zirconate titanate thin films grown on Sryio 1zation was accomplished with standa@-26 scans, §

with oxide La-Sr-Co-O electrodes. It was seen that reversdi°Cking curves, andp scans, with angular resolutions of
proceeds by nucleation and growth of reverse 180° domains:0-1° ~0.1°, and~4°, respectively. Epitaxial growth in the
These reverse domains were found to nucleate at the intef2mples was established frofnscans and the presence of
face of ¢ domains anda domains in the tetragonal only 00 type reflections in th&-2¢ diffraction pattern. The
Pb(Zr, ,Tig 903 (PZT) thin film.> A stretched exponential fit PZT film contained a uniform two-dimensiondD) grid of

was found to be a well-suited functional fitting form for the 90° domaing(i.e., ¢ axis in the plane of the filjm Such 90°
time dependence of the reversed fraction. In this report welomains have been shown to have a strong impact on the

have attempted to further probe the nanoscale features biysteretic polarization behavior of ferroelectric filfhRue
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FIG. 1. (a) Piezoresponse image from a
5 umXx5 um area of the PhyZr, ,Tip O3 Sample
! rev:ersedstate [ : J ] showing the as—grown_regiomﬁaght contra§land

(unstable) - - ¥ = = ‘ the reverse poled region of 8mx3 um in the

: - S center(dark contrast (b)—(f) Piezoresponse im-

ages from the 3:mXx3 um region from (a),
which was switched into the opposite polarization
(with respect to the as-grown stastate by scan-
ning the surface with the tip biased atl0 V.
Images taken after wait times ¢) 6.1x 10, (c)
9.2x10% (d) 2.4x10% () 1.1x 10%, and(f) 2.8
X 10°s.

to the absence of a top electrode the polarization and piezearlier work® The process of nucleation of reverse domains
response hysteresis loops show a marked asymmetry, thereimas followed by the growth of these regions to cover an
indicating a built-in internal field. The value of this field was increasing area of the film. It is to be noted that the reversal
calculated to be around 3<510° V/m.* did not proceed completely to the fully poled as-grown state,
Voltage-modulated scanning force microscbpmas been but rather to a saturation value for the fraction of “unstable”
employed recently to study the piezoelectric effect and taemanant black domains within a matrix of stable, reversed,
image and modify the domain structure in thin-film samples.as-grown “white” domains depending on the writing field.
For our experiments we used a commercial Digital Instru-However, this state was only stable at room temperature.
ments Nanoscope IIIA Multimode atomic force microscopeHeating the film to 400 °C caused the domain structure to
(AFM) equipped with standard silicon tigeadius 5—-15 nm  revert to the fully poled white state. These observations were
coated with nickel silicide for electrical conduction. All im- found to be repeatable in several experiments conducted over
ages were acquired at room temperature in ambient atmaarious parts of the sample.
sphere. To study the effect of the dc writing voltage, the above
experiment was repeated for the write voltages-aD, —12,
and —14 V. As shown in Fig. 2, the effect of dc “write”
lll. RESULTS voltages is to dramatically alter the net reversed fraction

Piezoresponse images of the surface of the as-grown pz#ithin the experimentally observable time. It was seen from
film (Fig. 1) show the presence of long needlelike orthogonalth® domain images acquired for each of these write voltages
structures that have been identified to be 90° twin domain&at the nucleation density is reduced with higher write volt-
(denoted by “T” in the imagg which form to relax the @ages.In order to study the local phenomena in greater detail
strains associated with lattice mismatch and phase transfoyt® repeated the relaxation experiment omxis regions
mation from the cubic to the tetragondferroelectrig ~ Pounded on all four sides bg-axis domains. This helped
phase”1® The image contrast in between the needlelike rensure that the nanoscale domain dynamics that was being

gions is uniformly bright, suggesting that the entire region is

prepoled in a specific direction. The as-grown polarization E 0.8

vector in the sample was switched into the opposite state by g 0.7

scanning the surface of the film @mXx3 um) with the 00 0.6 R

AFM tip biased at—8 V (scan speed 1 Hzeading to a 5 A

strong change in the image contrast from bright to dark as $ 057

observed in the inner part of Fig.a. We observed this § 0.4

switched statgin the c-axis regions of the film begin to D 03 A -6v
.. . K ; . . o B8V

relax back to the original bright state, the kinetics of which is c 0.2 10V

the focus of this paper. Piezoresponse images were recorded .g YooV Lv—-i2v

from the same region as a function of time from a few min- g 017 o— -14v

utes to several days. The polarization spontaneously reversed [ 001____ : : , :

its direction as illustrated in the sequence of piezoresponse 0.00  g50x10* 1.70x10° 2.55x10° 3.40x10°

images in Figs. (b)—1(f). The internal field present due to Time (s)

the asymmetry of the electrode structure drives the reversal.

Nucleation of the reverse domains was found to occur pref- FIG. 2. Fraction reversed domains as a function of the dc
erentially at the twin boundaries, as was also noticed in arwrite” voltage.
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FIG. 3. (a)—(c) Relaxation in a “single cell.”
Data illustrate the role of curvature in governing
the local velocity of the 180° domain wall. Ar-
rows indicate the direction of the velocity of the
moving wall. This normal velocity slows down as
the curvature of the wall decreases and faceting
takes place as seen {d) and (f). Images taken
after wait times of(@) 4.6x 10%, (b) 8.7x 1C%, (c)
1.2x10% (d) 2.6x10% (e) 7.5x10%, and(f) 1.6
X 10 s.

) =

investigated was not affected by growth of reverse domainstate get transformed. In this case the overall free energy
from neighboring regions. Curvature of the phase boundargecreases much more rapidly as both the surface energy and
has been known to play a key role in modifying the normalthe volume energies decrease. Thus the local domain wall
velocity of the wall™* The existence of a surface tension velocity in this case is very high. Local curvature therefore
implies a force per unit area, proportional to the mean curaffects the rate of transformation.

vature, acting at each point on the wall. This force will cause |y the final stages of the growth, the curvature of the
the walls to move, with a velocity proportional to the local yomain wall tends to zero and a faceted structure is ob-
curvature. The effect of local curvature on the 180° domaineryed, This faceted structure represents a metastable state
wall velocity can be seen in Figs(&-3(f). When the cur-  ¢5 the domain wall as it lies along the low-index planes of
vature of the areas marked by the arrows is large, the normghe tetragonal crystal. As an illustration consider the series of
velocity of that part of the wall is very high, but when the gomain images for relaxation of a single 300-nm “cell” in

curvature decreases to very small values as the wall becomﬁgs_ §a)-5(e). As can be observed in Figs(dh and 5e),
progressively flatter, the wall velocity decreases and finallyna qomain wall is seen to lie along tHELO)-type and(100)-
goes to zero_when the_wall pecomes faceted. Clearly therﬁ/pe planes of the crystal, which seems to suggest that these
are two possible ways in which the transformed region carpjanes represent the low-energy configurations for the do-

grow into the original unstable areas. At early times as seefyain wall. These facets are, however, metastable states, and
schematically in Fig. @), the growing cylindrical regions  tneir stability is limited by thermal fluctuations of the wall.
imply a decreasing volume free energy accompanied by afthe domain wall velocity and hence the transformation rate

increasing surface energy as the surface area of the indjy, his “single-cell” region shows a marked slow down at
vidual white nuclei increases. At later times after coalescencgroundt:2><105S [Fig. 5f)]. The domain image corre-

produces varying topologies of the 180° domain wall, it cangponding to this time scale is clearly faceted as seen in Fig.
be observedFig. 4(b)] that the transformed volume can in- 5 |t can be also seen that the transformation rate then

crease while being accompanied by a reduction in the“ S“rfaﬁﬁcreases before tapering off once again as the domain struc-
area of the 180° domain wall as regions of unstable “black”yre setiles into another faceted metastable §fite 5€)].
Recently, Yanget al. have calculated the surface energy

of a 180° domain wall by observing the bowing of a pinned
wall using optical observation$. Figures §a)—6(i) shows
: the transformation in a single “cell” 500 nm wide. The do-
@ main wall is seen to meander across from the nucleation site
inside one of the sides towards the oppositédomain wall

until it gets pinned by defect sites as observed in F{9. tn
the early stages there is enough driving force for the domain
wall to overcome the pinning sites as can be seen in the
FIG. 4. (a) Change of curvature as the “white” reversed domain Sefies of images Figs(i6)—6(h). However, as the relaxation
grows in size at early timegb) Change of curvature of the 180° Proceeds to later stages, the driving force is exhausted and
domain wall at areas marked by the arrows as transformation prahe wall, unable to break free from the pinning sites, bows
ceeds by the white stable region growing into black unstable reout. The difficulty of estimating this small driving field at the
gions at areas of high curvature of the unstable saitiate times of ~ end of the relaxation prevents an accurate estimation of the
relaxatior). wall energy. However, if we assume that Fidi)Gepresents

(@ (b)
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FIG. 5. (a) Piezoresponse scans of a single
cell in Pb oZry,TiggOs. (b)—(d) illustrate the
spontaneous reversal of polarization within this
region after wait times of(b) 1.01x1C% (c)
1.08< 10 (c) 1.61x10°, and (d) 2.55x10°s.

The faceting can be clearly seen (), (d), and
) (e). (f) Transformation-time curve for the data in
" (b)—(e).
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a state of saturation for relaxation in the film, then we carbe complicated, since in much of the earlier wdtk,

estimate the wall energl asI'=RP,E(1— a)~0.12 J/n3,
wherea represents the fraction of unstal§fblack” ) region
of the film.

IV. DISCUSSION

stretched exponential type relaxation has been correlated to
the movement or relaxation of point objed&pin in mag-
netic spin glasses, hydrogen in amorphous silicon).dfx-
perimental evidence as presented in this paper shows clear
evidence of a nucleation and growth mechanism. Hence,
while much of the early work provides an empirically accu-

While a study of the nanoscale origins of polarizationrate description of the functional fit of the observed kinetics,
reversal in ferroelectric thin films is a relatively new field, we have made an attempt, in this report, to understand and
there have been reports in the past on a logarithmic lineamodel the physical origin of relaxation and the kinetics of
time-dependent decay of polarization, suggesting a broadoalescence in the later stages. The difficulty in interpreting
distribution of relaxation time$® Other studies in the past, the present picture of domain nucleation and growth during
including ours, have indicated a stretched exponential decaiglaxation is caused by the fact that both the thermodynamic
of the remnant polarization, suggesting a random-walk-typetimuli for relaxation and the kinetics of domain evolution
mechanism of retention lo$¢.However, a fundamental ex- change during relaxation.
planation of such a stretched exponential behavior appears to The thermodynamic driving force for relaxation is a result
of the built-in field due to charge redistribution within the
electrode. In the as-grown state this built-in field is compen-
sated by the film polarization, so that the net electrostatic
field in the film is close to zero. The polarization charge is
considerably less thaRs due to the effect of internal screen-
ing near the interface. Since this poled state can exist for a
long time and can be repeatedly obtained after reheating the
sample, it is to be naturally assumed that this is close to the
“stable” state of the film and that the electrostatic field in the
film is absentor close to zerpfor this state. After “writing”
or switching the polarization vector under an external dc
field, an unstable state of polarization is created which then
relaxes toward the as-grown stable state. However, the ap-
plied voltage should affect the distribution of charges in the
electrode. Therefore the field in the film after writing but just
before relaxation can be expressedasl — «), whereE; is
the built-in field which would exist if the external field had
not changed the charges within the electrode. The fagtor
depending on the voltage of writingind possibly the dura-

-5

®

FIG. 6. Polarization relaxation images (a) a “cell” of width
500 nm for timeg(b) 2.0x 10%, (c) 6.6x 10, (d) 1.4x 10%, (e) 1.8
X 104, (f) 2.2x10%, (g) 2.3x 10%, (h) 3.0x 10%, (i) 2.1x 10 s. Pin-
ning and bowing of the 180° wall can be observeddp-(i).

tion) characterizes the decrease in the field due to a change in
the electrode charge distributiofGruverman and Tanake
similarly observed suppression of relaxation in a recent
publication®®)
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During relaxation, the net charge at the interface de- Y 2R
creases due to reversal of polarization. Since the charge ca o
quickly redistribute within the electrode, its localization may ® oo »
be ignored. Thus the reversed polarization results in a de:

crease of the mean field within the film proportional to the ? |
fraction of reversed domains, i.&=E;(1— a—f), wheref
is the fraction of reversed domains. This progressive de- rl g"'s

. . . . . . (a) 5 0.7 8OV
crease in the field with relaxation is an important factor, Y e namu aypenu
which determines the thermodynamic driving force for the 305 Pl 120V
relaxation. Experimental proof of this trend is the decreasing go4 /
curvature of domain walls bowing between pinning points. %"’-3 '/
The estimation of this field in the film during a stage that Y 140V
approaches saturation in FigipgivesE(f)=0.28&,;. This &

0 ‘ 5
is a small fraction of the built-in field estimated from the 0 051 152 283 854 4sx10

shift of the hysteresis loop. (©) @
The decrease in the mobility of the domain wall is the . . .

second reason for the incomplete relaxation of the written 'C: 7- (@ Schematic of the relaxation system showing random

state. The direct observation of pinned walls at small field spacing of 90° domam; and nucleation sites _halfway on the lines,

and their noncrystallographic orientation allows us to suggest’ .Georlrl]ezy of reversing n.Udeuez) ﬁChemat'ctOf t:le 1%0 F_do'

that the main controlling mechanism of domain wall mobil- fain wall showing pinning sites and the paramelesclo. (@ Fit

I . . . . ; of Eq. (5) to the data for various write voltages with and « as

ity is the overcoming of pinning points in the field. However,

. - X fitting parameters.
when the effective field approaches zero, the domain wall is 9p

closer to equilibrium and crystallographically oriented facets), Eq. (2), K is the kinetic coefficienth; is the film thick-

are formed. The domain wall movement should then requirgess and F is the decrease in the free energy of the system
2D nucleation and this diminishes the mobility dramatically. 4,6 to the formation of a stable domain given by

The analysis of the experimental results which is pre-
sented above allows us to formulate the following descrip- AF=[27Rl'— 7R?PE(1—f—a)]h, ®)

tion of the relaxation process. We assume that the relaxation . , }
proceeds via growth of cylindrical domains simultaneouslyWherel' is the domain wall energy mentioned before. The

nucleated on the twins. Then the time evolution of reverse@€cond term expresses the interaction of the reversed do-

domain fraction is described as mains with the mean field in the filng(f ). Then
_ r
f=1—e NV, 1) fr=g— PsE(f). (4)

whereN is the surface density of nucleation centarét) is ) ) o
the volume of a single domain at timeEquation(1) follows The first term in Eq(4) is important on the last stages of
from the general theory of nucleation and growfiMAK) relaxation when the second term has become very small. It
under the condition that the nucleation rate i§ fanction of  determines the equilibrium state of a curved section of a wall
time at smallt. Equation(1) shows that the overall kinetics Pinned by point obstacles, as was discussed edRiés de-
follow the kinetics of growth of individual domains, but at termined by the distance between pinning pgints
the same time it also takes domain impingement into ac- AtsmallE(f) the first term can be neglected because the
count. reversed domains nucleate on twins. Then Ej)s-(4) lead
Since the velocity of growth of cylindrical domains to the following kinetic equation:
through the thickness is much larger than along its radius, the c 5
problem can be reduced to a two—dimens?onal_ one. We there- f(t)=1—ex —<,3f [1—a—f(§)]d§>
fore consider the growth of a system of disks in the interface 0

I h in Fig. (&. Th in Eq. (1), V(t
plane as shown in Fig. (& en in Eg. (1), V(1) whereﬁ=wKPsE\/N. This equation describes the experi-

=7{R(t)]? and N is a surface density of nucleation centers. o . "
The growth of a single reversed domain is shown schematilentally observed kinetics with and3 as the fitting param-

)

cally in Fig. 7(b). eters. The kinetic coefficients can be estim&tédas below:
If domain growth is controlled by thermoactivated over- o

coming of pinning point$as illustrated in Fig. (€)] and does K= |O_ae*U/kT, (6)

not need 2D nucleation due to the roughness of the (@all kT

seen experimentallyit is described by a linear relation be- \yhere 4 is the frequency of the wall vibration given by
tvvggn the growth velocitydR/dt and the thermodynamic ~ vy all wherew, is the atomic frequencyr,=102s7%, a
driving forcefr, is the interatomic distancéjs the distance between the pin-
ning points,v, is the activation volumeu,~13), andU is
d_R: CKfo=—K 1 ‘M_F 2 the activation energyo,=~| is the elementary displacement of
dt T 27Rh; IR’ the wall during the activation event. We can measuy¢he
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TABLE I. Variation of N, «, K, andU, as a function of write T T T T

voltage. 0.9 @mamm  aemenes {107 T
e r’ £
0.8 N . =
Write Nucleation A >
voltage(V) density,N (m™?) « Km%s U, (V) 0.7 . B
3 AN [
-8.0 8.89< 10" 0.35 1.43%10 Y 0.9076 0.6 % Q
~10.0 7.7%10% 040 2.3%10°%  0.9522 0.5 ‘ . S
~12.0 1.8%10?  0.82 8.8%10 ® 0.9249 -— " J10° §
-14.0 55x 10" 0.87 2.3%10 Y  0.8949 041 X ele E
0.3 ; . ; ; z
-8 -10 12 14
nucleation density, from the experimental data, and taking Write Voltage (V)

P,=0.6 C/nf, and E;=3.5x10° V/m, we can find for the

; . 7 a1 FIG. 8. Plot ofa andN as a function of write voltage.
—8.0-V write experimentK=1.48<10 ~'m*J s - [from

the fit to the data of Eq(5) as seen in Fig. (@)] and forl  built-in field is necessary to support the theoretical approach
~10nm (as seen in Ref. 18 from transmission electron mi-presented in this paper.
croscopy of similar films and T~300K, we obtainU In summary, we have investigated domain structure and

~1eV. Table | lists the variation oR, «, K, andU, as a  polarization relaxation in PZT thin films on LSCO elec-
function of the write voltage, whiler and N are plotted in  trodes. The JMAK model for phase change kinetics has been
Fig. 8 as a function of write voltage. applied to describe the observed transformation-time data for
It is to be noted that since localized effects of wall curva-180° domain reversal under constantly decaying imprint
ture and faceting on the movement of growing 180° domainglriving field. The effect of local curvature on driving the
are not included in the model, the fit of E(f) to the data domain relaxation kinetics has been studied, and it has been
[Fig. 7(d)] will not reflect these phenomena and as a conseebserved that the curvature of growing domains decreases
guence is not very good at very short and very long times fountil faceting can be clearly observed. The domain wall is
various write voltages. The set of equations above also doeseen to facet along the low-indéx10) and (100 types of
not take into account the change in mobility of the domainplanes. Pinning and bowing of 180° domain walls are ob-
walls and therefore cannot describe the saturation stage aserved in the late stages of relaxation.
curately. Consequently the thermodynamic parametean
be determined only approximately. The question of the na-
ture of relaxation saturatiofthermodynamics versus kinet-
ics) is fundamental for understanding this phenomena. This work was supported by the NSF under Grant Nos.
Therefore additional investigation on the evolution of theDMR 9632521 and No. DMR 9903279.
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