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Introduction

Combining inverse and conventional
pyroelectricity in antiferroelectric thin

films for energy conversionf
Brendan Hanrahan, {2 ** Yomery Espinal,?® Shi Liu, ©2® Zeyu Zhang,®
Alireza Khaligh,© Andrew Smith® and S. Pamir Alpay®

Pyroelectric materials are promising for thermal energy scavenging from waste-heat sources and new
materials with exotic properties are constantly being discovered. Antiferroelectrics (AFE) are of particular
interest since such materials have been observed to possess both conventional, negative pyroelectricity
and inverse, positive pyroelectricity. In this study, we compare direct and indirect measurements of the
pyroelectric coefficient and use the temperature dependence on the dielectric constant to show the
inverse pyroelectric regime arises primarily from field-induced pyroelectricity. Energy conversion cycles
are performed in both pyroelectric regimes using a 1 kHz pulsed laser heat source, realizing a maximum
power density of 2.25 W cm™ in the conventional regime and 0.68 W cm™ in the inverse regime.
A new pyroelectric energy conversion model, using parameters taken from direct measurements of
the pyroelectric coefficient, capacitance, loss tangent, and leakage current agrees with the energy
conversion experiments, showing both the validity of the model and the origin of pyroelectricity in the
inverse regime. Finally, a resonant circuit for pyroelectric energy harvesting is proposed that takes
full advantage of the bi-directional functionality of AFE materials. This work clarifies the debate on
the origin of pyroelectric features in AFE materials and demonstrates the potential for future energy
conversion applications.

and found giant inverse pyroelectricity, suggesting the sponta-
neous polarization increases with an increasing temperature.’

The electrothermal coupling of ferroelectrics (FE) and antiferro-
electrics (AFE) make them attractive for energy harvesting and
solid-state cooling applications. Thin film versions of these
materials are of particular interest owing to their ability to
withstand high electric fields, increasing the potential for work in
an energy conversion cycle. One of the first thin films identified to
possess a significant energy conversion potential is AFE lead
zirconate titanate. This material was calculated to have an electro-
caloric adiabatic cooling potential of 12 K at 420 kV cm ™" applied
electric fields." More recently, Geng et al. explored the electric-
field driven AFE/FE phase transition in (Pbg o7L80.02)(Zr0.95Ti0.05)O03
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AFE materials have been of interest since 1950s when their
characteristic double hysteresis loop was first observed in
PbZzrO;.* Kittel proposed the mechanism for AFE materials
containing an anti-polar ground state and an electric field-
driven AFE/FE phase transition where the anti-polar arrange-
ment has a center of symmetry, effectively cancelling the
primary piezoelectric and pyroelectric effects.* Pyroelectricity
in AFE materials was first explored by Ujma et al. in the vicinity
of the AFE/FE phase transition.” Yang et al. showed that the FE
transition point could be manipulated under certain electric
fields and temperatures observed with pyroelectric current
measurements.® Using indirect measurements, Hao showed
pyroelectric coefficients reaching 8400 uC m 2 K ' at the
AFE/FE transition.”

Inverse caloric effects, where temperature decreases under
an applied field, are directly related to the inverse pyroelectric
effect and are of significant interest from both a fundamental
and applications perspective. In elastocalorics this behavior has
been observed in the vicinity of the martensitic transition,
enhanced by the addition of Cu doping.® Interestingly, giant
inverse magnetocaloric effects, on the order of the primary
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coefficient magnitude, have also been observed at a martensitic
transition phase transition.” Barium titanate displays both
inverse electrocaloric’® and barocaloric'* behavior at tempera-
tures approaching a structural phase transition. Inverse or
negative electrocalorics have been directly measured on relaxor
ferroelectrics'” and in other ferroelectrics, generally where an
increase in temperature transitions the materials from a lower
to higher polarization state."

In this work we directly measure the pyroelectric coefficient
of (Pbyg.095La0.005)(Zr0.05Ti0.0503) (denoted as PLZT) across the
electric field-driven AFE/FE transition and find that its magni-
tude and relationship with electric field vary significantly when
compared to expectations from indirect measurements of
adiabatic polarization—-electric field hysteresis loops. Separate
measurements of auxiliary pyroelectric effects elucidate the
origin of inverse pyroelectricity in AFE PLZT arising primarily
from the field-induced pyroelectricity. We then model and
perform energy conversion cycles in the inverse and conven-
tional regimes of the pyroelectricity, demonstrating the possi-
bility for multi-cycle conversion within a single material system.
We start by comparing the direct and indirect measurements of
pyroelectric coefficients in AFE PLZT. It is known that indirect
measurements of pyroelectricity from isothermal hysteresis
loops are unable to capture electric field, strain-dependent, or
extrinsic contributions to pyroelectric coefficient, which direct
measurements capture.*"® Direct measurements of pyroelectri-
city are obtained by combining the electric field dependence
of peak pyroelectric current under pulsed laser heating with
measurements of pyroelectric current under periodic heating
(details provided in the Experimental section).

Results and discussion

Fig. 1a shows a characteristic AFE polarization-electric field
hysteresis loop and the pyroelectric coefficient hysteresis
obtained from the direct measurement. As shown in Fig. 1a,
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starting at zero field, the material has increasing polarization
and positive pyroelectric coefficient with increasing electric
fields. The pyroelectric coefficient starts decreasing when the
electric field becomes larger than 235 kv cm™ ' whereas the
polarization keeps increasing. This suggests the coexistence of
FE and AFE phases where the inverse pyroelectricity associated
with AFE phase is partly cancelled by the conventional pyro-
electricity associated with the FE phase.'® The pyroelectric
coefficient eventually becomes negative with increasing magni-
tude at higher electric field. From here, the pyroelectric coeffi-
cient hysteresis is dominated by the fraction of switched
domains, similar to observations in other PZT thin films.**
The latency in the electric field-driven phase transition can also
be observed as the electric field returns to zero where the
AFE/FE transition happens at a lower field. Interestingly, the
peak pyroelectric coefficient is asymmetrical with electric field,
whereas the dielectric hysteresis measurements are always sym-
metrical, which could indicate this sample has a preferential
polarization direction.**”

The pyroelectric coefficient differs drastically in both mag-
nitude and electric field dependence between the direct and
indirect measurement techniques (Fig. 1b). The source of this
difference is rooted in the fact that the indirect technique
measures the polarization dependence with electric field at a
specific background temperature, while the direct measure-
ment is using temperature perturbations and measuring cur-
rent at static applied fields. The indirect method is particularly
susceptible to artifacts in AFE materials, where there is a
temperature-dependent, electric-field driven AFE/FE transition
which is measured during the polarization hysteresis. Time-
dependence is not expected to be the source of difference
between the two techniques, where the indirect measurement
is at thermal equilibrium and the direct measurements use
thermal signals ranging from 10 °C s~ (hotplate) to ~1000 °Cs™*
(laser) heating rates but this merits further study.

The origin of inverse pyroelectricity and the intimately related
inverse electrocaloric effect remain controversial. For polar materials,
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(a) The polarization and pyroelectric coefficient hysteresis measurement for thin film AFE PLZT at room temperature. (b) Comparison of the
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the dominant effect stems from the change of the spontaneous
polarization in response to the change in temperature, referred
to as the intrinsic pyroelectricity. Dielectric materials under an
applied electric field can also give rise to the pyroelectric effect
because of the temperature (7) dependent dielectric constant (&),
as described by eqn (1), referred to as field-induced pyroelectri-

City (HFI)'
HF] = 80E (%) (1)

where the electric field (E) is applied at constant strain (x) and
&o is the permittivity of free space. Inverse pyroelectricity in AFE
materials has been considered an intrinsic effect and is attrib-
uted to an asymmetry in rotation between anti-polar vectors upon
heating, leading to a net-repolarization of the material under an
external electric field.> However, the temperature dependence on
the dielectric constant can also lead to a net observed inverse
pyroelectric effect in the presence of an applied field. This
property gives rise to “dielectric bolometers”*® and typically has
a positive sign in FEs leading up to the Curie temperature and a
negative sign following in the paraelectric (PE) phase. It is not
clear in AFEs which term, primary or field-induced, is responsible
for the observed inverse pyroelectric response.

In order calculate the pyroelectric coefficient, a phenomeno-
logical theory of phase transformations is used to understand
and describe the temperature dependence of dielectric suscepti-
bility and its connection to the field-induced pyroelectricity. For
an AFE material, the Landau-Kittel free energy functional (f)
can be represented by a two sublattice model:"’

1 1 1
/= 5a(D{ + D3) + 3b(DY + D3) + (D + DS) + gDy D>
— (D1 + D)E. (2)

where D, and D, are the dielectric displacement components at
sublattices 1 and 2, respectively; a, b, ¢, and g are the dielectric
stiffness (or Landau) coefficients. The total dielectric displace-
ment (D) is given by D; + D, and the electric field component is
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parallel to the total dielectric displacement. In this phenomeno-
logical model, the dimensionless, Landau-type expansion coeffi-
cients are defined as follows: a =g + a,(T — Ty), a, =1, b =c=1/3,
where g = 0.5 characterizes the AFE coupling strength and 7, = 1
is the paraelectric-to-antiferroelectric transition temperature in
zero field."® These parameters are not specific to any antiferro-
electric and their values are chosen to give a qualitative predic-
tion of the AFE/PE phase transition under zero field and the
field-induced AFE/FE/PE phase transition as demonstrated
in ref. 19.

For given values of electric field and temperatures, the
thermodynamic equilibrium values of D; and D, are deter-
mined by finding the lowest free energy with the grid search
method in the parameter space of D; > 0 and —D; < D, < D;.
It is straightforward to derive from the equation of free energy
that the dielectric susceptibility (y) is given by:

o 8_D _lerdz*Zg (3]
x= 8E Ti dld2,g2

and the total pyroelectric coefficient (I1 ) is:

D D+ D) — a1 (D .
Mot = <0—) :H1+H2:a1g( 1+ gd a1(21d2+ »d))
£ \dy — g

aT
(4)

where d; = a + 3bD? + 5¢D} for i = 1, 2. The temperature deri-
vative of dielectric susceptibility is then:

Ay (dn +dn)(didy — &) — (di + dr — 2g)(d11d> + dyd)
(did — &)

oT

(5)

where d;; = a, + 6bD;II; + 20cD:1I; for i = 1, 2.

Values of [T, and [Ty were compared to understand the
effect of temperature-dependent dielectric response on the pyro-
electricity (Fig. 2a). At low electric fields these two quantities
are nearly identical, suggesting the field-induced pyroelectric
coefficient is the dominant effect responsible for inverse
pyroelectricity. In this field region, the AFE system can largely
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Fig. 2 (a) A comparison of the calculated field-induced and total pyroelectric coefficients from phenomenological theory. (b) Pyroelectric coefficient at
positive biases comparing directly measured values (diamonds) and the scaled coefficient (circles) with the field-induced pyroelectricity calculated from

eqn (1) using the direct temperature derivative permittivity.
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be considered as a linear dielectric wherein the total macro-
scopic polarization is dominated by the field-induced polariza-
tion. With increasing electric fields, the values of 1, and ITg;
start to diverge. This suggests the emergence of the FE response
and thus the conventional pyroelectricity with a negative coeffi-
cient before reaching the critical electric field.

Fig. 2b shows the experimentally-isolated field-induced pyro-
electric coefficient, calculated from directly measured tempera-
ture dependent dielectric constant values in eqn (1), along with
the pyroelectric coefficient obtained from the scaled pulsed laser
test, which are the sum of all active pyroelectric effects, as well as
the hotplate tests measurements used for scaling. Consistent with
the model prediction based on the phenomenological Landau
theory, there is very good agreement between the field-induced
pyroelectric coefficient and the directly measured coefficients at
low fields. This confirms that the field-induced pyroelectricity is
responsible for the inverse pyroelectricity in PLZT. It is noted that
this also explains the scaling law for electrocaloric temperature
changes in AFE systems where the temperature change is quad-
ratic in the electric field.*° As the material begins to transition
from the AFE phase to a non-centrosymmetric FE at higher fields,
the negative intrinsic coefficient gets added to the field-induced
coefficient, reducing the magnitude of the total pyroelectric
response as observed by the divergence between the direct pyro-
electric measurement and calculated field-induced coefficient in
both the theory and measurements. At increasing fields, there is a
cross-over where the intrinsic coefficient of the FE phase equals
and then exceeds the inverse coefficient at ~200 kV ecm ™. The
location of this cross-over does not map precisely with the AFE/FE
transition electric field which was measured at 300 kv em ™
(Fig. 1a) indicating the presence of FE phase before it is observed
in the dielectric hysteresis.

The conventional and inverse coefficients can both be harnessed
for pyroelectric energy conversion (PEC). The energy conversion
process is most efficient when synchronous application of thermal
and electric field waveforms closely resembles a thermodynamic
cycle. In general, this cycle consists of four processes: charging,
heating, discharging, and cooling. The specific path of these
processes, for example isothermal vs. adiabatic charging, will give
differences in cycle efficiency and power density.>* Operating pyro-
electrics in this manner was first proposed by Margosian for a space-
based application using a Stirling cycle*® and then refined by
Olsen**?® who provided a comprehensive comparison of different
cycles with real-world benefits and challenges. Sebald et al. provided
the most thorough translation of the pyroelectric material coeffi-
cients into their thermodynamic counterparts.”® The power density
(Pyeie) of any pyroelectric cycle can be calculated analytically as,

Pcycle = Htotal(E)'AT'AE'f (6)

where I1(E) is the total pyroelectric coefficient with the electric
field dependence, and fis frequency.” The electrical losses during
the cycle can be divided into AC and DC components, where the AC
power losses during the charging and discharging processes are,>®

C(E)-AE?-tand(E)-f-A-d
T

Pcp=

)
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where C(E) and tan 6(E) are the electric field dependent capaci-
tance and loss tangent of the material, respectively. 4 is the
device area and d is the thickness. The power density of the DC
losses is due to leakage current and can be described as,

Pleak = Eavgl](E) (8)

where E,,, is the average cycle electric field and J(E) is the
electric field-dependent leakage current density. From here, an
energy balance can be performed where,

Ptotal = Pcycle + PC—D + Pleak (9)

One interesting feature to note is how the electric field
dependence of material coefficients dictate the total power density
at a given applied field. AFE materials provide a particularly rich
experimental space to explore the energy balance due to the
electric field-induced AFE/FE phase transition. Also, to date, the
inverse pyroelectric coefficient realized in AFE materials has
not been used for PEC, while there have been some examples of
inverse pyroelectricity used in electrocaloric devices.'® Accurate
measurement of the pyroelectric coefficient and its relationship
with electric field is critical to understanding the fundamental
mechanisms of observed pyroelectric properties and harnessing
them for electrothermal energy conversion.

For the first time, we use the inverse region in a PEC device.
PEC cycles are run using a pulsed 1.5 pm IR laser synchronized
with an electric field waveform at 1 kHz, shown in Fig. 3a, using
the technique described in ref. 29. The electric field is operated
as a near-triangle wave to minimize the current during charging
and discharging the capacitor while allowing for heating and
cooling to take place nearly isoelectricly in the flattened peaks
of the waveform. The laser heated sample, which is in intimate
contact with the substrate, has a thermal relaxation time of
~ 6 ps measured from the pyroelectric current during free cooling
of the system. The implications of the inverse pyroelectric
coefficient for energy conversion are that the cycle needs to
be phase shifted 180° from the normal cycle (Fig. 3a), ie.,
charge — cool — discharge — heat. The magnitude and direc-
tion of the pyroelectric current during the heating/cooling pro-
cesses is in agreement with what is predicted by the measurements
of II(E) (Fig. 1a).

The average voltage was varied from 0.5 to 19.5 Vin 1 V
intervals while the peak-to-peak voltage was held at 1 V to
minimize the variance in materials properties within a given
PEC cycle. At the point of the pyroelectric coefficient crossover,
the phase of the cycle was shifted. The variation of power density
with applied electric field is shown in Fig. 3b. Each power density
is the average of 200 cycles. Eqn (9) was used to model the energy
conversion potential using the measured electric field-dependent
pyroelectric coefficient, capacitance, and loss tangent (Fig. 1a
and Fig. S5, ESIT). The model is in good agreement with the
measured power conversion density for voltages less than 15 V
(300 kv cm™ ). Above 15 V, it was found that leakage current
loss manifested inconsistently during the energy conversion
tests, sometimes increasing to a level that resulted in net power
loss. At very low fields, the pyroelectric coefficient is minimized
and the loss tangent is high and variable, which is why we see

This journal is © The Royal Society of Chemistry 2018
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(a) PEC cycles measured in the inverse (5-6 V) and conventional (13-14 V) regimes annotated with the energy conversion cycle. (b) Measured

power density of PEC over a range of average voltage compared with model using measured material properties. Above 15 V leakage current

unpredictably affected performance.

resonant

800 charging
, VAV
400 1 / | AFE % =
Q ! | o
£ / \/\/ =~
o 07 \ 7 SN\ =
2 \ 7 =
2 \ 7 \/\/ @
S 400 - \/ |_FE‘ VAV
—AFE v\ 5
-800 — =Tk VAV a1

0 1 2
Time (ms)

Fig. 4

(left) Charge measured from two laser-driven PEC cycles in the AFE and FE regimes on PLZT film. (right) Extending the charge curves highlights a

PEC device with the potential for resonant charging between AFE and FE regimes on a single thin film by synchronizing heating/cooling processes.

some disagreement between the model and experiments. The
peak power density in the inverse regime is 30% of the peak in
the primary regime, despite having only 25% of the magnitude
of a pyroelectric coefficient. This difference arises from the
charge-discharge losses at each point in the cycle, which
illustrates the need to consider more than the pyroelectric
coefficient for PEC applications. The bi-directional pyroelectric
coefficient enables energy converter designs not possible with
normal pyroelectrics. If both FE and AFE regimes are realized
on a single device, the 180° phase shift of the conversion cycle
for the inverse AFE regime means the charging and discharging
of each device happens simultaneously (Fig. 3a and 4), enabling
circuit topologies where charge can be shared. A single material
could be biased to a voltage that optimizes power density
for the AFE or FE regime by adding a second set of passive

This journal is © The Royal Society of Chemistry 2018

capacitors to each AFE or FE device. As a LC resonant circuit,
the two devices would charge each other efficiently when the
switch is closed and undergo thermal excitation simultaneously,
as described in Fig. 4.

Conclusions

If considering pyroelectrics as a heat engine analog where
electric field is thermodynamically equivalent to pressure, the
resonant charge sharing between capacitors would be like
offsetting the pistons in a car engine, where the expansion of
one cylinder drives the compression of the opposite cylinder.
This elegant circuit, taking advantage of the thermodynamic
relation of the two devices, could have increased power density

J. Mater. Chem. C
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compared to a resonant circuit with only one active pyroelectric
capacitor. The proposed circuit can achieve much higher efficiency
than the reported full-bridge rectifier pyroelectric system®*>'
because the pyroelectric material undergoes electric field cycling
in addition to temperature variation, dramatically increasing the
energy density of conversion.”’ The replacement of a passive
storage capacitor with an active AFE capacitor scales the power
density, in this case it would increase 30% by adding our maxi-
mum measured inverse regime power density (0.68 W cm ) to
our maximum measured conventional regime (2.25 W cm™>).
Further work is needed towards realizing practical PEC.

The dual sign convention of the pyroelectric response of AFE
thin films is analyzed from both a fundamental and application
perspective. Direct measurement of the pyroelectric coefficient
disagrees with expectations from indirect measurements, i.e.,
pyroelectric coefficients derived from isothermal hysteresis
tests. In the inverse regime, the indirect measurement drama-
tically overestimates the measured coefficient. The origin of the
inverse regime is found to be the temperature dependence on
the dielectric constant, which can lead to a field-induced pyro-
electric effect. The electrothermal energy conversion potential
of AFE thin films have been explored in both the conventional
and inverse regimes of the pyroelectric coefficient. Measure-
ments of the electric field-dependent pyroelectric coefficient,
capacitance, loss tangent, and leakage current are used to
predict the energy conversion power density for laser-driven
PEC cycles. Experimental conversion cycles agree well with the
model, realizing a maximum power density of 2.25 W cm > in
the primary regime and 0.68 W cm ™ in the inverse regime
running phase-shifted cycles. This work clarifies the poten-
tial for useful application of the inverse pyroelectric regime as
well as validates a property-dependent pyroelectric conver-
sion model.

Experimental details
Material growth and deposition

La-Doped PZT with a Zr: Ti ratio of 95 : 5 is used for this study. A
small amount of Lanthanum (0.5 at%) is added to the solution
to reduce the leakage current.>* The 500 nm thick PLZT film
is chemical solution-deposited on a platinized silicon wafer.
Further process details are found in the ESI.f PLZT films are
coated with a nanostructured IrO, thin film, serving the dual
purpose of top electrode and infrared absorber for the laser-
heated energy conversion cycles. Temperature dependent X-ray
diffraction shows the films are crystalline (Fig. S1, ESIt). The
IrO, films are grown in a reactive DC sputtering process to a
thickness of ~700 nm. A cross section SEM of the device is
provided in Fig. S2, ESI.{ On-chip thin film Pt traces are used as
resistive thermal devices (RTDs) for temperature measurements
during material characterization tests.

Materials characterization

For the indirect measurement of pyroelectricity, the polariza-
tion relationship with temperature is calculated at various

J. Mater. Chem. C
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applied fields from isothermal hysteresis loops taken from
27 to 200 °C (Fig. S3, ESIT). Direct pyroelectric measurement
of the pyroelectric coefficient is accomplished through a two-
step process. First, the sample is heated with a 50% duty cycle,
square laser pulse with 1 puS rise time at a frequency of 1 kHz
while simultaneously being stimulated by a 20 V triangle wave
electrical bias at 1 Hz. The pyroelectric and polarization current
are simultaneously measured at 10° samples per s by a data
acquisition system. The polarization current, which is on the
order of 100 nA, is removed from the measured current, leaving
only the pyroelectric current, on the order of 1-4 pA. This test
gives the electric field dependence on the peak pyroelectric
current under laser heating.

To obtain the pyroelectric coefficient, the temperature of the
sample is oscillated at 1 Hz via cartridge heater beneath the
sample while temperature is measured on the surface of the chip
with the RTD and sample current is monitored, using the
equation from Byer and Roundy:**

dr
H—I-A—_dT (10)

Characteristic data is shown in Fig. S4, ESL+ This process is
repeated at increasing, static electric fields, allowing the sample
to return to zero applied field between each measurement. With
increasing electric fields, auxiliary, non-pyroelectric currents
increase, therefore this process is limited to <10 V (200 kv ecm ™).
A least-squares fit is then used to scale the peak pyroelectric
current from the laser test, which is much less sensitive to non-
pyroelectric currents, to the pyroelectric coefficient measurements
from the hotplate.

The small signal capacitance and loss tangent were measured
at 10 kHz and £+20 V in 0.2 V increments (Fig. S5a and b, ESIT).
The leakage current was calculated from the average measured
current during a 100 ms time period after a 4 s soak at a given
voltage, in a manner described in ref. 34 (Fig. S5¢, ESIT). The loss
tangent follows similar behavior with an average value of 2%,
similar to what has been reported in literature." Leakage current
varies by four orders of magnitude over the range of tested
voltages. To measure the temperature differential dielectric
constant, the dielectric constant of the sample is monitored
with a 10 kHz, 5 mV sinusoidal probe signal while the sample is
heated. The temperature from room temperature to ~60 °C,
monitored with the on-chip RTD, and dielectric constant are
measured simultaneously. This process is repeated over a range
of DC electric fields.
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