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Stress-induced changes in the imprint and switching behaviofldf)-oriented Pb(Zr,Ti)@
(PZT)-based capacitors have been studied using piezoresponse force microscopy. Visualization of
polarization distribution andizs-loop measurements in individualxi1.5-um? capacitors before

and after stress application, generated by substrate bending, provided direct experimental evidence
of stress-induced switching. Mechanical stress caused elastic switching in capacitors with the
direction of the resulting polarization determined by the sign of the applied stress. In addition, stress
application turned capacitors into a heavily imprinted state characterized by strongly shifted
hysteresis loops and almost complete backswitching after application of the poling voltage. It is
suggested that substrate bending generated a strain gradient in the PZT layer, which produced
asymmetric lattice distortion with preferential polarization direction and triggered polarization
switching due to the flexoelectric effect. ®003 American Institute of Physics.

[DOI: 10.1063/1.1593830

It is a well-known fact that mechanical stresses have &#ZT capacitors are reported. It has been shown that reliabil-
profound effect on the ferroelectric and piezoelectric behavity of FRAM capacitors can be drastically affected by me-
ior of Pb(Zr, Ti)O; (PZT) thin films. Accommodation of the chanical stress. Characterization of switching behavior of the
misfit strain between a substrate and a thin film in epitaxiaFRAM capacitors has been performed by means of piezore-
heterostructures results in multidomain pattern formation angdponse force microscop§?FM), which has become one of
in significant size dependence of dielectric propertieét  the major tools for characterization of ferroelectric materials
has been proposed that the misfit strain can lead to the apt the nanoscaf€!* Development of the PFM method
pearance of phases forbidden in bulk sampldechanical  opened a possibility of testing the switching behavior of in-
clamping of non-180° domain walls by a substrate has beedividual submicrometer capacitors!®*®
suggested to account for the significant difference between The (111)-oriented Ca-, Sr-, and La-doped PZT layers
the piezoelectric properties of thin films and bulk with Zr/Ti ratio of 40/60 have been sputtered on the Pt bot-
ceramics™® In tetragonal PZT films, external stress can gen-tom electrode on the 0.5-mm-thick Si substrate. The thick-
erate ferroelastic switching via the 90° rotation of a polarizaess of the PZT layer was 200 nm. Reactive ion etching has
tion vector® Significant changes in hysteresis loop behaviorbeen used to fabricatex!1.5-um? capacitors with 50-nm-
under external stress have also been obserfdnladdition,  thick IrO, top electrodes on the PZT surface. In this study,
the recently reported size effect on the piezoelectric responsgisualization of domain patterns has been performed on in-
of nanoscale ferroelectric structures has been attributed to thftvidual capacitors by applying a modulatiGmaging volt-
decrease in internal stress and constraintanother report, age to the capacitor’s top electrode using a conductive PFM
the same effect has been explained by reduction in the numip. The same tip was used to detect the mechanical displace
ber of a-domains due to less thermal mismatch stress imment of the surface due to the converse piezoelectric effect.
nanoscale capacitotSRecently, Stolichnoet al* reported  The top electrode did not conceal the domain structure,
an anomaly in polarization distribution 0f23-um?® (111)-  which has been imaged with a lateral resolution of less than
oriented PZT capacitors, which was discussed in terms 080 nm. This approach allows one to circumvent the prob-
strain-induced phase transition. These effects indicate thgém of inhomogeneous electric field distribution generated
mechanical stress can be an important factor in determiningy the probing tip in a ferroelectric film without a top elec-
the switching behavior of PZT films, which are being inten-{rode, and to exclude possible contribution of Maxwell stress
sively investigated for application in nonvolatile ferroelectric 1o the piezoresponse sigrIDuring imaging, the film was
random access memo(¥RAM) devices.” _ o scanned with an oscillating tip bias of 0.8 V rms at 10 kHz.

In this letter, stress-induced changes in the imprint antbg|arization reversal in individual capacitors was induced by
switching behavior of etched »41.5-um® (111)-oriented applying voltage pulses to the top electrodes using the same
probing tip. The local hysteresis loop measurements were
3Electronic mail: alexeigruverman@ncsu.edu performed by positioning the PFM tip at various sites on the
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as-grown after tensile stress after compressive stress
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FIG. 1. PFM images illustrating the impact of stress on polarization and switching behavior @fltheoriented PZT capacitorda)—(c) Before stress
application: PFM amplitudéa) and phaséb) images of as-grown capacitors and a local hysteresis (0omeasured near the edge of one of the capacitors.
(d)—(f) After tensile stress application: PFM amplitu@® and phasde) images of the same capacitors and a hysteresis (fgapeasured in the same site.
(g)—(i) After compressive stress application: PFM amplitide and phaseh) images after application of compressive stress and a hysteresigijoop
measured near the edge of one of the capacitors.

top electrode and by measuring the PFM signal as a function tively imprinted, as is indicated by the hysteresis
of a dc voltage superimposed on the imaging voltage. The dc loops shifted to positive voltagg$igs. 1(d)—1(f)].
voltage was changed by a 0.25-V increment with a 1-s delay Application of a positive poling voltagéup to 7 V)
in the range from—-3 to 3 V. did not produce stable positive polarization as ca-
Figures 1a) and Xb) show PFM amplitude and phase pacitors apparently switched back after voltage ap-
images, respectively, of the array of as-grows 1L5-um? plication. This behavior is remarkable since the
capacitors. The phase imagég. 1(b)] shows dark and light electric-field-induced poling of the virgin samples
regions, which represent regions with opposite normal com- usually induces no appreciable imprint effect.
ponents of polarization: darkoriented upwargd and light (b) Compressive stress also resulted in complete switch-
(oriented downward Hereafter, dark regions in the phase ing but into the positive polarization state. Hyster-
image will be referred to as “negative” domains and light esis loops of capacitors after compressive stress ex-
regions as “positive” domains. In the amplitude imageg. hibited a significant shift to negative voltages,
1(a@)], the domain boundaries appear as dark lines due to the indicating strong positive imprint in all capacitors
reduced piezoresponse signal as a result of the mutually [Figs. Ag)-1(i)].

compensating contributio.n from the opposi'Fe domaing. _ Two additional features should be emphasized héie.
The effect of mechanical stress on imprint and switchingsyress-induced single-domain polarization states were not

properties was studied by inducing compressive and tensilgiapie and showed slow relaxation with characteristic times

stress in the PZT layer by bending the Si substfatith a  , e range from several hours to several dags.There

curvature radiuR of about 30 cm PFM imaging and 100p \yere significant variations of relaxation patterns as a func-

measurements of the capacitors have been performed in O, of 5 capacitor location in the capacitor array suggesting

stressed capacitors before and after stress application. Thg,omogeneous distribution of elastic fields and possible me-
total stress has been estimated as=cU=C(h/2R)  chanical coupling between neighboring capacii®ig. 2.

=0.1 GPa, wherec is the elastic constant of PZT) is We suggest that the observed stress-induced poling in
uniaxial in-plane strain, ankis the substrate thickness. This (11)-oriented PZT capacitors can be attributed to the so-
stress can produce a notticeable domain'rearrangement, as ed flexoelectric effect, which is a linear polarization re-
been well-documented in bulk PZT”S, impact should be  ghonse to the strain gradient. It can be assumed that the sub-
comparable to the effect of the electric fiefd;=oUs/Ps  girate bending generates a strain gradient across the film
=100 kV/cm Us~0.03 andPs~0.3 C/nf are typical val-  hickness, which creates a preference for a certain polariza-
ues of the spontaneous strain and polarization in PZT films jon state and results in polarization switching in the capaci-
which is of the order of the coercive field of the PZT thin .5 The flexoelectric effect is described by a fourth-rank
films. Indeed, the obtained results, presented in Figh-1 (o sor allowed in materials of any symmetry and can be es-

1(i), show a remarkably strong effect of mechanical stress Ofjmateq in the framework of the lattice dynamics the$:
domain structure and switching behavior of FRAM capaci-|,, ¢ geometry the strain gradient is normal to the film

tors. These results can be summarized as follows. plane and equalgU/dz= + 1/R (with the sign depending on

(@) Upon application of tensile stress to the substrate, althe upward or downward bendipgrhe normal component
as-grown capacitors were switched into the single-of the strain-induced polarization can be written in a scalar
domain negative polarization state and became negderm asP=1(dU/dz), wheref is a corresponding compo-
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FIG. 2. PFM images illustrating variations in relaxation patterns in FRAM capacitors 10 days after compressive stress wasaap@liete) Amplitude
images.(b), (d), (f) Phase images. Right after stress application, the phase images of all capacitors were light in contrast, indicating a positive polarization
state.

nent of the flexoelectric coefficient ardis the coordinate curs as governed by the internal electric field and residual
along the film thickness. An order-of-magnitude estimate ofmechanical stress distribution. The observed strain-gradient
the flexoelectric coefficient=(c/47)(e/a) (wheree is a induced poling is too strong to be attributed to the lattice
relative dielectric permittivityg is the charge of the electron, contribution to the flexoelectric effect. It is believed that ob-
anda~4x 10 1°m is the lattice constant of the mateji served phenomenon is associated with the domain-related
consistent with a number of experimental observations. Teontribution to this effect. Although mechanical stress of
assert the effect of the substrate bending, we estimated ttleich magnitude as used in the present study is unlikely to be
value of the effective electric field, which would produce thegenerated in real devices, there is a possibility that local
same polarization as the strain gradidbi;=(f/eeg)(dU/d2) stress variations in a PZT layer, for example, due to defect
=(eldmeya)(1/R)~10 V/Im. Obviously this value is too microstructure, may increase capacitor-to-capacitor variabil-
small to cause any switching effect and is not comparabléty of imprint and switching behavior.
with the field value that can be obtained from the voltage ) ) -
shift of the hysteresis loop. However, it should be noted that 1 N€ authors acknowledge financial support of Fujitsu
this consideration addresses only the lattice contribution t&'Mited and Swiss National Science Foundation.
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