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Nanoscale imaging of domain dynamics and retention in ferroelectric
thin films
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(Received 13 August 1997; accepted for publication 10 October)1997

We report results on the direct observation of the microscopic origins of backswitching in
ferroelectric thin films. The piezoelectric response generated in the film by a biased atomic force
microscope tip was used to obtain static and dynamic piezoelectric images of individual grains in a
polycrystalline material. We demonstrate that polarization reversal occurs under no external field
(i.e., loss of remanent polarizatipvia a dispersive continuous-time random walk process, identified
by a stretched exponential decay of the remanent polarization19€Y American Institute of
Physics[S0003-695197)00550-0

There is currently considerable technological interesisuch a macroscopic measurement, one obtains an average of
worldwide in ferroelectric thin films for a large number of the retention characteristics of an ensemble of grains. It is
applications, including a new generation of nonvolatileimportant to note that this reversal occurs in the absence of
memories with high-speed access and unlimited endurancean external field and is driven primarily by internal depolar-

Fundamental issues in ferroelectric thin film capacitorsizing fields and elastic strain fields. In some cases the reten-
are related to the exact nature of the complex domain strudion loss fits a log-time dependence; however in most cases it
tures and their interactions with defects, the domain dynamseems to fit a stretched exponentia., equation of the form
ics under high-speed switching conditions, and their evoluY=1—exp(—kt")] better. In Fig. 1b), the same data are plot-
tion in the absence of an external fielgpolarization t€d in a stretched exponentifh(P/P) time] form with a
relaxation. In this respect, theoretical models and electricalV€ry 900d fit and a slope of 0.24. In a variety of systems, a
measurement.g., hysteresis loops and switching currgnts Strétched exponential behavior with<1 has been charac-
have provided significant insight into understanding polart€fized asa dispersive transport or random walk type
ization switching in thin films. Polarization switching from process*” Similarly, the good fit of the retention data to a
one state to another under the influence of an external fielatremth exponential type behavior suggests that this reten-
has been studied extensively and is conventionally underl-Ion loss process oceurs byra|_’1dom walk process How- .
stood using classical nucleation and growth concepts ofver the_s_e macroscopic studies do not prowde.mformauon
phase transformatiofe.g., the Avrami modgl as modified on the initial location of the reversal process and its progress

by Ishibash? However, there have been very few studies®> 2 function .Of t|me. In this rgspect, the SF'.V.I 'maging
: . method used in this study provides the capability for the
focusing on the fundamental mechanisms that control the, : " ) .
o . . direct observation of domain structure that is naturally linked
spontaneous reversal of polarization leading to a progressive ., polarization state of a ferroelectric film
loss of remanent polarization, a phenomenon referred to as Experiments were carried out usiné the SEM/
retention loss. _Applic_ation_ of high—resolutipn techrliq!Jespiezorespon:se method that is based on detection of the pi-
such as SFM in conjunction with conventional electrical g, e ectric vibration of the ferroelectric samplapplication
measurements provides a unique opportunity to achieve Mgt yhe external voltage to the ferroelectric film results in a
croscopic insight into the physical processes occurring inhange of the film thickness due to the inverse piezoelectric
ferroelectric thin films. The recent progress in using SFM assffect. Whether the film thickness will expand or compress
an effective tool for high-resolution visualization of a do- |ocally depends on its polarization state. It means that under
main structure in ferroelectric thén films provides the appro-the action of an ac electric field regions with opposite orien-
priate background for this lettér! ~ tation of polarization will vibrate out of phase. The ampli-
~ Inatypical retention experiment, a capacitor is writtentyde of the vibration signal provides information about the
into a polarization state and left in that state for fixed periodsnagnitude of the piezoelectric coefficient, while the polar-
of time, after which the polarization remaining in the capaci-ization direction can be determined from the phase of the
tor is measured, as illustrated, for example, in Fi@11n  signall® The key point in the SFM piezoresponse mode is
that the imaging ac field is applied between the bottom elec-
9Ais0 at the Center for Superconductivity Research, University of Mary-trode and the conductive SFM tip, WhICh IS US?d as a mov-
land, College Park, MD 20742. able top electrode, thus generating piezoelectric vibration in
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2 FIG. 2. Switching studies{a) topography (208200 nnf), (b) piezore-
g sponse of the as grown surface lwi8 V ac, (c) piezoresponse after dc
o 1 poling with —6 V, and(d) piezoelectric hysteresis loop.
= (b)
100 10! 102 103 10° 10° 20/80 film on a LggSrsCoO;/TiN/Si substrate (PZT
Retention time (sec) 20/80-LCSQ. By monitoring the phase of the piezoresponse

ignal it w rmin hat the bright regions in Fi
FIG. 1. Macroscopic retention experiments conducted electrically on poly-Sg al it was dete ed that the b ght regions @)2

crystalline PNZT usig 5 V write pulses(a) plot of switched polarization as ~ Which vibrate in phase with the ac imaging voltage, represent
function of log time andb) plot of logarithm of switched polarization as positive domaingpolarization is towards the bottom elec-

function of time and depicting the stretched exponential fit. trode while dark regions correspond to negative domains
with the polarization vector oriented upward. To further sub-
a very small film area underneath the tip. Therefore a lateradtantiate this conclusion we measured the piezoresponse sig-
resolution of the order of nanometers is achievable. Applicanal as a function of dc poling voltage. The probing tip was
tion of a dc voltage pulse to the probing tip generates gositioned at the center of a positively polarized grain where
strong and sufficiently localized electric field, which makesthe voltage pulses were applied. After every pulse the piezo-
possible nanoscale the writing of ferroelectric domains angesponse signal was measured by applying a small ac voltage
the subsequent read-out. to the same point. The piezoresponse loop measurements
A commercial force microscop@eiko Instruments SPA  were interrupted at the half-period to acquire the piezore-
300 was employed in this study. In our experiments, piezo-sponse image of the grain under investigation. In Fig),2
response images of the films were acquired in ambient air by can see that this grain of about 100 nm in size exhibits a
applying a small ac voltage with an amplitude of 2.39€ak  oyersed contrast compared to that in Figh)2 Since the

to peali and a frequency of 10 kHz while scanning the ﬁlmr{(ﬁversal of the contrast as well as the change in the sign of

surface. To apply the external voltage we used a standa ; ; ;
. ; ) e piezoresponse signdfig. 2(d)] occurs under the nega-
gold coated SN, cantilever with a spring constant of 0.09 tive voltage(* —" applied to the tip, it must be concluded

N/m. The probing tip, with an apex radius of about 20 nm, : - . - o
. . . . that the grain was originally in the positive polarization state
was in mechanical contact with the uncoated film surface

during the measurements. Cantilever vibration was detecte@danzaﬂon downwang which is consistent with the previ-

using a conventional lock-in technique. A topographic imageous conclusion made from the phase monitoring of the film

of the film surface was taken simultaneously with the domainvibration. Contrast reversal in conjunction with the ferroelec-
ric hysteresis behavior of the piezoresponse signal, shown in

imaging. Experiments were carried out using tetragona? X ; e
Ph(Zr, 5Tio 905 (PZT) films deposited by laser ablation onto Fig. 2(d), is a clegr proof of pollarlza'uon reversal and dem-
Si substrates with a metal oxide electrode layer. Specificallyonstrates the ability of domain control at the nanometer
a PZT composition that showed a strong loss of remaneriicale. The size of the reversed domain depends essentially on
polarization with retention time, Fig. 1, was chosen for thisthe parameters of the switching voltage pulse. It will be
study. Details of the thin film deposition protocols are de-shown below that using this technique it is possible to switch
scribed in earlier paperg. domains as small as 30 nm in diameter. It should be empha-
Figures 2a) and Zb) show simultaneously acquired to- sized that the imaging process itself has no effect on the
pographic and piezoresponse images of an as-deposited P£Xisting domain structure. Indeed, no change in the piezore-

Appl. Phys. Lett., Vol. 71, No. 24, 15 December 1997 Gruverman et al. 3493



grain contras{Fig. 3(c)]. Note that the adjacent grains are
still in their original polarization states. The piezoresponse
images in Figs. @) and 3e) show time-evolution snapshots

of the change in the domain structure of grain 1 that occurred
after the removal of the dc field. Figurdd} is a piezore-
sponse image recorde4 h after pulse switching; the first
stages of backward switching, which started at the grain
boundary, are discernible. This is direct evidence of the role
played by grain boundaries in initiating spontaneous polar-
ization reversal. In this case, the interesting point is that the
reversal begins along the grain boundary that borders grain
2, suggesting that the electrostatic interaction across the
grain boundary might influence the switching behavior. Once
the reversal begins, it proceeds through the sidewise expan-
sion of the reversed portion of the grain, as shown in Figs.
3(d) and 3e). To summarize this backward switching pro-
cess, in Fig. &) the time dependence of the reversed fraction
of the grain is fitted to a stretched exponential dependence
with an exponent of 0.68. The difference in the exponent in
this case compared to that of the macroscopic electrical mea-

o

()§ o7 'I surement$Fig. 1(b)] is attributed to the different depolariz-
_§_" = 55095008 X% Rz 09633 ing fields and elastic fields in the microscopic measurements.
S ] From the studies discussed here, it appears that the spon-
.2‘ o / taneous reversal nucleates at the grain boundary and reversed
§ z i/ domain stabilization requires a grain boundary. The data sug-
E . 0 gest that the spontaneous reversal may proceed via a random
£ 0 / walk type mechanism similar to that postulated for magneti-

o o o 19 10 16 zation reversal in spin glas8.Our SFM studies fit a similar
Retafitiontimei(sec) stretched exponential type behavior. The random walk type

FIG. 3. SFM retention experiments conducted on 0180 grown on meChamsm for polarlzatlon_ reversal brings forth new inter-

LSCO/TIN/Si using 6 V, 200 ms write pulseta) topography (200 Pretations of thg ferroelectric phenom.er?on and further stud-

% 200 nnf), (b) piezoresponse of the as grown surface with 2.3 V(ac, i€S are imperative to assess the validity of our suggested

piezoresponse after dc poling grain (@) piezoresponse aftet h with no mechanism of polarization reversal.

external field,(e) piezoresponse after 140 h, aff§lstretched exponential fit .

of the SFM studies plotted with the logarithm of the remanent switched The work at JRCAT_ 1S sqpported by the _NEDO program

grain area vs time. and the work at the University of Maryland is supported by

the NSF-MRSEC program.

sponse image is observed except on the region where poling
voltages were applied.
Subsequently we investigated retention loss and the role
of grain bogndgrles in the process of spontaneous bgckwardl F. Scott and C. A. Araujo, Scien@ds, 1400(1989.
(revgrg} SWIt(?hlng. The experimental Sequ_ence con5|s.ted _OfZY. Ishibashi, Ferroelectric Thin Films: Synthesis and Basic Properties
preliminary piezoresponse and topographic characterization(Gordon and Breach, Amsterdam, 19980l. 10, p. 135.
of the film. The tip was then positioned at specific locations °R. Luthi, H. Haefke, K. P. Meyer, E. Meyer, L. Howald, and H. J.
in a grain(at the center of the grain or at the grain periphery ,Guntherodt, J. Appl. Phy§4, 7461(1993.
g. ( . 9 9 . P ph y 4K. Franke, J. Besold, W. Haessler, and C. Seegebarth, Surf. Sci30att.
polarized normally to the film surface and a single voltage | 555 (1994).
pulse was applied. By varying the pulse width we could in- 5a. L. Gruverman, O. Auciello, and H. Tokumoto, Appl. Phys. L@,
duce full or partial switching of the grain. Subsequently, pi- 63191(1996- .
ezoresponse images of the grain were recorded at variousS- Zavala, J. H. Fendler, and S. T. McKinstry, J. Appl. PH§%. 7480
t!me intervals thlljs providing mformatlon' abQUt time evolu- "The test capacitor is 5@m in diameter, fabricated from a PZT thin film
tion of the domain structure after the switching. grown on a Si/poly-Si/TiN/Pt wafer with conductive oxideSCO) elec-
Figure 3a) is a conventional topographic image of a trodes. In this experiment the capacitor was written with a short félse
single grain in the polycrystalline ensemble. For the sake of V: 8.6 us) and after a specific period of time the polarization that is
. e . . . . .o retained in the capacitor is measured gsin5 V 160us pulse.
|dent|f|ca_1t|on, the six graingone central grain and five adjg 83, Kakalios, R. A. Street, and W. B. Jackson, Phys. Rev. E&t1037
cent grains are numbered from 1 th Bhe piezoresponse in (1987,
Fig. 3(b) shows uniform contrast across central grain 1, in- °H. Scher and E. W. Montroll, Phys. Rev. B, 2455(1975.
dicating that it is uniformly polarized in the negative direc- :’K. L. Ngai, Comments Solid State Phy. 127 (1979.

. - - " 11K, Husimi and K. Kataoka, J. Appl. Phy89, 1247(1958.
tion (polarization upward Upon application of a positive 120, Auciello, R. Dat, and R, Ramesh. in Ref. 2, p. 525,

6 V, 200 ms pulse to the center of the grain, it was fully13g v chamberlain, G. Mozurkewich, and R. Orbach, Phys. Rev. Eat.
switched into the opposite polarity, indicated by a change in 867 (1984.
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