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ABSTRACT: Ferroelastic domain walls in ferroelectric
materials possess two properties that are known to affect
phonon transport: a change in crystallographic orientation
and a lattice strain. Changing populations and spacing of
nanoscale-spaced ferroelastic domain walls lead to the
manipulation of phonon-scattering rates, enabling the control
of thermal conduction at ambient temperatures. In the present
work, lead zirconate titanate (PZT) thin-film membrane
structures were fabricated to reduce mechanical clamping to
the substrate and enable a subsequent increase in the ferroelastic domain wall mobility. Under application of an electric field,
the thermal conductivity of PZT increases abruptly at ∼100 kV/cm by ∼13% owing to a reduction in the number of phonon-
scattering domain walls in the thermal conduction path. The thermal conductivity modulation is rapid, repeatable, and discrete,
resulting in a bistable state or a “digital” modulation scheme. The modulation of thermal conductivity due to changes in domain
wall configuration is supported by polarization-field, mechanical stiffness, and in situ microdiffraction experiments. This work
opens a path toward a new means to control phonons and phonon-mediated energy in a digital manner at room temperature
using only an electric field.
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1. INTRODUCTION

Deterministic control of phonon transport in the solid state
represents a new paradigm of energy regulation. If such control
could be realized, it would not only enable active thermal
energy regulation but could also impact electronic and optical
energies by controlling phonon-coupled particles and waves,
such as polarons and polaritons. Further, one could realize
technologies where phonons are the energy form being
manipulated, thus enabling a relatively new field of phononics.
Although multiform energy control and phononics may enable
technologies of the future, immediate impacts could be realized
by an ability to regulate the primary signature of phonons:
thermal transport. For example, minimizing thermal transport
is necessary to achieve high-value thermoelectric responses for
both cooling and energy harvesting;1 maximizing heat
transport in semiconductor-based electronic devices is
necessary to maintain device efficiency and prevent degrada-
tion;2 and maintaining thermal isolation is required for infrared
sensors and detectors to minimize cross talk and maximize
signal-to-noise ratios,3 among many other applications. Most

means to control phonon and, subsequently, thermal transport
are passive in nature: a material’s thermal conductivity is fixed
at a particular temperature, and temperature gradients are
utilized to modulate the heat flux. The ability to alter a
material’s thermal conductivity on demand would permit the
development of thermal switches or regulators with a new
degree of control. For example, much in the same way that
field effects can be used to alter electronic conduction through
a semiconductor, a material with actively tunable thermal
conductivity could be used to modulate thermal transport. To
date, however, the means to realize such control over phonons
and thermal energy are extremely limited.
In solid-state materials, abrupt thermal conductivity changes

are most commonly observed by passing through phase
transitions where the phases on each side of the transition have
differing thermal responses. Large differences in thermal
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conduction have been observed using this effect in carbon
nanotube/hexadecane composites4 and graphite/hexadecane
composites,5 where the liquid and solid phases have vastly
different properties. Likewise, transitions from an insulating
phase to an electrically conducting phase can impart large
changes in thermal conductivity by introducing large
concentrations of heat-carrying electronic carriers. This effect
has been demonstrated in insulator−metal transition materials,
such as VO2, where changes in thermal conductivity up to 60%
have been measured at the phase transition.6 These approaches
to thermal conduction control, however, rely on changing the
parameter that one wishes to controlthermal energyto be
achieved.
Other nonthermal forms of control have been demonstrated

to affect thermal conductivity in specific systems, including
electric and magnetic field effects. For example, modulating
charge carriers in semiconducting InAs nanowires with electric
and magnetic fields affected thermal conduction at cryogenic
temperatures.7 Magnetic fields have been shown to alter the
population of magnons in magnetic nanowires, enabling the
control of thermal conductivity across a broad temperature
range.8 The inherent thinness of nanowires, however, limits the
amount of thermal energy that can be manipulated by such an
approach. Active composition changes have also been
explored, whereby modifying the composition of LiCoO2 via
intercalation/deintercalation of lithium results in ∼30%
changes in thermal conductivity.9 This approach requires a
battery cell to provide and remove lithium and has a response
time limited to the diffusivity of lithium in the LiCoO2 lattice.
An alternative approach to active thermal control would be

to utilize reconfigurable phonon-scattering interfaces. This can
be achieved, for example, by the use of ferroelastic domain
boundaries in ferroelectric materials. By altering the numbers
of domain walls present within the ferroelectric material, the
thermal conductivity can be modified. This has been shown to
produce active regulation at cryogenic temperatures in
BaTiO3

10 and KH2PO4
11,12 single crystals. In the former

work, a repeatable increase of thermal conductivity was shown
by simply applying an electric field across the sample and
thereby reducing the number of domain walls and the number
of phonon-scattering interfaces. The response time was
hypothesized to be as fast as the domain-switching time in a
ferroelectric material, which can be in the regime of
nanoseconds.13 Thin films provide an advantage over most
single-crystal and bulk ceramic ferroelectric materials in that
the scaling of crystal dimensions to smaller sizes results in the
reduction of domain wall spacing,14 coupled with a decrease in
the required voltage for modulation. By decreasing the spacing
of the walls to a magnitude similar to the mean-free paths of
heat-carrying phonons, which would be expected to be
10−100 s of nanometers at room temperature in a ferroelectric
film,15 modulation of thermal conductivity can be realized at
noncryogenic temperatures. This was demonstrated passively
at room temperature in 30 nm thick BiFeO3 thin films where
films with differing populations of 71° domain walls exhibited
differences in thermal conductivity up to 400 K.16 Active
modulation was shown at room temperature in 200 nm thick
bilayer lead zirconate titanate (PZT) thin films where an
electric field-dependent, varying population of closely spaced
90° domain walls in a tetragonally distorted PZT layer
produced thermal conduction tuning.17

To achieve thermal conductivity tuning using domain wall
reconfiguration, the populations of these walls must be

modulated by an external stimulus. However, mechanical
clamping to the substrate is known to restrict ferroelastic
domain wall motion in thin films and therefore must be
reduced in order to realize significant domain structure
changes.18,19 There are several means to achieve this: (1)
selected removal of the underlying substrate,20,21 (2) reducing
the lateral dimensions of the ferroelectric film,19,22,23 (3)
utilizing mechanically compliant layers such as ferroelectric
bilayers24 or compliant substrates,25 (4) preparing thick
(several micron) ferroelectric layers,26 or (5) preparing films
with large lateral grain sizes.26 It has previously been
demonstrated that the bilayers enable ferroelastic domain
wall motion and alteration of thermal conductivity.17 For those
largely clamped films, however, the material response to an
increased electric field was an increase in the numbers of
domain walls and a subsequent reduction in thermal
conductivity. Furthermore, a nearly linear response between
the tuning of thermal conductivity and the applied electric field
was observed, that is, an “analog” or continuously variable
modulation response. It was believed that the clamping of the
thin film to a relatively thick silicon wafer imposed a
mechanical boundary condition that limited domain growth
and resulted in an increasing domain boundary density under
electric fields, which was consistent with the work on other
bilayer films24,27,28 and large grained tetragonal PZT films.29 In
the present work, it is shown that declamping from the
substrate via selected removal of silicon below a PZT film
enables an increase in thermal conductivity by up to 13% at
room temperature with an applied electric field. The thermal
conductivity increase occurs because the domain wall density
decreases owing to the ability of domains to grow with reduced
mechanical clamping. In this case, the increase occurs abruptly
and is discrete in nature, assuming one of the two possible
conductivity states. The thermal conductivity change is
correlated with the electric fields at which polarization reversal
occurs, mechanical stiffness of the structure changes, and
domain population changes are observed with microdiffraction.

2. METHODS
2.1. Materials and Membrane Device Fabrication. PZT thin

films of composition PbZr0.3Ti0.7O3 were prepared on platinized
silicon substrates (100 nm Pt/40 nm ZnO/400 nm SiO2/silicon) via
chemical solution deposition.30 Chemical solutions were prepared
from an inverted mixing order chemistry31 using lead (IV) acetate
(Sigma-Aldrich), titanium isopropoxide, zirconium butoxide (80 wt %
in 1-butanol), methanol, and acetic acid. A 0.35 M solution was
prepared and used for the PbZr0.3Ti0.7O3 composition and was
batched with 10% excess lead acetate to compensate for lead loss to
the atmosphere during crystallization. The films were spin-cast at
4000 rpm for 30 s, followed by a 350 °C hot-plate pyrolysis. After
three coating and pyrolysis steps, the film was annealed at 700 °C for
10 min in a preheated furnace to crystallize into the perovskite phase.
The coating, pyrolysis, and crystallization anneal steps were repeated
three times to prepare a 600 nm thick film. To promote a (100)/
(001) crystallographic texture in the PZT films, a thin seed layer of
PbTiO3 was deposited prior to the PZT.32,33 The 0.05 M PbTiO3
solution with 10% excess lead acetate was spin-cast at 6000 rpm for 30
s, followed by a 350 °C hot-plate pyrolysis and a 700 °C 10 min
crystallization anneal.

Substrate clamping was reduced by undercutting the silicon
substrate in diaphragm structures.20 Platinum top electrodes, 100
nm thick, were prepared via photolithography, sputter deposition, and
lift-off. A second photolithography step was used to define an array of
5 μm diameter holes. Reactive ion etching was performed to provide
an opening to the underlying silicon substrate. Finally, a XeF2 etch

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b04169
ACS Appl. Mater. Interfaces 2018, 10, 25493−25501

25494

http://dx.doi.org/10.1021/acsami.8b04169


was performed to selectively remove silicon to form cavities
underneath a Pt/PZT/Pt/ZnO/SiO2 diaphragm. The resulting
membranes were approximately 84 μm in diameter. The details of
the etch chemistry and diaphragm formation procedure can be found
elsewhere.21

2.2. Characterization. To measure the thermal transport
properties of the strain-released PZT films under applied electric
fields, an electrical probe station was integrated into a time-domain
thermoreflectance (TDTR) system. TDTR is an optical pump−probe
measurement technique, which utilizes subpicosecond (<10−12 s)
laser pulses to monitor energy transport within nanostructures
occurring over time scales from single picoseconds to multiple
nanoseconds. The experiment is based on splitting the femtosecond
pulse train of 800 nm light emanating from an optical oscillator
(Spectra-Physics Tsunami) into two new beams. One beam serves as
the “pump” beam and provides a heating event at the sample surface
and the other as the “probe” beam that arrives at a later time and
measures the temperature of the sample surface via changes in its
thermoreflectance coefficient (dR/dT). The diameters of the focused
pump and probe beams at the surface of the sample were determined
using a scanning-slip beam profiler and measured to be 26 and 24 μm,
respectively. The pump beam passes through an electro-optic
modulator, where the train of pulses is amplitude-modulated at 3.74
MHz, and the change in the probe reflectivity as a function of pump−
probe delay time is recorded via a lock-in amplifier triggered to the
pump modulation frequency. By fitting this decay profile to a variety
of models depending on the time scale of interest, a wide array of
physical properties related to the sample of interest can be
deduced.34−36

Thermal conductivity was measured using the top platinum pad as
both a TDTR transducer and an electrical contact with which to apply
dc fields across the membranes. An optical microscope attached to the
TDTR system was used to align the measurement region to be on a
membrane region of the PZT film, focused between the clamped edge
and the center hole of the membrane, and TDTR experiments were
then conducted as different dc electric fields (E) were applied across
the Pt/PZT/Pt structures using a Keysight E4980A LCR meter. The
location of the laser spot on the membrane remained fixed for all of
the thermal measurements at various electric field magnitudes,
thereby producing an assessment of the change in thermal
conductivity under that specific sampled volume of PZT. By doing
so, various factors such as local micro/domain structure of the PZT,

platinum film thickness, beam overlap, spot sizes, and focal position
can be treated as common to and constant throughout all electrical
bias conditions. As a result, many of the dominant sources of
uncertainty commonly associated with TDTR are minimized,
enabling highlighting of the change in thermal conductivity associated
with the applied bias. The remaining sources of uncertainty in this
experimental design are the phase and/or 1/f noise, as well as the
scan-to-scan repeatability of the TDTR data acquisition process as a
whole. In general, these sources of uncertainty are expected to be
much smaller than the aforementioned elements that were minimized.
Measurement uncertainty related to the influence of noise and the
scan-to-scan repeatability of TDTR were accounted for by taking
three scans in succession at each bias field condition.

The temporal TDTR measurements (where the bias across the
membrane was cycled with time) were performed with the probe
delay relative to the pump pulse fixed at 500 ps to minimize the
sensitivity of the thermal model to changes in the thermal boundary
conductance between the top platinum electrode and PZT, while
allowing nearly full diffusion of deposited layer energy through the
platinum electrode (i.e., reducing the sensitivity to the thermal
conductivity of the platinum). The thermoreflectance of the platinum
electrode is directly related to the temperature of the metal.
Therefore, for a fixed power deposited on the device by the laser
and a resulting heat flux through the sample structure, any changes in
the temperature of the top electrode are indicative of changes in the
thermal resistance of the multilayer structure beneath it when bias is
applied or removed. This pump−probe delay time allowed for the
real-time observation of the dynamic switching of the thermal
conductivity of the PZT membrane.

Polarization versus electric field hysteresis data were collected at
100 Hz with a Radiant Technologies Multiferroic Workstation.
Voltages were applied to the membrane during TDTR, nano-
indentation, and X-ray microdiffraction using an Agilent 4284 or a
Keysight E4980 LCR meter. Use of an LCR meter enabled the
“health” of the device to be monitored with the loss tangent during
the test to ensure that the devices were not degrading electrically.
Scanning electron microscopy was performed with Zeiss Supra 55VP
instruments operating in an in-lens imaging mode with a 3 kV
accelerating voltage and a backscatter mode with a 20 kV accelerating
voltage (plan-view microstructure). The electrode areas were
calculated from optical micrographs using image analysis software
(ImageJ). An X-ray diffraction pattern to assess crystallographic

Figure 1. Scanning electron microscopy images of the 600 nm thick PZT film prepared on a Pt/ZnO/SiO2/Si substrate: (a) plan-view image and
(b) cross section displaying a dense columnar grain morphology and (c) plan-view image of the membrane array. The holes in the membranes were
formed by reactive ion etching and the released regions by a XeF2 etch of the underlying silicon. (d) X-ray diffraction pattern of the film.
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orientation and phase assemblage was collected with a PANalytical
Empyrean instrument with Cu Kα radiation in a Bragg−Brentano
geometry.
The membrane stiffness measurements were performed via

nanoindentation using an Agilent Technologies DCM II instrument
and a method described elsewhere.37,38 A 50 μm radius spherical tip
was used to apply a point load, which in this case specifically refers to
the loading condition, in the center of the membrane. Calculation of
the contact radius between a sphere and flat elastic body reveals that
the contact radius grows to greater than 10 microns in less than 100
nm of displacement into the body, so the indenter is assumed to apply
an evenly distributed load to the outside edge of the etch hole, which
is approximated as a point load in the middle of the released
membrane. Several membranes were tested to obtain a baseline film
deflection in the unpoled state and examine the repeatability on
structures in the array. After confirmation of nearly identical
mechanical behavior between membranes in adjacent array lines,
voltage sweeps were performed up to 5 V in 2.5 V increments,
followed by 1 V increments up to 10 V on an untested membrane to
examine the effect of voltage on the stiffness of the membrane. The
stiffness of the membrane under an applied point load, P, assuming no
prestrain, is defined from Komaragiri et al. as39

P
w

Eh
a(0)

4
3(1 )2

3

2
π

ν
=

− (1)

where w(0) is the center span deflection, a is the membrane radius, ν
is the average Poisson’s ratio, E is the average Young’s modulus, and h
is the thickness of the entire membrane. Using literature values,40−43

we calculate an average Poisson’s ratio of 0.31 and an average Young’s
modulus of 94 GPa by taking a thickness-weighted average of the
properties of each layer of the membrane. Using the above equation,
we then calculate a stiffness of 470 N/m for the membrane.
Synchrotron X-ray diffraction experiments were performed at the

Advanced Photon Source at Argonne National Laboratory, beamline
6ID-B. An X-ray beam on a sample footprint size of 5 μm width and
23 μm length and an energy of 16.2 keV were used to enable local
probing of the released diaphragm structures. The intensity of the 002
and 200 diffraction peaks was recorded as a function of applied dc
field using a Keithley 2410, and the PZT film was monitored using an
Agilent 4284 LCR meter. Data were obtained by aligning to the
maximum intensity of the PZT 002 and 200 positions and measuring
intensity, while the dc bias was varied by 0.25 V steps within a −10 to
10 V range. The diffraction intensity was recorded at each step. For all
locations, PZT c- and a-domain intensities were normalized to the
beam current and platinum 111 reflection reference to account for
changes in beam intensity over measurement time.

3. RESULTS AND DISCUSSION

Figure 1a,b shows plan-view and cross-sectional scanning
electron micrographs, respectively, of the PZT thin film. A
dense, columnar grain morphology is evident with lateral grain
sizes on the order of 100 nm and a film thickness of
approximately 600 nm. The as-prepared membrane structure is
shown in the plan-view electron microscopy image in Figure
1c. A row of the milled hole array lies outside of the platinum
top electrode. In this region, the size of the membrane
structure is evident by the slight deflection of the film surface
owing to strain relief. The width of the deflected area, and
therefore the diameter of the membranes, is approximately 84
μm. Figure 1d shows an X-ray diffraction pattern of the film.
Only peaks associated with the PZT film and materials in the
substrate stack are observed, indicating phase purity. The
greater intensity of the 100 peak compared to that of 101/110
and 111 peaks indicates that the PbTiO3 seed layer aided in
enhancing the (100)/(001) crystallographic orientation.
Figure 2a shows the measured thermal conductivity of the

suspended PZT membrane (closed data points) under applied
electric fields. Several separate sweeps, where the magnitude of
the applied dc field was varied, are presented in the order of
the sequence in which they were conducted. Starting with the
general trends between the measurement sequences, it is
observed that the thermal conductivity remains unchanged for
electric fields 0 ≤ E < 100 kV/cm with values of ∼1.42 W/m
K, increases abruptly at around 100 kV/cm, and maintains a
higher value of thermal conductivity of ∼1.61 W/m K for fields
≥100 kV/cm. At the onset of the thermal conductivity change
(100 kV/cm), this previously unpoled structure exhibited
noticeable instability over the time scale of the TDTR scans
(three scans, 2−3 min each), indicating that a dynamic process
was taking place within the device. The large error bars for the
100 kV/cm data point are indicative of this instability. The
change in thermal conductivity between the low-field (<100
kV/cm) and high-field (>100 kV/cm) conditions is an
approximate 13% increase. Following the first exposure to
high fields (released measurement #1), the bias was removed
and the thermal conductivity returned to a value of 1.45 ± 0.01
W/m K, which is similar to, but slightly higher than, the
previously unpoled value of 1.42 ± 0.03 W/m K, suggesting a
reversibility of the thermal conduction properties. The
reversibility is likely due to the restoring forces associated

Figure 2. (a) Room-temperature thermal conductivity of PZT in the membrane device (closed symbols) and in the clamped region (open
symbols) as a function of applied dc field. (b) Room-temperature thermal conductivity of PZT in the membrane device as a function of time as a dc
voltage is modulated across the structure.
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with the membrane tension in the released structure. Upon
driving the device with the opposite polarity (released
measurement #2), no change in thermal conductivity was
observed for fields of −100 kV/cm with the thermal
conductivity value constant at approximately 1.44 W/m K.
In this polarity, the dielectric loss tangent increased for fields
above −100 kV/cm; the applied field was restricted to prevent
device damage. Releasing the dc electric field and returning to
zero bias resulted in a slight increase in thermal conductivity to
1.46 ± 0.02 W/m K and again driving a positive bias across the
device (released measurements #3 and #4) revealed a sudden
increase in thermal conductivity to ∼1.6 W/m K for fields
greater than 100 kV/cm. These results demonstrate repeat-
ability of the discrete thermal conductivity regulation.
To provide an assessment of the speed with which this

change in thermal conductivity occurs, the thermoreflectance
of the platinum top electrode on the membrane was monitored
in real time as dc bias was applied and removed. The thermal
conductivity of PZT in the membrane structure could then be
calculated with the results shown in Figure 2b. As the bias
voltage applied across the structure was cycled between 0 and
10 V (167 kV/cm), changes in thermal conductivity occurring
over a subsecond time scale are observed with zero bias values
of approximately 1.44 W/m K increasing to 1.62 W/m K when
the 167 kV/cm field was applied. Although the response is
clearly subsecond, in actuality, the switching most likely
happens over much shorter time scales, possibly as short as 40
ns,44 as the absolute speed of detection is limited by the 300
ms time constant of the lock-in amplifier used in the TDTR
measurement.
To verify that the domain structure changes are responsible

for the observed behavior, a control experiment was performed
by measuring a clamped region (i.e., measuring on a metal
trace away from the membrane) on the same electrode with
and without electric fields applied. These results are shown as
the open data points in Figure 2a. As opposed to the dramatic,
rapid change in thermal conductivity with field that was
measured on the membrane, virtually no change was observed
for the clamped region. It is observed that the zero bias values
change from 1.38 ± 0.03 W/m K on the first measurement to
1.41 ± 0.03 W/m K after subsequent applications of 133 and
−133 kV/cm, respectively. At 133 kV/cm, the thermal
conductivity of the clamped region was 1.37 ± 0.02 W/m K
and under −133 kV/cm was 1.35 ± 0.02 W/m K. These data,
showing no change in thermal conductivity, suggest that the
ferroelastic domain wall motion in the clamped region is
hindered and that the domain wall spacing and/or density of
domain walls remains relatively constant, as has been shown
elsewhere.21 The differences in thermal conductivity response
to the electric field between the membrane structure and the
clamped region strongly indicate that the ferroelastic domain
boundary populations are changing, leading to variations in
phonon scattering. To confirm the mechanisms of the change,
additional experiments were performed to investigate the
electrical and mechanical properties. Figure 3 shows room-
temperature-nested polarization hysteresis loops for the Pt/
PZT/Pt device. Note that this measurement samples the
ensemble clamped and suspended membrane response because
the membranes constitute a fraction of the overall electrode
area. Regardless, it is clear that the coercive fields of the
structure are approximately −130 and 110 kV/cm. The
asymmetry is indicative of a degree of imprint in these films,
which may result due to the reactive ion etching used to

prepare the membrane structures.45 The 110 kV/cm coercive
field value is similar to the fields at which the sudden thermal
conductivity increase is observed in the membrane structure
(100 kV/cm) and suggests that the onset of the large thermal
conductivity change with electric field is associated with the
field required for polarization reversal. As polarization reversal
requires nucleation and growth of domains, this is a strong
indicator that the field-induced increase in thermal con-
ductivity at 100 kV/cm in the membrane is due to domain
structure changes. It should be noted that the coercive field
measured from the polarization-field measurements is slightly
higher than the field required for the thermal conductivity
change. Substrate clamping is known to result in increased
coercive fields.46 Because the P(E) response shown here is a
composite response of clamped and unclamped regions, a
higher coercivity of the clamped regions may lead to higher
measured overall values. Additionally, it is known that
measurement frequency affects coercive field measurements
with fast rates (higher measurement frequencies), resulting in
higher reported values.47 The 100 Hz measurement frequency
of the polarization response compared to the dc measurement
of thermal conductivity may also, in part, be responsible for the
difference in measured coercive field and the onset of thermal
conductivity switching.
To gather property information on an individual membrane,

local stiffness measurements were performed using a nano-
indenter with and without fields applied. Starting from an
unpoled condition and applying an increasing dc field will
result in poling of the ferroelectric and domain reconfiguring.
It was anticipated that the domain motion, which constitutes
an extrinsic piezoelectric effect, and the intrinsic piezoelectric
effect upon poling will affect the stiffness of the membrane.48

The nanoindenter tip was located in the center of an unpoled
membrane, and its stiffness was measured at zero bias and
while dc electric fields are applied. Figure 4 shows the electric
field dependence of membrane stiffness. It is observed that the
stiffness remains constant at approximately 500 N/m until an
electric field of 100 kV/cm, at which point the stiffness of the
membrane increases. At an applied dc field of 167 kV/cm, the
stiffness reaches ∼850 N/m. Upon reducing the electric field
to 0 kV/cm, the membrane stiffness does not fully recover to
its original value but decreases to 625 N/m. While under the
application of a field, the dc bias constrains the domain wall
motion49 against the force applied by the nanoindenter and
increases the membrane stiffness. The onset of membrane

Figure 3. Polarization vs dc electric field, P(E), response of a PZT
film comprising clamped and membrane regions.
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stiffness increase at 100 kV/cm correlates well with the
coercive field from the polarization field measurements and the
onset of thermal conductivity increase and provides additional
evidence that the bias at which ferroelastic domain wall motion
and domain growth occur in these membrane structures is
approximately 100 kV/cm.
As a final local probe of the domain structure, synchrotron

X-ray microdiffraction measurements were performed on the
membrane structures. Figure 5 plots the normalized intensity

of the 200 and 002 diffraction peaks of PZT as a function of
applied dc electric field. The data shown are for a membrane
that is initially in a negatively poled state. Focusing on the 002
diffraction peak, starting from zero bias, it is observed that the
intensity decreases and reaches a minimum at approximately
75 kV/cm, at which point the diffraction intensity increases
roughly linearly. Reversing the field results in a nearly linear
decrease in intensity, reaching a minimum at approximately
−105 kV/cm before increasing again. On the basis of the
disparity between the fields of intensity minima, the imprint
effects that were observed in the polarization response are
clearly present in the microdiffraction data. Between 75 and
167 kV/cm, the 002 peak intensity increases rapidly. Because
both peak intensities are directly related to domain volume

fractions, changes in their relative intensities indicate changes
in ferroelastic domain wall populations. The increase in 002
peak intensity demonstrates an increase in the volume fraction
of (00l)-oriented domainsthose domains that are best
aligned with the electric field vectorwhereas the concom-
itant decrease in 200 peak intensity is consistent with
ferroelastic switching. The 75 kV/cm field represents the
initiation of domain growth and compares well with the
polarization measurements (note that the onset of steep
polarization change in the polarization measurement is ∼75
kV/cm, whereas the field representing zero polarization is
∼110 kV/cm). The diffraction data, combined with the
polarization-field and mechanical stiffness measurements,
which all show nearly the same electric field for a property
changepeak intensity increase, coercive field, and stiffness
increases, respectivelyprovide strong evidence that the
ferroelastic domain wall motion is responsible for the observed
thermal conductivity discontinuity. That the thermal con-
ductivity increased when the electric field was applied suggests
that the domains that were most well aligned with the electric
field grew at the expense of those that were not well aligned. In
this process, the spacing between the domain walls increased,
the number of ferroelastic domain walls decreased, and,
consequently, the number of phonon-scattering interfaces
within the film in the membrane region decreased. The result
was an abrupt increase in the thermal conductivity. This result
is consistent with the observations for unclamped barium
titanate single crystals where increasing thermal conductivity
was observed when an electric field was applied, resulting from
reduced populations of ferroelastic domain boundaries in the
crystal.10

The polarization versus field and microdiffraction data also
support the lack of a change in thermal conductivity when
negative biases were applied to the membrane. The maximum
field applied under negative bias was intentionally limited as an
increasing loss tangent was observed, and we sought to limit
the degradation of the device to allow for additional
experiments. Under these applied voltage constraints, a
sufficient negative bias was not subjected to the device
(−100 kV/cm) to overcome the imprint. From the polar-
ization field data, it is evident that a field in excess of −130 kV/
cm would be necessary to switch the domains and observe a
tuning of thermal conductivity.
Aside from the opposite sign of the thermal conductivity

change in the membrane structure PZT films compared to
bilayer PZT films,17 the nature of transition is substantially
different. The bilayer PZT films displayed a nearly linear
dependence of the degree of thermal conductivity tuning
because of the applied fieldsthe higher the voltage applied,
the greater the change in thermal conductivity, resulting in an
analog response of thermal conductivity with the field. The
membrane structures, however, responded in a more digital
sense, where the thermal conductivity exhibited an abrupt,
discrete change at a fixed field and did not change substantially
with additional voltage of the same polarity. This difference
can be reconciled by considering the degree of clamping and
the shape of the polarization-field response between the two
PZT samples. The bilayer film, which was clamped to an
underlying silicon substrate, displayed a slanted polarization
response, whereas the films in the membrane structure, where
the clamping was reduced, exhibited a square hysteresis loop.
The polarization switching in the latter case is more abrupt and
indicates that the domain structure changes over a much

Figure 4. Membrane stiffness before (prepoling), during application
of a dc electric field, and after application of a dc electric field
(postpoling).

Figure 5. Normalized intensity of 002 and 200 diffraction peaks of
PZT in a membrane device as measured by synchrotron X-ray
microdiffraction as a function of applied field.
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smaller electric field range near the coercive field. The more
slanted hysteresis loop and, consequently, gradual change of
polarization with the applied field of the bilayer films result
from more incremental changes to the domain structure as the
field is increased and from a more analog response of thermal
conductivity with the applied field. The abrupt change in
polarization magnitude and thermal conductivity at the
coercive field of the membrane structures also result in a
lower necessary applied field to realize a large thermal
conductivity change as evidenced by the bilayer films requiring
nearly 500 kV/cm to realize a 12.5% change in thermal
conductivity, whereas the films in the membrane structures
required just 100 kV/cm to realize a 13% change.
It was also observed that while the thermal conductivity

change was abrupt, other measured properties, such as
membrane stiffness and domain volume fraction, displayed
more gradual changes with the field. We hypothesize that the
frequency-dependent phonon mean-free path spectrum in
Pb(Zr,Ti)O3 comprises a narrow band of relatively short
lengths, similar to PbTe or PbSe where the mean-free path
lengths are of the order of 3−10 nm.50 This would mean that a
small change in domain wall spacing would result in an abrupt
change in the heat-carrying capability of a sizable population of
short-wavelength phonons. Additional incremental increases in
domain wall spacing, however, will cease to influence these
phonons via this mechanism as the mean-free paths will be
capped by phonon−phonon (umklapp) scattering. Therefore,
while domains continue to grow, as evidenced by the
diffraction data, the phonon-scattering landscape does not
continue to change.
Finally, it was observed that after every application of an

above- or near-coercive field dc bias, the thermal conductivity
in the remanent (zero dc field) state increased relative to its
prior value. This is shown in Figure 6 for both the membrane

device and the clamped region. Note that these are the same
zero bias data points plotted in Figure 2a but delineated by
measurement sequence. As it has been established that the
thermal conductivity is extremely sensitive to domain
structure, these data indicate that the domain structure is
changing irreversibly after every application of a large dc field.
Subsequent several minute exposures of the high field appeared

to increase the domain wall spacing in the zero bias state, even
for the clamped regions where the field-applied thermal
conductivity decreased, which indicated a decrease in domain
wall spacing while the field was applied. These minute changes
in domain structure could be very difficult to characterize with
conventional electrical probes. Thermal conductivity is there-
fore a very sensitive probe of the domain structure of
ferroelectric thin films.

4. SUMMARY

In summary, active voltage control of thermal conductivity in a
strain-released PZT thin-film device has been demonstrated
with an abrupt positive change in the thermal conductivity
observed. The thermal conductivity discontinuity occurred at
∼100 kV/cm, which correlated with the coercive field, the
onset of increased stiffness in the membrane structure, and the
onset of increasing (002) domain volume fraction. The abrupt
switching of thermal conductivity by a magnitude of 13% was
repeatable and occurred in a time scale of less than 300 ms.
This work demonstrates a new means to actively and digitally
increase the thermal conductivity in a solid-phase material at
room temperature with only the application of an electric field,
which may enable technologies related to phononic
computation and thermal management, among others.
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