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The role of long-range strain interactions on domain wall dynamics is explored
through macroscopic and local measurements of nonlinear behavior in mechanically
clamped and released polycrystalline lead zirconate-titanate (PZT) films. Released films

show a dramatic change in the global dielectric nonlinearity and its frequency
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dependence as a function of mechanical clamping. Furthermore, we observe transition
from strong clustering of nonlinear response for clamped case to almost uniform
nonlinearity for released film. This behavior is ascribed to increased mobility of domain
walls. These results suggest the dominant role of collective strain interactions mediated
by the local and the global mechanical boundary conditions on the domain wall dynamics.
The work presented in this paper demonstrates that measurements on clamped films may
considerably underestimate the piezoelectric coefficients and coupling constants of
released structures used in microelectromechanical systems, energy harvesting systems,

and microrobots.



Strain in epitaxial oxide films has become a universally recognized method for
tuning materials properties, > enabling novel couplings between magnetic, lattice and
strain behaviors,*¢ stabilizing new phases’ or domain morphologies.® Systematic studies
of a material’s response to strain enable exploration of the fundamental mechanisms

responsible for e.g. the ferroelectric instability.” "

While strain effects on intrinsic properties”'? and domain morphologies'*'* are
readily amenable to theoretical and experimental studies, their role on local and emergent
properties'® in disordered materials, including polycrystalline ferroelectric films and
relaxors, remains virtually unexplored.'®'” Indeed, many of these materials exhibit
unique physical properties including giant electromechanical coupling coefficients, broad

dispersions of dielectric permittivity, etc.'®'

These phenomena are often associated with
the presence of nanoscale textures of domains or nanoscale phase separation.”** In all
these materials, the dominant order parameter is either strain (ferroelastics) or is strongly
coupled to strain (relaxors, morphotropic systems), suggesting the significant role of

. . 2527
frustrated or random strain interactions.

Correspondingly, tuning mechanical
boundary conditions can significantly affect emergent behaviors in the disordered ferroics
and provide insight on corresponding coupling mechanisms.

Here, we aim to explore domain wall dynamics as reflected in ferroelectric
nonlinearities in model PbZrg 5, Ti9.4303 thin films. In PZT ceramics, domain wall motion
may contribute to more than 50% of the dielectric and piezoelectric properties at room
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temperature.”™

However, in thin films these extrinsic contributions to the piezoelectric
response can be severely limited by several factors, including substrate clamping.”’

Recent spatially-resolved studies of piezoelectric nonlinearities have demonstrated the



presence of micron-sized clusters of nonlinear activity, suggesting that surprisingly long-
range phenomena are responsible for nonlinear interactions (at a length scale significantly
larger than the grain size or domain size). Here, we aim to explore the role of long-range
elastic interactions on electro-mechanical response though a combination of local and
macroscopic measurements of nonlinearity in clamped and mechanically released PZT
films. The nonlinearity is analyzed using Rayleigh relations® and corresponding
frequency dispersions.*'

In order to release the PZT film from the underlying substrate, diaphragm
structures were fabricated according to the schematic in Figure 1 (a, b). The effect of
mechanical boundary conditions on dielectric nonlinearity is shown in Figure 1 (c, d).
The electric field dependence of the dielectric constant, & and the minor polarization
hysteresis loops for diaphragm structures were measured before and after cracking the
diaphragms.*> When the diaphragms were broken, the three sections of the diaphragm
curled up by 430 nm due to the release of the tensile stress in the PZT layer over 11.4%

of the measured capacitor area. As a result, the irreversible Rayleigh coefficient ¢,

which indicates the irreversible motion of domain walls,33

increased by 114 %, rising
from 12.7 £ 0.04 cm/kV up to 27.2 = 0.07 cm/kV. Using a parallel capacitor model, the

Rayleigh parameters were determined for fully released and partially released PZT, as

shown in Table 1.

INSERT FIG. 1 AND TABLE 1



Both fitting errors for the Rayleigh parameters and errors in the released area

were accounted for in the error propagation. It was found that ¢, of the released and

broken area increased by one order of magnitude, reaching values comparable to that of
undoped morphotropic phase boundary PZT bulk ceramics. For the PZT diaphragm

which was released from the Si substrate but not broken, ¢, increased by 75 %.?

To gain further insight into strain effect on dielectric nonlinearity, the frequency

dispersion of the Rayleigh parameters was ascertained as shown in Fig. 2.
INSERT FIG. 2

Although the Rayleigh model by itself does not have any time dependence, in
random systems controlled by a normal distribution of restoring forces, the extrinsic
contributions often follow a logarithmic frequency dependence over a broad frequency
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range below so-called microwave region and above mHz- Hz range:**

g (w)y=e,+ eln(l) (1)
w

o' (w)=a,+aln (1) (2)
[0

where &', and ', are reversible and irreversible Rayleigh coefficients™ respectively.

init
Defining the a/ay ratio as frequency attenuation factor of the irreversible Rayleigh

coefficient, it was found that partially released capacitors have a weaker attenuation than

clamped ones, with a decrease in &', of 120 % over the 800 Hz — 1 MHz frequency range

(see Table 1).



As previously described by Bassiri-Gharb et al, the stronger frequency

dependence of @', for the completely clamped capacitors is indicative of a larger number

of irreversible jumps of domain walls freezing out at higher frequencies.”’ Interestingly
enough, a different trend was observed for the extrinsic reversible frequency attenuation
factor e/ep, with a slower decay with frequency for the completely clamped samples.
This could be due to a larger population of domain walls contributing reversibly in the
clamped films up to higher frequencies. Both observations would be consistent with the
assumption that the barrier heights associated with specific pinning centers rise under
clamping.

A few key points should be considered in interpreting these results. First, the
concentration of microstructure-based pinning sites and those of chemical origin
(vacancies, impurities) is comparable between the released and clamped capacitors.
Moreover, on undercutting the Si, the average residual stress in the PZT film changes
only a small amount, as the diaphragm stays taut, with only small vertical deflections
observed near the central hole. Thus, the observed differences in the Rayleigh response
on releasing the sample from the underlying substrate are likely to be related, at least in
part, to a change in the local stresses and the bending rigidity of the structure as
illustrated in Figure 3.

INSERT FIG. 3

Secondly, it is clear that the dielectric nonlinearities change substantially when

both the local and the average residual stresses are reduced in the film, when the released

diaphragm is broken. The large irreversible Rayleigh constant observed in this case is



comparable to those of bulk ceramics, and exceeds those of the clamped film by an order
of magnitude. This points to the fact that one of the most significant factors reducing the
irreversible motion of domain walls in PZT films on Si is a combination of residual stress
and the substrate rigidity. The temperatures utilized throughout the release process were
low, and are not expected to perturb the domain state significantly. However, because
the samples were poled following release, there is a chance that the domain state changed
during the poling process. In general, however, a reduction in the domain wall density
would be expected during poling. Following release, however, the dielectric and
piezoelectric nonlinearities rise, demonstrating that the wall mobility must increase
substantially, if the domain wall density has indeed dropped.

To gain insight into spatially resolved nonlinear behavior, band excitation
piezoresponse force microscopy (BE-PFM) was employed to characterize the /ocal
converse piezoelectric response.38 The bias dependence of A4,. allows effective
piezoelectric coefficient, ds; i, and Rayleigh coefficient, ¢, to be determined. Note that
while o and ds;3,; are dependent on microscope calibration, the ratio is measured in
absolute units.

Figure 4 shows the spatially resolved maps of topography, resonance frequency
ay, phase at ay averaged over the amplitude modulation and the standard deviation of the

resonance frequency as a function of V. across the clamped/released boundary.

INSERT FIG. 4



By using the BE method to decouple voltage changes of ay and response
amplitude, it is possible to exclude the presence of surface cross-talk or tip-surface
junction nonlinearity. In the released area, the changes in resonance frequency were as
high as 15 kHz and are not a result of dynamic nonlinearities,”” since no softening was
observed in the standard deviation of ay(V,) map reported in Figure 4 (d). It is
speculated that this may be due to local variations in the mechanical boundary conditions,
perhaps from an incompletely circular membrane, or residual Si on the back of some of
the diaphragm.

A phase change was detected in BE-PFM maps of the same area average over the
V4 excitation range. This phase change may be related to a contribution from a pitching
mode of the actuated diaphragm.

The standard deviation of ay(V,.) map is below 200 Hz for most of the map,
which is an indication of negligible dynamic nonlinearities, considering that the peak
width at the maximum V. is 5 kHz; however regions showing softening of the resonance
peak as a function of the applied excitation voltage are apparent in the clamped half of
the explored area.”® The local dynamic nonlinearities present in those regions increased
the noise in the ¢y / d33.,+ map and prevented a quantitative characterization. The
following statistical analysis on local ¢ / ds3 . values did not include those areas.

In Figure 5 (b) and (c), the histograms of nonlinear response relative to clamped
and released regions are compared; spatial averages of 0.002 £ 0.010 cm/kV and
0.013 £ 0.006 cm/kV were characterized for the clamped and released regions, the latter
being very close to the dielectric nonlinearity value characterized on completely clamped

capacitors of the sample. This would indicate that the same population of domain walls

8



responding to the exciting field globally in dielectric measurements can be probed at
much smaller volumes (~0.022 pm®) when the diaphragms are released.***!

Potential contributions to the differences in domain wall motion between the
clamped and released regions include a partial release of the average residual in-plane
tensile stress due to the thermal expansion coefficient mismatch between the PZT and the
Si substrate. This was manifested by the small amount of vertical deflection observed
after release. Also, deformation strains, associated with formation of domains, would be
expected to couple mechanically to the substrate rigidity. This, in turn, will produce local
stresses at the PZT-Pt interface which differ from the average residual stress. Such local

mechanical stresses are expected to influence the configuration and mobility of domain

walls at the PZT-Pt interface.

INSERT FIG. 5

The local piezoelectric nonlinearity data suggest that a larger fraction of domain
walls is contributing irreversibly to the piezoelectric properties in the released (but not
broken) region of the PZT. This is consistent with the measured frequency dispersion of
the dielectric Rayleigh parameters. It is also critical to note that the length scale over
which correlated motion of domain walls is observed increases substantially as the
diaphragm is released. Thus, while strong clustering of the ¢ / ds;,in; ratio is observed in
the clamped region, this clustering largely disappears in the released portion of the

sample. This observation was borne out on larger areas of the released portion of the



sample, as shown in Figure 5. The histogram of the ¢ / d33 i ratio on this portion of the
sample shows a much tighter distribution than is characteristic of the clamped regions.

It cannot be excluded that a resonating mode of the diaphragm structure may
influence the local response collected by the AFM cantilever. It is hypothesized that in
this scenario the structure nonlinearity would add an offset, but would preserve the same
clustering characterized in the clamped capacitors. However, the spatial distributions
observed for the clamped and released regions (Fig. 5 (b)) showed a significant change,
with a much narrower distribution of @y / ds3..i values characterized in the released
region.

Thus, it is believed that the observed increase in the dielectric ¢, /€,,, measured
for the released and broken region, is related to the larger volume of film over which
correlated motion of domain walls can occur. This, in turn, is believed to result from the
fact that reduction of local stresses on removal of the substrate may eliminate pinning
centers at the film/electrode interface. Therefore, this description is consistent with the
piezoelectric nonlinearity being a function of the dynamic coupling between domain
walls and the length-scale of the interaction being influenced dramatically by local
stresses.

To summarize, the influence of mechanical boundary conditions was analyzed in
morphotropic phase boundary PZT thin films on Si substrates. By creating cavities
beneath the PZT capacitors, the mechanical boundary conditions were altered and the
domain wall motion contributions were probed dielectrically and piezoelectrically as a

function of the mechanical boundary conditions.
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When the piezoelectric nonlinear measurements were performed on released
regions of PZT, a remarkable difference in the length scale of cooperative interaction was
observed. This change was consistent with a smaller dispersion of the irreversible
contributions to the dielectric constant in partially released samples. These results offer
evidence for a significant influence of substrate clamping on the extrinsic contributions to
the dielectric and piezoelectric properties, and the length scale over which such changes
are manifested. ~ Given that most piezoelectric microelectromechanical systems utilize
partially or fully released structures, the results have significant implications for

42,43 It is

miniaturized sensors, actuators, transducers, and energy harvesting systems.
worth noting that substrate clamping and mobile interfaces interaction is a cross-cutting

phenomenon, of interest in other physical system such as ferromagnetic and ferroelastic

materials and systems undergoing martensitic transformations.
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TABLES
Table I: Summary of the dielectric nonlinearity and logarithmic frequency dependence
parameters for the permittivity for clamped, released and released and broken samples.*

* Normalized with respect to the released area. The errors refer to fitting errors.

a, /e, x 10° (kV/iem) alay eley
Clamped 11.7+0.04 0.033 + 0.0004 0.010 + 0.0004
Released and broken,
103.6 £15.6 - -
normalized*
Released, normalized* 11.0£1.8 0.015 + 0.004 0.015 + 0.0007
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FIGURES
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FIG. 1: (Color online) (a) Fabrication process of the diaphragm structures. Dry-etch
steps define the top electrode features and openings down to Si and bottom electrode.
Isotropic etch using XeF, releases the actuator. (b) SEM image of a cross section of
fabricated device. (c) Field dependence of the real dielectric permittivity for the fully
clamped PZT capacitor, for the fully released PZT and for the fully released and broken
PZT capacitor. The orange and violet data points were obtained by normalizing for the
released region using a parallel capacitor model. (d) Calculated and measured minor

hysteresis loops (uncorrected for the area fraction which was released).
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FIG. 2: (Color online) Frequency dispersion of the Rayleigh parameters extrapolated

from the AC field dependence of the dielectric constant for clamped capacitors and

released but still intact electrodes. The square data points are normalized Rayleigh
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parameters from 14 % released areas using a parallel capacitor model. The error bars

take into account errors from the area and Rayleigh parameters fittings.
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FIG. 3: (Color online) Deformation strains associated with formation of domains could
couple mechanically to the underlying substrate. (a) Local stresses develop at the PZT —
bottom electrode interface which may differ from the average residual stress and
influence the domain wall mobility. (b) Removal of mechanical constraints imposed by
the Si substrate at the PZT —bottom electrode interface allows the domain walls to

respond to the electric field more freely.
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FIG. 4: (Color online) (a) Topography map (b) resonance frequency ay map, (c) phase at
wy averaged over V,. and (d) standard deviation of an(V,.). The dotted line indicates the

clamped-released boundary.
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FIG. 5: (Color online) Dependence of nonlinearity on mechanical boundary condition.
(a) o/ dss i ratio map highlighting the released (blue) and clamped (orange) regions

used for (b) the absolute frequency and (c) cumulative relative frequency histograms.
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