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X-ray scattering evidence for the structural nature of fatigue
in epitaxial Pb (Zr, Ti)Og films

Carol Thompson®
Department of Physics, Northern lllinois University, DeKalb, lllinois 60115 and Materials Science Division,
Argonne National Laboratory, Argonne, lllinois 60439

A. Munkholm®
Chemistry Division, Argonne National Laboratory, Argonne, lllinois 60439

S. K. Streiffer, G. B. Stephenson, K. Ghosh,” J. A. Eastman, O. Auciello, and G.-R. Bai
Materials Science Division, Argonne National Laboratory, Argonne, lllinois 60439

M. K. Lee and C. B. Eom
Department of Materials Science and Engineering, University of Wisconsin—Madison, Madison,
Wisconsin 53706

(Received 15 December 2000; accepted for publication 2 April 2001

We have probed the microscopic distribution of 180° domains as a function of switching history in
40 nm epitaxial films of P{Zr, 50T 70 O3 by analyzing interference effects in the x-ray scattering
profiles. These as-grown films exhibit voltage offs@tsprint) in the polarization hysteresis loops,
coupled with a strongly preferred polarization direction in the virgin state. Our x-ray results are
consistent with models attributing the loss of switchable polarization to the inhibition of the
formation of oppositely polarized domains in a unipolar matrix. Using such model epitaxial films,
we demonstrate that different microscopic ensembles of domains resulting from, for example,
fatigue, may be resolved by this technique. 2001 American Institute of Physics.
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One of the limitations of utilizing ferroelectric films for polarized(180° domains. This method has been used previ-
applications such as nonvolatile memories, is the tendency afusly to determine the unipolar character of the native 180°
some materials, e.g., BIrTi)Os, to exhibit a loss of switch-  domain distribution for an epixatial PbTiGilm on SrTiO,.*
able polarization with increasing switching cycles, a phe-Here, we use this method to study the structural nature of
nomenon known as fatigue. Fatigue may arise from severdhtigue in ferroelectric films. This x-ray technique provides
different underlying physical mechanisms. Two mechanismsiirect characterization of the relative population of the two
are most frequently discusseéth the first, fatigue occurs by domains averaged over a macroscopic region, complemen-
pinning of ferroelectric domain walls within the bulk of a tary to both electrical and AFM characterizations.
film containing a mixture of oppositely polarized domains. In - The interference effects upon which this scattering tech-
the second, fatigue is the result of inhibition of the growth ofjque relies require very high structural coherency between
oppositely polarized domains due to nucleus suppression ge film and substrate, which serves as a phase reference.
the film-electrode interfaces of a uniformly polarized matrix. Therefore, we have investigated a model epitaxial hetero-
By analysis of the electric field dependence of permittivity asgirycture consisted of a 40 nf801) Pb(Zr sTip-)Os (PZT)

a function of degree of fatigue in polycrystalline film, Colla ;,, grown by metalorganic chemical vapdr déposiﬁ’am a

et al! have concluded that the primary fatigue mechanismy 35 nm (001) SrRuQ,(SRO film sputter depositédon a
under normal cyclipg conditiqns is nucleus suppression. Pi(001) SITiQ,(STO) substrate. The film had excellent crys-
ezoresponse atomic force microsco@FM) stud|e_§ have  talline quality, with a mosaic spread of 0.009° for the PZT
found that the fatigued state can have a preferential polanz%01 peak. The STO and SRO 001 mosaics were 0.002° and

tion, and '_t has be_en found that fatigue can be reduced b@5.009° respectively(Pseudocubic axis notation is used for
asymmetric switching voltagésThese results also support a the SRO® The ferroelectric PZT film thickness was less

nucleus suppression model. - . . . .
bp than the critical thickness for strain relaxation &gomain

In this letter, we report x-ray interference characteriza- . ) .
. ' A ray : ~97(90°) twins.”® Planar 250um diameter capacitor structures
tions of the domain configurations after successive polariza-
. . . . - “were formed by room temperature electron-beam evapora-
tion reversals in ferroelectric heterostructures incorporatin

top and bottom electrodes. Interference effects occurring i%on of discrete polycrystalline silver top electrodes through a

x-ray scattering profiles of high-quality epitaxial ferroelectric shadow mask onto the continuous oxide film.

films are extremely sensitive to the distribution of oppositely High resolutloh x-ray scattsr|ng experiments were per
formed on the Basic Energy Sciences Synchrotron Radiation

5 Center(BESSRC-CAT undulator beamline 12ID-D at the
Electronic mail: cthompson@niu.edu ; ; _

Dpresent address: Lumileds Lighting, San Jose, CA 95131. Advanc_ed Phog\)n Sourse gsmg monochromatic 14.5 keV' x

9Present address: Southwest Missouri State University, Springfieldl@yS (}\_0-855 ). The incident x-ray beam, 301’1 by 200
MO 65804. um, was aligned onto the center of a 2@éh diameter ca-

0003-6951/2001/78(22)/3511/3/$18.00 3511 © 2001 American Institute of Physics
Downloaded 06 Aug 2002 to 128.104.185.74. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



3512 Appl. Phys. Lett., Vol. 78, No. 22, 28 May 2001 Thompson et al.

10 ’ ” (a)
SITiO, E 0.5
= SrRuO = >
210° | Pb(Zs,;Tiy )0, ’ E
2 c = -t
z 5
g 108 -0.5
£ ~
< 05 (b)
10* g
. . =
0.9 0.95 1 g o
ISTO (rlu.) 6
- 0.5/ f~— leakage current
FIG. 1. X-ray scattering profile through the crystal truncation rod connect-
ing the 001 peaks of the Fry sTip7)Os, SrRUQ, and SrTiQ. The recip- -2 -1 Vol 1 2
rocal lattice units are relative to the SrTi@ttice, | s1o=0/0go; - olt

FIG. 2. Current—voltage characteristics at 1 kHz of the epitaxial

. . . . . 40 nm PlZr, 5Tip 7)O4: (8) prior to fatigue andb) after fatigue.
pacitor. At typical scattering angles near 8.5°, the illuminated pellors AP ? ?

area fit within the electrode area, minimizing the sampling of
edge effects in the capacitor. No changes were seen in the We observe that the positions of the positive and nega-
leakage current levels or the reproducibility of the hysteresidive current peaks are asymmetric with respect to zero ap-
loops during tests of extended exposure to th&0'%ps  plied field. This voltage shift is defined as imprint. Evidence
x-ray flux, indicating that the electrical properties of the PZTin the literature suggests that epitaxial films of perovskite
films were not affected by the irradiation. ferroelectrics can have unipolar charadi&rongly preferred
Because the surfaces and interfaces are smooth and hapelarization directiop in their as-grown state, and that the
well-defined terminations with respect to the lattice, thedirection of the unipolarity correlates with the sense of the
x-ray scattering is extended in reciprocal space along a dimprint****2Using AFM piezoresponse imaging, we have
rection parallel to the surface normal. This extended scattefound that our films in their as-grown state were not com-
ing is termed a crystal truncation ré8TR).° Figure 1 shows posed of an equal distribution of parallel and antiparallel
the x-ray scattering profile along the CTR through the 001domains; but were unipola?. The polarity of many of our
peaks of the PZT, SRO, and STO. The polycrystalline silveffilms have been measured to be antiparallel to the surface
top electrode does not contribute to these CTR profiles berormal, but films with parallel polarity have also been ob-
cause it is not sufficiently epitaxial with the oxide hetero-served. The direction of polarity in the virgin structure as
structure. Two periods are seen in the oscillations of the CTRletermined by AFM has always correlated with the sign of
intensity. The shorter period is related to the thickness of théhe voltage shift as observed in the electronic properties.
SRO layer, and the longer period to that of the thinner PZTSimilar effects have been seen for sputtered films; however,
layer. Note the asymmetries in the oscillations around théhe origin of the initial self-poling in that case is thought to
PZT and STO Bragg peak positions, and the beating due tbe due to electrical fields applied during the deposition pro-
interference between the oscillations from the SRO and PZTess and is not applicable to our sampftEhe origin of this
films. In principle, the profile of this complex scattering pat- as-grown unipolarity in epitaxial films is unknown.
tern may be analyzed to determine the configuration of par- We defined an “easy” and a "difficult” state based on
allel and antiparalle(1809 domains. Different domain dis- the asymmetry in the switching characteristics of the/
tributions, including each limiting case of a single parallel orcurves of Fig. 2. The film was easy to switch by applying
antiparallel domain, would generate a distinct CTR prdfile. positive voltage, but needed a larger magnitude of negative
In this study, we simply used the x-ray interference scatterapplied voltage to reverse the macroscopic polarization.
ing profiles as fingerprints of the domain configurations dur-Since the voltage axis corresponds to voltage applied to the
ing the switching process. top electrode with the bottom electrode kept at ground, the
We characterized the switching behavior of the films us-easy(positive applied voltagestate is associated with a po-
ing the virtual ground measurement technique. A functionlarization of the film antiparallel to the surface normal, while
generator supplied a triangle-wave driving voltage to the toghe difficult state corresponds to parallel polarization.
electrode, and the current response of the sample was ob- To characterize the domain distributions of the easy and
tained through the bottom electrode. Figufe) Zhows the 1  difficult states, we measured the x-ray interference profiles of
kHz 1 -V hysteresis loop of the capacitor before it was poledeach state. In order to establish a well defined difficult do-
for the first scattering experiment. We choose to present theain state, films were poled using multiple repetitions of 1
data in this format because it yields a better visualization okHz single-polarity—2 V voltage pulses. Only a single?2
the switching process as it occurs. Time integration of theéV pulse was required to establish the easy state. After poling,
current response can be used to generate the more standéiné x-ray scattering pattern along the CTR was measured at
hysteresis loop. The area under the peaks is proportional tzero applied voltage. The capacitor's switching characteris-
the total switched polarization; the position of the peak maxitics were measured after each full x-ray profile was obtained.
mum corresponds to the coercive fiéfdwith this method, These measurements confirmed that the region had not back-
leakage currents were distinguishable from switching curswitched during the time required for the x-ray measure-

rents and frequencies from 0.1 Hz to 100 kHz could be usednents.
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pairs of x-ray measurements. In agreement with the first
sample, the initial scattering profiles for a difficult and easy
configuration exhibited significant differences, and the PZT
001 peak intensity comparisons indicated that the difficult
state was a mixed domain configuration. However, in con-
trast to the fatigued sample, the scattering patterns from the
unfatigued capacitor poled at separate times into its difficult
state were indistinguishable, as were the scattering patterns
from each preparation into the easy state.

These scattering results suggest the following picture for
the structural nature of fatigue in epitaxial PZT films. The
easy state is predominantly unipolar, whereas the difficult
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fatigue such as bulk pinning, development of a passive layer,
FIG. 3. Comparison of 001 x-ray scattering patterns for a capacitor prepare@f the appearance of 90° domains. We note that the x-ray
in the easy and difficult states, before and after fatiguate the log scale  technique used in this study determines the polarity of the
(@ Comparison between easplack ling and difficult (gray line poled  fjjm through a direct structural measurement that is sensitive
states before significant fatigue occurred in th&/ curves.(b) Comparison h ire d . fi . This i |
of the difficult states beforégray ling and after(black line fatigue. (c) to the ent!re omain configuration. This Is c_o.mp ementary to

Comparison of the easy states before and after fatigliee profiles are  the electrical measurements that are sensitive only to those
indistinguishabl domains that contribute to the switchable polarization, and

the AFM measurements, that image the piezoresponse of

The film was poled initially into the difficult state, then SMall areas.
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