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Understanding the Role of Ferroelastic Domains on the
Pyroelectric and Electrocaloric Effects in Ferroelectric

Thin Films

Shishir Pandya, Gabriel A. Velarde, Ran Gao, Arnoud S. Everhardt, Joshua D. Wilbur,
Ruijuan Xu, Josh T. Maher, Joshua C. Agar, Chris Dames, and Lane W. Martin*

Temperature- and electric-field-induced structural transitions in a polydomain
ferroelectric can have profound effects on its electrothermal susceptibilities.
Here, the role of such ferroelastic domains on the pyroelectric and
electrocaloric response is experimentally investigated in thin films of the
tetragonal ferroelectric PbZr, ,Tiy 3O3. By utilizing epitaxial strain, a rich

set of ferroelastic polydomain states spanning a broad thermodynamic
phase space are stabilized. Using temperature-dependent scanning-

probe microscopy, X-ray diffraction, and high-frequency phase-sensitive
pyroelectric measurements, the propensity of domains to reconfigure under
a temperature perturbation is quantitatively studied. In turn, the “extrinsic”
contributions to pyroelectricity exclusively due to changes between the
ferroelastic domain population is elucidated as a function of epitaxial
strain. Further, using highly sensitive thin-film resistive thermometry, direct
electrocaloric temperature changes are measured on these polydomain

thin films for the first time. The results demonstrate that temperature- and
electric-field-driven domain interconversion under compressive strain
diminish both the pyroelectric and the electrocaloric effects, while both

Temperature-dependent changes in spon-
taneous polarization (i.e., the pyroelectric
effect or PEE)!! have the potential to impact
applications in waste-heat energy conver-
sion?3 and thermal imaging.! Similarly,
the inverse thermodynamic effect (i.e.,
the electrocaloric effect or ECE)!] where
an electric field perturbs the dipolar order
and therefore the entropy of the system
can enable solid-state cooling devices.!>*!
Key to such applications is the ability to
manipulate and control the temperature-
and field-dependence of polarization and
entropic changes in ferroic materials. In
turn, research has focused on finding path-

ways to enhance the pyroelectric [n:(g—;”
as ’

and electrocaloric [Z‘:(a?] ] coefficients.
Primarily, this has been achieved by

placing a material in the vicinity of a

phase transition!”] driven either by chem-

these susceptibilities are enhanced due to the exact-opposite effect from the

extrinsic contributions under tensile strain.

The complex interplay of polarization (P), temperature (T),
entropy (S), and electric field (E) in ferroic materials enables
electrothermal susceptibilities useful for a range of applications.
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istry®® or temperaturel!®!!l where most
ferroic  susceptibilities diverge. More
recently, advances in the growth of ferroic
thin films('213] has shown that epitaxial
strain can be another route by which to
manipulate ferroelectric order, ferroic susceptibilities,!!4-1¢]
and domain structures.'’-1% In turn, there has been exten-
sive work in understanding the role of such ferroelectric/
ferroelastic domains and domain walls on the dielectric and
piezoelectric response. The presence of domain walls in
BaTiO3[% and PbZr,,Ti;303,2! for example, was reported
to result in a stationary or frozen contribution to the dielec-
tric permittivity. In addition, the field-dependent irreversible
motion of domain walls (constituting a so-called extrinsic con-
tribution) has been found to further enhance the dielectric per-
mittivity.?Z Similarly, the piezoelectric effect was found to be
strongly dependent on the irreversible domain-wall motion in
bulk versions of BaTiO; and PbZr;,Ti,0;/** and thin films of
PbZr,,Ti,05." The role of such domain structures in control-
ling the electrothermal susceptibilities (i.e., extrinsic contribu-
tions to PEE and ECE), however, has remained comparatively
understudied in part due to experimental challenges associated
with the measurement of these physical phenomena which
have, instead, driven almost all the work to date to be done via
computation and modeling.
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Figure 1. a) Analytical phenomenological GLD-based temperature—strain phase diagram revealing the stability regimes for ¢, c¢/a, and a;/a,-domain
structures. The dashed line schematically represents the region where a mixed-phase or coexisting ¢/a and a, /a,-domain structures are expected under
equilibrium. The dots show the pseudocubic strain positions for the different substrates. b,d,f) AFM topography of the PbZr,Tiy 303 film grown on
TbScO; (b), GdScO; (d), and PrScO; (f) at 300 K. c,e,g) AFM topography of the PbZrg ,Tip 303 film grown on TbScOs (c), GdScO; (e), and PrScO; (g)

at 450 K.

For example, phenomenological Ginzburg-Landau-Devon-
shire (GLD)-based thermodynamic formulations have calculated
the extrinsic contribution to PEE?>2 and ECE!?”! due to temper-
ature- and field-dependent motion of domain walls, respectively.
It was suggested that these extrinsic contributions, which were
often ignored in prior calculations, can have an appreciable
impact on PEE and ECE and both the effects are maximized at
the phase and domain-structure boundaries (e.g., between ¢ and
c/a, and between c/a and a,/a,). Later, phase-field studies!?%2°
predicted that the ECE can be maximized under a tensile strain
in the c/a phase as a consequence of the competition between
the enhancement of ECE and the reduction of c-domain frac-
tion. A systematic experimental study across the entire strain-
induced phase space is therefore necessary to understand the
true magnitude and nature of the electrothermal response in
polydomain ferroelectrics where domain interconversion under
both changes in temperature and electric field can result in
sizable electrothermal responses.

Here, we experimentally investigate the role of epitaxial
strain and, in turn, the effect of ferroelastic-domain structures
on the electrothermal susceptibilities (both PEE and ECE) in
ferroelectric thin films. Using PbZr,,Ti; 303 as a model system,
we show fundamentally different electrothermal response from
ferroelastic domains under compressive and tensile strains.
Using the high-frequency heating and temperature-sensing
capability of an integrated thin-film device architecture,?% we
are able to separate the extrinsic or domain-structure contri-
butions to these susceptibilities that arise exclusively from the
temperature- and field-dependent changes in the ferroelastic
domain population. Thus, we develop a fundamental under-
standing of how ferroelastic domains effect the PEE and ECE,
while identifying novel strain-controlled pathways to enhance
the electrothermal susceptibilities in thin-film ferroelectrics
below the Curie temperature.

For this work, we focus on (001)-oriented films of the tetrag-
onal ferroelectric PbZr,,TipgO; which, at room temperature,
can exhibit a wide variety of ferroelastic domain configura-
tions depending upon the strain state.’'3? In such films,
both phenomenological®*l and phase-field®* models as well as
experiments®* have shown a systematic evolution from a mono-
domain and purely out-of-plane polarized c-domain structure
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at large compressive strains, to a polydomain c/a-domain struc-
ture (with ¢ and a domains coexisting as alternate bands) at
moderate compressive and tensile strains. Increasing the ten-
sile strain further results in a recently observed mixed-phase
coexistence of both c/a- and a,/a,-domain structures before a
complete transition to the fully in-plane polarized a,/a,-domain
structure is achieved under high tensile strains (Figure 1a).l'”]
Depending upon the strain regime, the effect of temperature
on the domain structures can be broadly classified into four cat-
egories, 1) within the pure ¢ phase, the monodomain structure
present at room temperature is preserved upon heating (shaded
in orange, Figure 1a); 2) within the c/a phase, increasing the
temperature drives an increase in the fraction of c-oriented
domains (shaded in yellow, Figure 1a); 3) within the mixed
phase, where there is a coexistence of c¢/a- and a,/a,-domain
structures, increasing the temperature drives an increase in
the fraction of a,/a, at the expense of the c/a-domain struc-
ture (shaded in light green, Figure 1a); and 4) within the a,/a,
phase, the completely in-plane polarized domain structure is
preserved with increasing temperature (shaded in dark green,
Figure 1a). In the current work, we examine the electrothermal
susceptibilities along the out-of-plane ([001]- or z-) direction,
thus, we focus on the first three domain structure variants (i.e.,
the ¢, ¢/a, and mixed phases). As a result, we will drop the sub-
script [001] or z from 7, %, and E, from the rest of the article
for simplicity.

120 nm PbZr,,Tipg03/20 nm Bay5SrgsRuO;/TbScO; (110),
GdScO; (110), SmScO; (110), NdScO; (110), and PrScO; (110)
heterostructures were grown using pulsed-laser deposition
(Experimental Section).’®] These substrates provide a lattice
mismatch with PbZr, ,Tiy O3 (misfit strain €,, and g, along the
[010] and [100], respectively, calculated using the room-temper-
ature pseudocubic lattice parameter of PbZr,,Tiy505*”] and the
anisotropic in-plane lattice parameters of the substrates?®)) of
—-1.27% and -1.26% (TbScO3), —1.08% and —0.97% (GdScO;),
~0.69% and —0.45% (SmScOs), —0.18% and 0.13% (NdScOs),
and +0.08% and +0.43 (PrScOs). In the rest of the discussion,
we will use the average biaxial misfit strain [g,, = 0.5(&,, + €,)]
to refer to a particular strain state. BagsSrosRuO; (a, = 3.97A,
calculated as a mean of SrRuO; and BaRuOs)B3% was chosen as
a lattice-matched bottom electrode. Room-temperature X-ray
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Figure 2. a) Polarization—electric-field hysteresis loop and, b) dielectric permittivity (g) for oxide metal (40 nm SrRuQO;)-ferroelectric (120 nm
PbZry,Tip3O3)-oxide metal (20 nm BagsSrgsRuOs) tri-layer heterostructures on TbScOj;, GdScOj;, SmScOs3;, NdScO;, and PrScOj; substrates with
£, =-1.26%, —1.02%, —0.57%, —0.02%, and +0.26%, respectively (brown, orange, yellow, light green, and dark green data, respectively).

diffraction line scans (Figure S1, Supporting Information)
reveal that the heterostructures are epitaxial and single phase.
It can also be seen that the relative fraction of the a domains
systematically increases (evident from the emergence of the dif-
fraction peak corresponding to the 100- and 200-orientations of
the film) with increasing tensile strain. PbZr,,Tiz303 is pre-
dominantly (001)- or c-oriented when grown on TbScO; (110)
(&, = —1.26%), GdScO; (110) (g, = —1.02%), and SmScO; (110)
(€n = —0.57%) due to the compressive strain. With increasing
tensile strain for films on NdScO; (110) (g, = —0.02%; note
that g, is positive) and PrScO; (110) (g, = +0.26%), there
is a systematic evolution of the films towards more (100)- or
a-oriented structures. These trends are also evident from
the room-temperature domain structure imaged via atomic
force microscopy (AFM) and piezoresponse force microscopy
(PFM, Figure S2, Supporting Information). Consistent with
the temperature-strain phase diagram (Figure 1a), the hetero-
structures grown on TbScOs (110) show monodomain, out-of-
plane polarized c-domain structures (Figure 1b). Increasing
the temperature (e.g., to 450 K) does not alter the c-domain
structure (Figure 1c). With decreasing compressive strain,
the heterostructures grown on GdScO; (110) (Figure 1d) and
SmScOj; (110) (Figure S2¢, Supporting Information) reveal c/a-
domain structures. In this case, increasing the temperature
(again to 450 K) causes a gradual reduction in the fraction of
a domains (Figure le). Upon transitioning to tensile strain, a
self-assembled hierarchical domain structure with coexisting
c/a and a4/a, structures (or mixed-phase structures) is observed
for heterostructures grown on both NdScOs (110) (Figure S2d,
Supporting Information) and PrScO; (110) (Figure 1f). Here,
increasing the temperature (again to 450 K) causes the a,/a,-
domain structure to grow at the expense of the c/a-domain
structure, effectively reducing the net fraction of ¢ domains
(Figure 1g); this is opposite to the trend observed in films
under compressive strain within the c/a-phase regime.

With this understanding of how the domain structures
evolve in response to temperature in the different strain
regimes, we fabricated devices with in situ heating/tempera-
ture-sensing ability for measurement of both PEE and ECE in
thin-film heterostructures using an established process (Experi-
mental Section and Figure S3, Supporting Information).’%
Prior to any electrothermal measurements, polarization-electric

Adv. Mater. 2019, 37, 1803312

1803312 (3 of 9)

field hysteresis loops were measured (Figure 2a). As expected,
as the fraction of out-of-plane switchable ¢ domains is reduced
with increasing tensile strain (from —1.26% to +0.26%,), the
remanent polarization (P,) is systematically diminished from
72 to 8 uC cm2. The corresponding increase in the a-domain
fraction also manifests as an increase in the measured out-of-
plane dielectric permittivity (¢,) (Figure 2b) as &, is higher for a
domains than for the ¢ domains.[*%

To study the effect of ferroelastic domains on the pyroelectric
susceptibility, let us first understand the various contributions
to m which include: 1) intrinsic contributions that arise from
the temperature-dependent change in the spontaneous polari-
zation within a ferroelectric domain, 2) extrinsic contributions
that arise because of the temperature-dependent movement of
domain walls resulting in a change in the fraction of the fer-
roelastic domains, and 3) secondary contributions that arise
because of the thermal-stress-induced polarization change.l?>#1]
As such, the total pyroelectric response can be written as:

)

75:( 3T )E,o’ ( )E‘g"'zid;kcjklmalm

a({P d .
=¢C d<T> +<P>%+zidijkcjklmalm

oP.)

aT

(1)

where (P) is the average net polarization in the out-of-plane
or z-direction and ¢ is the equilibrium c¢-domain fraction. dy,
Cikims and 0, are the components of the direct piezoelectric,
elastic constant, and thermal expansion tensors, respectively.
The first and the second terms on the right-hand side con-
stitute the intrinsic (m,) and the extrinsic (m.,) pyroelectric
response (collectively constituting the primary contribution),
while the third term constitutes the secondary contribution.
Since, we are interested in the role of ferroelastic domains (7.,
we will work to systematically eliminate (or understand) the
contributions from the intrinsic and secondary contributions.
Pyroelectric measurements were conducted by periodi-
cally oscillating the temperature of the heterostructure by
applying a sinusoidal heating current of 10 mA (rms) at var-
ious frequencies ( =21 across the microfabricated heater line
(Experimental Section).% This heating current drives tem-
perature oscillations (%) in an area (A) of the heterostructure
at frequencies (2f) with an amplitude that is measured using
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Figure 3. Pyroelectric coefficient, 7 as a function of a) heating current frequency at zero dc bias, and b) dc electric field measured at room temperature
and 1 kHz, for oxide metal (40 nm SrRuOj)-ferroelectric (120 nm PbZr,,TiygO3)-oxide metal (20 nm BagsSrgsRUO3) tri-layer heterostructures on
TbScO;, GdScO;, SMScO;, NdScOs, and PrScO; substrates with g, = —1.26%, —1.02%, —0.57%, —0.02% , and +0.26%, respectively (brown, orange,
yellow, light green, and dark green data, respectively). c) Experimentally measured 7 (red data) and estimated 7, (black dashed line) for different strain
states at zero dc bias. d) Calculated 7, for all strain states corresponding to ¢, ¢/a, and mixed-phase heterostructures. d) Temperature-dependent
change of normalized 7 (mr/ 77 303 i) for heterostructures with g, = —1.26%, —1.02%, —0.57%, —0.02% , and +0.26%, respectively (brown, orange,

yellow, light green, and dark green data, respectively).

the 3w method®? (Figure S4a, Supporting Information). The
resulting pyroelectric current (i,) (Figure S4b, Supporting
Information) was measured using phase-sensitive detec-
tion!?#} and 7 was calculated as ==i,(+%) (Figure 3a). It can
be seen that with increasing heating frequency, the measured
value of 7 decreases for all the heterostructures. At lower
heating frequencies, the thermal penetration depth into the
heterostructure is large such that it allows the ferroelectric film
to undergo lateral thermal expansion along with the substrate
resulting in a finite secondary contribution that can be calcu-
lated by knowing the relative thermal mismatch between the
film and the substrate.”! With increasing heating frequency,
however, thermal penetration is reduced and the ferroelectric
film becomes progressively clamped to the substrate which
is no longer experiencing the temperature change, thereby
resulting in negligible thermal expansion and effectively zero
secondary contribution to m.l% In our measurements, these
secondary contributions, can be effectively “turned-oft” above
~1 kHz heating frequencies as the 7 begins to flatten out.
Since the secondary contribution in the out-of-plane (z) direc-
tion only comes from the ¢ domains, the relative contribution of
the secondary effect can be calculated using the monodomain
PbZry,TiggO0;3 (g, = —1.26%) by comparing the percentage
reduction in the 7 from 5 Hz to 1 kHz. This yields a value of
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about 14% matching very well with the values reported in the
literature.[*Yl Thus, for simplicity, since we desire to understand
the primary contribution to pyroelectric response—arising
from the combination of intrinsic and extrinsic responses, in
the remainder of the discussion we will report measurements
of m at 1 kHz where it reasonably excludes secondary contri-
butions thus enabling a more accurate measurement of the
intrinsic and extrinsic effects.

The primary contribution, under an electric field, also
includes contributions from temperature-induced changes
in the dielectric permittivity (er2:), To probe this contribu-
tion, m was measured as a function of background dc electric
field (Figure 3b). Here, we observe butterfly-shaped pyroelec-
tric loops as the direction of the pyroelectric current switches
when the ferroelectric switches (note the coercive fields here
are smaller than those seen in the ferroelectric hysteresis loops
due to quasi-dc nature of the measurement). The contribution
from temperature-induced changes in the dielectric permittivity
is manifested as a reduction in 7 from the zero dc electric-field
state to one under a finite electric field. This is because (%) is
negative, while (&75%) is positive as g, increases with increasing
temperature below T,. Since, the heterostructures under tensile
strain exhibit a higher dielectric constant (Figure 2b), the con-
tribution from the temperature-induced change in the dielectric
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permittivity is higher (notice the higher slope between the rep-
resentative points 1 and 2 for all the heterostructures).

Next, to separate 7., from the measured primary contri-
butions, we will first estimate m,,,. This is done using the fol-
lowing assumption. For a pure c-phase heterostructure with
remanent polarization (P, _j,4%), the pyroelectric coefficient
(m_1260) is purely intrinsic due to the absence of any ferroe-
lastic domains and therefore there is no possible change in the
domain structure with temperature around room temperature.
Thus, m, for any heterostructure with remanent polarization
(P e,) can be estimated as s = P,Pf.[;% (black dashed line,
Figure 3c). It should be noted that this assumption can be
applied here because the Curie temperature for all heterostruc-
tures is much higher than 750 K, and at room temperature, 7,
should scale with P,. By subtracting m;,; from the measured pri-
mary contribution (red circles, Figure 3c), 7., can be extracted
(blue data, Figure 3d). For the c-phase heterostructures, 7., is
equal to zero as the fraction of ¢ domains does not change with
temperature and the measured 7 is simply m;,, which mathe-
matically is a negative quantity, since (P) decreases with T. For
the c/a-phase heterostructures, ¢c increases with temperature.
Therefore, ., is positive and thus counter to 7. On the other
hand, for the mixed-phase heterostructures, ¢ decreases with
temperature. Therefore, 7,,, adds to 7, thereby reinforcing the
pyroelectric response. For example, in the heterostructure with
misfit strain g, = +0.1%, 7., from the temperature-dependent
change in the domain structure accounts for approximately
—49 uC m= K of the total 7 = —140 uC m=* K'; thus con-
tributing as much as 35% of the total pyroelectric response.
The mixed-phase heterostructures which exhibit a large nega-
tive 7.y, therefore, can provide a new strain-induced route to
enhance the PEE at a domain length-scale potentially useful for
small-pitch, high-density, nanopatterned pyroelectric detector
arrays.’l For example, nano-sized pyroelectric dots on the ¢
regions of the c¢/a domains can leverage a fully temperature-
driven switching of ¢ to a with a much higher change in the
net polarization than the change in the polarization within the
¢ domains themselves.

Further understanding of 7., especially for the mixed-phase
heterostructures, can be developed by probing the tempera-
ture-dependent change in m (Figure 3e). For ease of under-
standing, we show how the normalized value of 7 (7/m303k)
changes with temperature. For the c-phase heterostructures
with zero 7., the measured 7 simply increases as the tempera-
ture approaches the ferroelectric-to-paraelectric phase transi-
tion (which happens above 750 K and is not shown here due
to experimental constraints) where the susceptibility diverges
(brown data, Figure 3e). For the c/a-phase heterostructures, &
also increases; however, under a competing response of ;,, and
Ty In such c/a structures, as the temperature increases, the
fraction of ¢ domains in the c/a-phase heterostructures should
first increase (positive 7.,) before transitioning into a fully
c-phase structure (Figure le) and then the response mimics the
response of a c-phase heterostructure (orange and yellow data,
Figure 3e). The response for the mixed-phase heterostructures,
on the other hand, is fundamentally different. Here, the phase-
competition between c/a- and a,/a,-domain structures causes
significant domain reconfiguration resulting in a net increase
in the fraction of a domains with increasing temperature. This
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negative 7., adds to m,; and causes a much steeper enhance-
ment of 7 with increasing temperature (light-green and dark-
green data, Figure 3e). Since the c/a constituent, and therefore
the fraction of ¢ domains in the mixed-phase heterostructures
continuously reduces with temperature, a transition into the
a;/a, phase causes the pyroelectric response to decay (brown
data, Figure 3e) and finally go to zero without exhibiting any
divergence in .

To quantify 7., within the mixed-phase heterostructures,
where the changing domain structures greatly contributes to
the net pyroelectric susceptibility, we measured the tempera-
ture-dependent change in the ¢-domain population (which is
responsible for 7) using synchrotron-based X-ray diffraction.
For brevity, we highlight such evolution in the heterostructure
grown on NdScOj; (110) with g,, = —0.02% wherein there is a
measurable quantity of ¢ domains in the temperature range of
interest. The 3D reciprocal space mapping studies were com-
pleted about the on-axis 220-diffraction condition of the NdScO,
substrate at 300, 373, and 473 K. A 2D slice (k-I plane at h = 0)
at 300 K reveals film peaks corresponding to 00l-oriented ¢
domains and two versions of the in-plane polarized a domains:
1) an untilted variant (corresponding to the a,/a,-domain struc-
ture) and 2) a tilted variant (corresponding to a domains in the
c/a-domain structure) (Figure 4a). Increasing the temperature
to 373 K (Figure 4b) and 473 K (Figure 4c) results in a progres-
sive increase in the intensity of the untilted a,/a,-domain struc-
ture revealing a net increase in the fraction of the a domains
(boxed peak, Figure 4a—c). To accurately quantify the change in
the fraction of ¢ and a domains, we integrated the intensity on
the h—k plane (highlighted in blue color) across all measured
values of | (Figure 4d—f) to get an integrated intensity (Figure 4g)
that accounts for the crystallographic tilts and allows for a more
accurate quantification (in comparison to 6 —26 X-ray line scans
or scanning-probe-based image analysis) of the volume frac-
tion of the ¢ and a domains. By fitting the integrated intensity
curve with mixed Lorentzian and Gaussian peaks (Figure S5,
Supporting Information), the fraction of ¢ and a domains was
extracted (inset, Figure 4g). To calculate the magnitude of
nﬂ.(nm:m%], (P) = 72 uC cm? corresponding to the monodo-
main ¢ phase, was taken. This was under the assumption that
in the mixed-phase heterostructures, the average biaxial misfit
(tensile) strain partitions into a less tensile component accom-
modated predominantly by the c/a phase and a more tensile
component accommodated by the a;/a, phase.l'”] Using the
measured value of %‘ (inset, Figure 4g) between 300 and 373 K,
an average T, equal to approximately —67 uC m=2 K! can
be estimated; suggesting that strain-/temperature-dependent
changes in the domain population can significantly contribute
to m and can be used as a promising route to enhance pyroelec-
tric susceptibility in thin-film systems.

The strain- and temperature-dependent changes in the
domain configurations have implications for the ECE as well.
Similar to the case of PEE, one can break down the contribu-
tions to X into: 1) intrinsic contributions that arise from the
electric-field-dependent isothermal change in the entropy or an
adiabatic change in temperature within a ferroelectric domain,
2) extrinsic contributions that arise because of electric-field-
dependent ferroelastic domain conversion, and 3) secondary
contributions that arise because of the piezoelectricity-induced
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Figure 4. a—c) Synchrotron-based RSM (showing the k—/ plane about h = 0) about the 220-diffraction peak of the NdScO; substrate showing the 002-
and 200-peak of PbZr,Tiy O3 corresponding to the tilted ¢ and untilted a domain variant at 300 K (a), 373 K (b), and 473 K (c). d—f) Representative
h —k slices shown (blue color) for different | corresponding to ¢ domains (d), substrate (e), and a domains (f). g) Integrated intensity on the h—k plane
for every [ at 300 K (blue data), 373 K (yellow data), and 473 K (red data). The inset shows the volume fraction of ¢- and a-domains as a function of
temperature extracted by fitting the peaks in (g) and calculating the area under the corresponding peaks.

elastocaloric effect (so-called piezocaloric effect). As such, the
total electrocaloric response can be written as:

39S S,
eI o
das* as*  dsPe
=9 iE + ¢, iE i + ZiCdijijk

where ‘% and %is the dipolar entropy change in the ¢ and a
domains with volume fractions ¢, and ¢,, respectively, under an
applied electric field (E). Together, these two terms constitute
the intrinsic response (Xi,). The third term, %, exclusively
represents the entropy change due to a phase change from a
generic phase f3 to 6 under the same electric field constituting
the extrinsic contribution to ECE (Zq). C, dy, and y; are the
volumetric heat capacity, and components of the converse
piezoelectric and Griineisen tensor, respectively. Their product
(last term, right-hand side) constitutes the secondary response
resulting from the piezocaloric effect.

Using the same device structure as for measuring the PEE,
ECE measurements were conducted by applying an electric-
field perturbation to measure the electrocaloric-temperature
change (Experimental Section).’% Briefly, a sinusoidally varying
electric-field with an amplitude of 83 kV cm™! at 98.147 kHz was
applied across the ferroelectric heterostructure. In response to
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the ac electric-field perturbation, the resulting sinusoidal tem-
perature oscillation in the ferroelectric was sensed using the top
metal line now functioning as a thin-film resistance thermom-
eter. An ac sensing current with a magnitude of 2 mA at a fre-
quency of 2.317 kHz was sourced through the top line and the
electrocaloric response (manifested as an ac voltage) was meas-
ured at 98.147 — 2.317 = 95.830 kHz. Using the temperature
coefficient of resistance (TCR), the temperature change in the
top metal line was calculated and this was subsequently used
to calculate X after solving a 1D heat transport model using the
thermophysical properties of the heterostructure (Table 1).3
Since, the ferroelectric thin film is clamped on the substrate,
the secondary contribution due to the piezocaloric effect can be
neglected*! and the measured value X should only account for
the primary contributions (X = X + Zey)

ECE measurements were conducted by sweeping the back-
ground dc bias to both the positive and negative saturation
biases to measure the response in both the up- and the down-
poled state. It can be seen that X, for all the heterostructures,
exhibits a ferroelectric hysteresis-like response as the dc elec-
tric field is swept (Figure 5a). Conventional ECE (i.e., a rise in
temperature with increasing electric field) is observed in all the
heterostructures when the device is poled-down (with polariza-
tion equal to +P,) and the application of a positive electric field
reduces the dipolar entropy and results in an increase in the

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Thermophysical properties (at 300 K) of the various thin films  X_, will therefore be negative for the former and positive for the

and substrates used in the thermal transport calculations. latter cases. For the c/a-phase heterostructures, the a domains
are susceptible to transform to ¢ domains under an applied elec-
Film/Substrate Thermal conductivity, k Specific heat capacity, C(T) tric field. Since the electric field stabilizes the higher entropy ¢
1 -1 -3 ¢-1 oo, .. .
Wm™ K7 Um=KT) phase, X, captured as % is positive (inverse). On the other
PbZro,,Tio 503 1.59 2.7 %% 10° (25 °C)°) hand, for the mixed-phase heterostructures, X.,; is negative (con-
SrRUO; 39 31069 ventional) as the field stabilizes the lower entropy phase (mixed
Bag 551 sRUO, Assurmed as 3.9 Assumed as 3 x 106 phase over the ay/a, phase). The.electrocalonc response can
alternatively be understood by looking at how, under an applied
SiN, 29 1.16 x 106 . co . . .
electric field, the component of polarization along the direction
f) . . .
TbScOy 2.82 Assumed as 2.7 x 10° of field (P,) changes with increasing temperature. To under-
GdScO, 3.340 2.7 103 stand X, in particular, let us focus only on the volume of a
SMScO; 3.49 Assurned as 2.7 x 106 or ¢ domains that change with temperature under an applied
NdScO, 3 869 Assumed as 2.7 x 10° f)ut-of-plz%ne electric field. In the c/a-phase heterogtructure,.an
increase in temperature causes a a —c transformation resulting
PrScO, 3.617) Assumed as 2.7 x 10°

in an increasing in the out-of-plane polarization (P7°) and
therefore a positive slope of (:—’;) (Figure 5d). Qualitatively, as

dData from time-domain thermo-reflectance;!*’! P)Ref. [48]; IRef. [49]; 9Measured

using differential 3 @ method on a single-crystal sapphire substrate; ®Ref. [50]; per the Maxwell relation, (g%) :(%) . this corresponds to a
iMeasured using 3 @ method. o

positive X.,. In the mixed-phase heterostructure, an increase in
temperature causes a ¢/a — a4/a, transformation resulting in a
decrease in the out-of-plane polarization (Pf*”*/*) and there-
fore a negative slope of (j—;)c (Figure 5e) and hence negative Z,;.

Eo

temperature. When the sample is poled-up (with polarization
equal to —P)), applying a positive field increases the dipolar
entropy and results in the inverse ECE (i.e., a decrease in tem-
perature with increasing electric field). Further, it can be seen  Thus, X, competes with the conventional %, in the c/a-phase
that the ECE for the c-phase heterostructures is maximum and  heterostructures, while it complements the conventional Z;; in
with increasing tensile strain the magnitude of £ diminishes.  the mixed-phase heterostructures.
To understand the role of strain and the resulting domain In conclusion, this work investigated the role of ferroe-
structures on X, we have estimated the intrinsic contribution lastic domains on the PEE and ECE within the ferroelectric
to the ECE as Zu. =Zuue RP"“;% (black dashed line, Figure 5b)  phase (well below the Curie temperature). We demonstrated
akin to 7. This holds true because the application of electric field ~ that the ferroelastic domains diminish the PEE under com-
to a pure c-phase heterostructure does not result in any domain  pressive strain as the extrinsic contributions due to tempera-
conversion and, therefore, Z.,;, = 0 (Figure 5c). For the other het-  ture-dependent changes in the out-of-plane oriented domain
erostructures (c/a and mixed phase), X, can be calculated by = population compete with the intrinsic PEE. On the contrary,
simply subtracting X, from the measured total X (Figure 5c). temperature-dependent domain reconfiguration under a ten-
It can be seen that X, is positive for the c/a-phase hetero-  sile strain enhances the PEE. Here, the extrinsic contributions
structures and is negative for the mixed-phase heterostructures  cooperate with the intrinsic PEE as the increase in temperature
(Figure 5c). This can be understood as follows. X explicitly  continuously increases the out-of-plane domain population.
accounts for the change in the entropy due to domain conver-  Likewise, the ECE due to the field-dependent change in the
sion under an applied electric field. The application of an elec-  ferroelastic domains results in an inverse caloric effect in the
tric field can stabilize a phase with either a lower or a higher = compressive strain regime and in a conventional caloric effect
entropy (note that the phase stable at a higher temperature has  in the tensile strain regime. The experimental observations
a higher entropy than the one stable at a lower temperature).  reported in this work reveal the mechanism and magnitude
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Figure 5. a) Measured electrocaloric coefficient, £ showing conventional (inverse) ECE in the down- (up-) poled state under positive (negative)
saturation DC electric field for heterostructures with €,, = —=1.26%, —1.02%, —0.57%, —0.02% , and +0.26%, respectively (brown, orange, yellow, light
green, and dark green data, respectively). b) Measured X (red data) and calculated Z;,; (black dashed line) for different strain states. c) Calculated X,
for all strain states corresponding to ¢, ¢/a, and mixed-phase heterostructures. d) Schematic showing the change in the polarization (from ¢ domains
and interconversion of a — ¢ domains) with increasing temperature under an applied electric field. e) Schematic showing the change in the polarization
(from ¢ domains and interconversion of ¢/a —a;/a, domains) with increasing temperature under an applied electric field.
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of the extrinsic effects due to temperature- and field-driven
changes in the ferroelastic domains, in turn, providing useful
insights to explore novel strain-controlled pathways to enhance
the electrothermal susceptibilities in thin-film ferroelectrics.

Experimental Section

Thin-Film  Synthesis: Oxide metal (40 nm SrRuOs)-ferroelectric
(120 nm PbZrg,TipgO3)-oxide metal (20 nm BagsSrgsRuOs) tri-layer
heterostructures for the electrothermal devices were synthesized via
pulsed-laser deposition using a KrF excimer laser (248 nm, LPX 300,
Coherent), in an on-axis geometry with a 60 mm target-to-substrate
spacing on TbScO; (110), GdScO; (110), SmScO; (110), NdScO; (110),
and PrScO; (110) substrates. The Bag sSrgsRuO; bottom electrode layers
were grown a temperature of 700 °C in a dynamic oxygen pressure of
20 mTorr by ablating a BagsSrgsRuOs target (Praxair) at a laser fluence
of 1.85 | cm™2 and a laser repetition rate of 2 Hz. The ferroelectric
PbZr,,Tip O3 layers were grown a temperature of 680 °C in a dynamic
oxygen pressure of 100 mTorr by ablating a Pb;1Zrq,Tig3O;3 target
(Praxair) at a laser fluence of 1.85 | cm™ and a laser repetition rate of
10 Hz. The SrRuOs; top electrode layers were grown at a temperature
of 680 °C in a dynamic oxygen pressure of 100 mTorr by ablating a
SrRuO; target (Praxair) at a laser fluence of 1.25 | cm™ and at a laser
repetition rate of 10 Hz. Following growth, the heterostructures were
cooled to room temperature in a static oxygen pressure of 700 Torr at
5 °C min~'. For synchrotron-based X-ray diffraction, a single layer of
PbZr,,Tig303 was synthesized using the above growth conditions for
PbZry,Tig303. For scanning-probe based measurement, bi-layers of
120 nm PbZry,TipgO; with 20 nm BagsSrosRuO; bottom electrodes
were synthesized.

Structural Characterization via X-Ray Diffraction: Wide-angle 6-26
X-ray diffraction patterns and symmetric reciprocal space maps were
obtained with a Panalytical X'Pert Pro XRD machine with a Cu source
in the laboratory. 3D reciprocal space mapping studies to measure
the temperature-dependent change in the domain (¢ and a) fractions
in the PbZry,TiogO3/NdScO; (110) heterostructures were obtained
at Sector 33-BM-C of the Advanced Photon Source, Argonne National
Laboratory. In order to obtain a highly monochromatic beam with
negligible higher order harmonics, a double-crystal monochromator in
conjunction with two mirrors was used. Moreover, excellent accuracy of
a Huber four-circle diffractometer in combination with a PILATUS 100K
pixel detector allowed to determine the orientation of the crystal reliably
and obtain the scans with high accuracy. The X-ray wavelength used for
these measurements was 0.775 A (16 keV).

Topography and Domain Structure Characterization: AFM and PFM
were carried out using an MFP-3D (Asylum Research).

Device Fabrication: Electrothermal device structures were fabricated on
the tri-layer heterostructures (Oxide-metal (40 nm SrRuOs)-ferroelectric
(120 nm PbZrg,Tip 3O3)-oxide-metal (20 nm Bag sSrgsRuO3)) (Figure S3a,
Supporting Information). The tri-layers were lithographically patterned
and ion-milled to define the ferroelectric capacitor footprint (Figure S3b,
Supporting Information). To access the bottom electrode, the top
electrode and the ferroelectric layers were selectively ion-milled further
after an intermediate photolithography step (Figure S3c, Supporting
Information). Next, a 200-nm-thick blanket layer of SiNy was deposited
using plasma-enhanced chemical vapor deposition (SiH4 + NH3 based).
The SiNy was selectively etched using reactive-ion etching (using SFg
plasma) (Figure S3d, Supporting Information). Finally, a 100-nm-thick Pt
layer was sputtered to define the thermal heating/sensing circuit (with
a four-point probe design for sourcing current and sensing voltage).
This step also defines the contact pads for subsequent wire bonding to
access the top and the bottom electrodes of the ferroelectric capacitor
(Figure S3e, Supporting Information).

Electrical Characterization: Ferroelectric and dielectric properties
were measured for at least five devices on each heterostructure variant.
Polarization-electric field hysteresis loops were measured using a
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Precision Multiferroic Tester (Radiant Technologies, Inc.) that uses
a Virtual Ground method to measure ferroelectric hysteresis loops.
Temperature- and electric field-dependent low-field permittivity was
measured using an E4990A Impedance Analyzer (Agilent Technologies)
using an ac excitation voltage of 10mV as a function of driving frequency.

Pyroelectric ~ Measurements:  Pyroelectric measurements — were
conducted by locally oscillating of the temperature of the ferroelectric
by driving a sinusoidal heating current (Keithley 6221 current source)
with a magnitude 10 mA (rms) at the desired frequency 1w across
the top metal heater line. This results in a sinusoidal oscillation
of temperature in the ferroelectric at 2w with an amplitude which is
calculated using the 3w method (Figure S4a, Supporting Information)
with a custom-designed electrical circuit and then solving the heat-
transport model.B3% The resulting total current in response to the
sinusoidal heating is measured via a phase-sensitive detection using
an lock-in amplifier (SR830, Stanford Research). True pyroelectric
current is extracted from the total measured current by taking only
the component of current purely out-of-phase with the temperature
oscillation (Figure S4b, Supporting Information). Thereafter, the
pyroelectric coefficient is calculated using n:f,(A‘f%)’, where A is
the effective heating cross-section calculated using a finite-element
model.B] For the analysis of 7 as a function of frequency, the
pyroelectric current was measured for two cases separately. First,
with the polarization pointing in the up direction and second, in the
down direction. The difference between the two was taken to remove
any effect of parasitics.?% For samples where the polarization in
the up-poled state had the propensity to switch back to the down-poled
state, a background dc bias was applied to keep the sample poled in
the up state. In cases where a dc bias had been applied, the non-zero
contribution from the change in dielectric permittivity with temperature
was corrected by using the slope of the pyroelectric coefficient as a
function of dc electric field from Figure 3b.

Electrocaloric  Measurements:  Electrocaloric measurements were
conducted by applying a sinusoidally varying electric field (33 500
Waveform generator, Keysight Technologies) of magnitude 83.33 kV cm™!
at a frequency of 98.147 kHz across the metal-ferroelectric-metal
heterostructure. The resulting electrocaloric temperature change
(sinusoidal at 98.147 kHz) is sensed using the same heater line as in
the pyroelectric measurement, however, working as a sensitive thin-film-
resistance thermometer. A sinusoidally varying sensing current (V to |
converted using a 33 500 Waveform generator, Keysight Technologies)
with a magnitude 2 mA at 2.317 kHz is driven across the top-metal
thermometer line. The electrocaloric temperature change is sensed
up as a sinusoidal voltage using a lock-in amplifier (SR830, Stanford
Research) locked to a frequency equal to 98.147 —2.317 = 95.830 kHz.
Using the measured TCR of the top-metal thermometer line, an actual
temperature change in the top-metal thermometer is extracted. Finally,
using a 1D heat transport model, the sensed temperature change on
the top-metal thermometer line is used to calculate the electrocaloric
coefficient.?

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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