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Pyroelectric materials are attracting increasing attention for a variety of applications including thermal
imaging, thermal sensing, and energy harvesting. To select and design pyroelectric materials with
optimal performance, figures of merit (FoMs) are utilized in terms of energy, voltage, and current
sensitivity. However, existing FoMs do not take into account heat transfer parameters, such as thermal
conductivity and thermal diffusivity. To address this challenge, this paper formulates new performance
figures of merit for the selection and design of pyroelectric materials for harvesting dynamic temperature
fluctuations. The new figures of merit are of interest for the selection of pyroelectric materials, the
design of new materials, or the creation of novel composites for pyroelectric applications, in particular

when there is a need for rapid thermal cycles to increase the frequency of operation and maximize the
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Accepted 25th March 2025 power output for thermal harvesting. High performance materials based on the new figures of merit are
highlighted and evaluated, and comparisons between the material classes are discussed, including

DOI: 10.1039/d5ta00704f polycrystalline ceramics, single crystal materials, polymers, thin films, composites and 2D materials.
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1. Introduction

To address the energy demand in our modern society, two
primary strategies have often been considered: reducing energy
consumption through enhanced energy efficiency, or expanding
our energy production. There is also growing interest in the
development self-powered sensors and systems, to mitigate
against the challenges associated with the management of the
power delivery to a large number of discrete sensors. Energy
harvesting has therefore emerged as a critical area of research
focus, since it aims to address key challenges related to
sustainability, technological innovation, our escalating global
energy needs, and the need for continuous sensing and
monitoring.

Among the range of available energy harvesting technolo-
gies, thermal energy harvesting using pyroelectric materials has
attracted interest in an attempt to capture and reuse waste
heat." These materials have been produced as macroscopic
devices that consist of pyroelectric sensors, energy harvesters
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Potential future high-performance pyroelectric materials for thermal harvesting are outlined.

and detectors.>® The power levels of these devices are often
relatively low, where a common aspect is the low frequency of
the thermal cycles; there is therefore a clear need to increase the
maximum thermal excitation frequency, or maximise the
volume of material that can exhibit a specific thermal cycle.

Pyroelectric materials, as a specialized subset of dielectric
materials, exhibit a spontaneous polarization that changes with
temperature to generate electrical charge. This unique property
enables a pyroelectric material to convert thermal fluctuations
into electrical energy, making them a promising solution for
waste heat harvesting,*” in particular when there are large and/
or rapid changes in temperature.® The pyroelectric effect is also
employed in thermal sensing, where the charge, current, or
voltage, generated as a result of a temperature change in used
for thermal imaging and infrared detection, including person/
body heat sensors, and fire detectors.”’ These fascinating
materials also offer possibilities in X-ray generation,' neutron
generation,"”” pyro-electrocatalytic ~disinfection,” hydrogen
production,™* and electrocaloric cooling.*

The origin of the pyroelectric effect stems from a change in the
electric dipole moment, namely the polarisation, of a polar
material with temperature. As an example, an increase in
temperature excites the ions that constitute the dipole moment
to a higher energy level in the potential well, thereby changing
the mean equilibrium position in the lattice and the resulting
dipole moment.’® There are generally two approaches to
changing the temperature of a pyroelectric material to stimulate
the dipole and generate an electrical charge, current or a voltage.
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The first approach relates to subjecting the pyroelectric material
to a temperature shift from one steady state temperature (7;) to
another temperature (75), leading to a change in temperature (AT
=T, — Ty) and a change in polarisation (AP) to produce electric
charge at the surface of the material, thereby converting thermal
to electrical energy. An example of such an approach is repeatedly
placing a pyroelectric element in a high temperature (7;) and low
temperature (7,) source, such as a hot and cold liquid®**"*® and
waiting for the pyroelectric to reach thermal equilibrium. An
alternative approach involves the continuous variation of the
temperature of a pyroelectric material over time using an oscil-
lating heat source that induces a temperature-time function to
generate a change in temperature (d7/d¢). This is of interest when
heat is generated cyclically at a relatively high frequency; exam-
ples include a fluctuating radiation thermal source, such as the
intensity of sunlight which fluctuates due to natural processes
such as the presence of moving clouds,* or heat produced by
high-speed electronic switches for computing and data
transmission.*

While a number of performance figures of merit exist"® for
thermal sensing, imaging and harvesting, there are currently no
performance figures of merit that take into account the limits
imposed due to thermal phenomena and the time-temperature
thermal response of a pyroelectric element, such as the thermal
conductivity (1) or thermal diffusivity (K). These parameters are
of interest since, intuitively, they can improve the rate of change
in temperature and provide a limit to the maximum achievable
operating frequency in terms of thermal cycling. Methods to
enhance the heat transfer have included patterning the surface
of the pyroelectric to improve the absorption of incident radi-
ation**** or combining a pyroelectric with plasmonic nano-
materials.'>** However, less attention has been given to the
design and selection of the pyroelectric material in terms of
their heat transfer parameters.

Before outlining new figures of merit that take into account
the ability of a materials to achieve rapid thermal cycles, it is
necessary to first outline the range of existing pyroelectric-
related figures of merit.

2. Pyroelectric effect and existing
figures of merit (FOMs)

Fig. 1 is a schematic of the pyroelectric effect, where we will
consider a pyroelectric thermal harvester polarised through its
thickness, with electrically conductive electrode located on its
upper and lower surfaces. Initially the pyroelectric material is at
a temperature (7;) and is at electrostatic equilibrium since the
polarisation of the material is balanced by surface screening
charges on the upper and lower electrode surfaces located
normal to the polarisation direction, see Fig. 1a. An increase in
the temperature of a pyroelectric material (d7/d¢ > 0) to T, as
shown in Fig. 1b, leads to a reduction in spontaneous polar-
isation due to an enhanced dipole oscillation. This, in turn,
triggers electron migration and current flow (I) in an external
circuit to establish a new electrostatic equilibrium, as seen in
Fig. 1c. In contrast, when the pyroelectric element is cooled (d7/
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dt < 0), the spontaneous polarisation of the pyroelectric
increases, therefore disturbing the electrical equilibrium and
inducing reverse electron migration, so that current flows in the
opposite direction,' Fig. 1d, to establish to new state of equi-
librium. Since pyroelectric charge is generated by a change in
temperature, the power output is naturally also varying time,
where the current will change direction during each heating
and cooling cycle. As with a piezoelectric energy harvester the
output is therefore AC in nature, and some form of rectification
is typically required to provide a DC output, or store the elec-
trical energy.' The pyroelectric coefficient (p, units of Cm 2K ™)
quantifies the pyroelectric effect by measuring the capacity of
a material to modify its polarisation intensity (P), and produce
electrical charge (Q), in response to a change in temperature.
The pyroelectric coefficient of an unclamped material, under
a constant stress and electric field is defined by eqn (1),

@,

where P is the spontaneous polarisation, and the superscripts ¢
and E correspond to the conditions of constant stress and
electric field, respectively. It is of interest to note that pyro-
electric coefficients are generally negative in sign, since an
increase in temperature usually leads to a decrease in
polarisation.

Under short-circuit conditions, the resulting pyroelectric
electric current (I;.) generated by a pyroelectric material with an
electrode area (4) can be determined from,*

~do  dT
Le="g =01 @

where d7/d¢ denotes the rate of temperature change. Eqn (2)
shows that the short circuit current is proportional to the
pyroelectric coefficient (p), rate of change in temperature (d7/d¢)
and the electrode area of the pyroelectric material (4); it is not
dependent on its thickness or volume.

2.1 Pyroelectric figures of merit (FoMs) for thermal sensing

A variety of FoMs have been developed for thermal sensing
using pyroelectric materials, with the most popular being the
pyroelectric current sensitivity (F;), voltage sensitivity (Fy), and
detectivity (Fp), which are now defined.

A pyroelectric current can be used for sensing changes in
temperature, and the relevant figure of merit regarding the
current responsivity (F;) for a given thermal input can be
expressed as:**

F=Lf-% 3)

PCp CE

where ¢z = pc, is the volume specific heat (] m™ K ), ¢, is
specific heat capacity (J kg™' K™') and p is the density (kg m™>)
of the pyroelectric material. The F; figure of merit aims to
maximise the current of the sensor generated for a given
thermal input, when operating wunder closed circuit
conditions.

The voltage generated can also be used for thermal sensing,
where the pyroelectric voltage sensitivity (Fy) can be written as:*

This journal is © The Royal Society of Chemistry 2025
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Fig.1 Schematic of the pyroelectric effect (a) initial state, dT/dt = 0, where current/ = 0, (b) heating profile, (c) heating cycle (dT/dt > 0) leads to
a decrease in polarisation and current flow, (d) cooling cycle (dT/dt < 0) leads to an increase in polarisation and current flow in opposite direction.

Fo=-Lt 1L (4)

9 g n g
PCpé3y  CEE33

where ¢J; is the permittivity at constant stress (F m™'). The
voltage sensitivity, Fy, aims to maximise the voltage generated
by the pyroelectric sensor for a given thermal input when
operating under open circuit conditions.

An additional figure of merit for pyroelectric-based thermal
detection also considers the impact of Johnson noise,* by
including the dielectric loss (tan ) of the pyroelectric material
in the specific detectivity figure of merit:

p
Fp=—+ 5
° c(egy x tan 6)'/? G)

A final voltage-based pyroelectric sensing figure of merit has
been developed that aims to minimise lateral thermal diffusion
of heat for high special frequencies in the image, by including
the thermal diffusivity of the pyroelectric:*

Fyip = - 'IZK (6)

. e A A .
where K is the thermal diffusivity, and K = — = —¢ In this
pCp  CE
case, a low thermal diffusivity reduces the lateral diffusion of
heat in pyroelectric detector.

This journal is © The Royal Society of Chemistry 2025

For a thermal detector, the figures of merit shown in eqn
(3)-(6) are employed to enable effective materials or materials
design to maximise device performance. The ideal pyroelectric
material in this regard should have (i) a low specific heat to
produce a large change in temperature for a given thermal
input, (ii) a high pyroelectric coefficient to maximise the charge
generated for a given d7/dt, (iii) a low dielectric loss, and (iv)
a low dielectric permittivity to maximise the voltage output for
a given level of charge. A low thermal diffusivity (K) also reduces
lateral diffusion of heat for detectors.

The pyroelectric sensing figures of merit, eqn (3)-(6)
are related to the generated voltage or current. However,
a current or voltage in isolation does not provide an indication
of the electrical energy (or potential power), and is therefore
unsuitable for energy harvesting applications, where the
generation of energy, power or assessing the overall efficiency of
converting thermal energy to electrical energy are important
criteria.

2.2 Pyroelectric figures of merit for thermal energy
harvesting

For pyroelectric energy harvesting applications, the pyroelectric
element usually operates in one of two different modes. For
example, it can (i) cycle between two specific temperatures, T; and
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(a) Cycling between two temperatures, T; and T,, (b) modulated heat source, leading to temperature fluctuations where the final

temperature of the pyroelectric material depends on the heat capacity of the material.

T, (e.g. of hot and cold source), as in Fig. 2a, or (ii) is exposed to an
incident heat source that modulates its output and provides
a specific power density, W, as in Fig. 2b; in this case the final
temperature change of the pyroelectric is dependent on specific
heat capacity of the material for a given thermal input.

Two examples of the figures of merit for thermal harvesting
using pyroelectrics have been proposed.>”*® Firstly, an electro-
thermal coupling factor (k) has been defined to estimate the
efficiency of thermal harvesting when cycling between two
temperatures, as shown in eqn (7): >

_ pzThot _ PZThm

" g
PCpés;

2
k CEES; )
where Ty, is the maximum working temperature.

A pyroelectric energy-harvesting figure of merit, Fg, has also
been proposed as:*®

2
Fe=2 (8)
&3
and has been used for the selection and design of pyroelectric
materials for energy harvesting applications.®**"*

It is of interest to note that compared to the voltage (F,) and
current (F;) responsivities, the energy harvesting figure of merit,
Fg, does not include the volume heat capacity since it is based
on cycling between two specific temperatures (e.g. T; and T,),
rather than a given thermal input (which is the case for thermal
imaging applications). To assess the energy generated for
a given thermal input, a modified figure of merit (F,) was
recently derived which is the product of F; (eqn (3)) and Fy (eqn
(4)), expressed as:**

> ©)

=
€33CE
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3. New pyroelectric FoMs for
harvesting dynamic temperature
fluctuations

The figures of merit derived above for energy harvesting (eqn (8)
and (9)) can be used to assess the electrical energy generated for
a single thermal cycle. For example, F, is related to the electrical
energy (E) generated for a specific temperature change (AT), as
shown in Fig. 2a, while F relates to the electrical energy for
a given thermal input, see Fig. 2b. Since power (P) is related to
the energy generated per cycle (E) and frequency (f), where P =
Ef, the maximum frequency of operation (f,ax) is of interest;
namely how fast the material can realistically be heated and
cooled.

As an example, Pandya et al.** examined the pyroelectric
power density when operating a thermal cycling frequencies in
the range of 10-2000 Hz. The maximum operating frequency to
achieve thermal cycling is likely to be related to the heat transfer
properties of the material, which are rarely included in the Fg
and F; figures of merit outlined above. We now derive new
figures of merit to take this into account based on the two
modes of operation in Fig. 2.

Let us consider a pyroelectric material exposed to a heat
source or radiation at a power density W (J s~' m~?), that is
modulated at a frequency (f). The heat is absorbed by the
surface of the material, leading to an increase in temperature.
For the energy harvesting figures of merit outlined above (eqn
(8) and (9)), it is often assumed that the thermal energy is
absorbed rapidly and is homogenously distributed throughout
the volume of the pyroelectric, resulting in a uniform temper-
ature change (AT). For example, for Fg, the material is cycled
between two temperatures 7; and 7,, and assumed to have
attained thermal equilibrium. Likewise, Fj relates to the

This journal is © The Royal Society of Chemistry 2025
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electrical energy for a given thermal input, leading to a uniform
temperature change (AT) throughout the whole volume of the
pyroelectric.*

However, to achieve a uniform change in temperature
throughout the pyroelectric, it is important to establish a thermal
equilibrium between the pyroelectric and the heat source. The
need for a state of thermal equilibrium has an impact on the
frequency of temperature cycles, the rate of heating, and the time
intervals between temperature changes. As a result, it is important
to recognise that it takes a finite time for the material to reach
thermal equilibrium, which determines how quickly the material
can respond to a fluctuating heat source. This in turn impacts the
maximum frequency of thermal changes, and the maximum
power output since Ppax = Efmax-

In this regard, we can take inspiration from heating concepts
that are used to undertake pyroelectric measurements, where
homogeneous heating of the sample under test is also
a requirement for precise measurement of the pyroelectric
coefficient (p). The time required to establish a thermal equi-
librium between the pyroelectric sample and a heat source
determines the excitation frequency, heating rate, or duration
between the temperature cycles. Jachalke et al.*® have provided
a detailed overview of methods to undertake pyroelectric
measurements, where the maximum thermal excitation

frequency to achieve homogeneous heating of a pyroelectric

. . . .. K
element of thickness, ¢, is achieved at the condition w = 2 2

. A
where w is the angular frequency, K = o 1 the thermal
pep
diffusivity, A is the thermal conductivity, p is the mass density
and c;, is the specific heat capacity. Thus, the maximum thermal

excitation frequency can be written as****

w K Ape, A

o am = = S
Jma 2t w2 TR t?

s (10)

This maximum frequency is derived based on the assump-
tion that the sample is heated on both sides to achieve thermal
equilibrium. Jachalke et al.>® has also provided a detailed eval-
uation of single-sided heating, leading to a fi,.x that is four
times smaller. Eqn (10) implies that for thermal energy har-
vesting via thermal cycling, (i) bulk pyroelectric materials,
which have a large ¢, face limitations in terms of operating at
high frequencies since it takes longer to change the tempera-
ture and reach thermal equilibrium throughout the material;
(ii) pyroelectric thin film materials, which have a low ¢, have
potential to be cycled at high frequencies, since they will take
short time to reach thermal equilibrium;* for example, thin
films with a large surface diameter and small thickness (¢) can
achieve maximum cycling frequencies in the kHz range;*® and
(iii) pyroelectric materials with a low thermal diffusivity (K) also
have a limit on their ability to be rapidly thermally cycled. While
a low thermal diffusivity is desirable for thermal sensing since it
reduces unwanted lateral diffusion (see eqn (6)), a high thermal
diffusivity is therefore preferable for rapid thermal cycling for
energy harvesting since it facilitates a higher operating
frequency, or allows a larger thickness (and therefore volume) of

This journal is © The Royal Society of Chemistry 2025
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pyroelectric material to be employed when operating at specific
frequency.*®

In terms of heat transfer properties, semiconductors, where
electron transport dominates thermal conduction (as opposed
to phonons in insulators®) can exhibit high thermal conduc-
tivity and diffusivity, although dielectric losses may increase.
Single crystals, which are characterized by long-range atomic
order,’” also facilitate efficient heat transfer. The inherent
structure of 2D materials is also attractive since it enables effi-
cient heat transfer as a result of surface scattering that alters the
contribution of phonons with long mean free paths.*® In
contrast, bulk polycrystalline ceramics can lead to strong
phonon localization, thereby reducing the thermal conduc-
tivity.*® Similarly, materials incorporating nanoscale electrically
insulating dopants exhibit a low thermal conductivity and
diffusivity as a result of defect scattering, which can hinder heat
transfer and impede achieving thermal equilibrium.**** Poly-
mers and polymer-derived composites can also contain air-
filled gaps, voids, or interfaces, resulting in a significant inter-
facial thermal resistance across any contacting surfaces, thereby
limiting heat transfer.*

While eqn (10) indicates that the search for materials with
low volumetric heat capacity (cg = pcp,) is beneficial, this prop-
erty tends to be relatively consistent across different materials
as a result of the Dulong-Petit law,** which states that the molar
heat capacity of a solid is equal to approximately 3R, where R is
the gas constant.”” As a result, low thickness and high thermal
conductivity are the most important criteria for maximizing the
thermal excitation frequency.

Based on this knowledge, we can now introduce two new
figures of merit to generate a large amount of energy per cycle
(E) while also enabling high-frequency heating and cooling (a
high fi.ax) to produce a high-power output, since Ppax = Efmax-
First, we consider a pyroelectric energy harvesting element
undergoes a temperature change from T; to T, by placing
a pyroelectric material in thermal contact with a cold and a hot
source, as in Fig. 2a."”*®

The temperature change is given by:

AT=T,-T, (11)

When a pyroelectric is subjected to a temperature change
(AT), the charge (AQ) released by the area (4) of pyroelectric
material due to a change in polarisation is given by,

AQ = pAAT (12)

It is evident from eqn (12) that the amount of pyroelectric
charge can be optimized by increasing the area (and the cor-
responding screening charge, Fig. 1b), increasing the pyro-
electric coefficient (the change in polarisation), or having a large
change in temperature.

The pyroelectric element can be considered as a parallel
plate capacitor with conducting electrodes of area A on either
side of a dielectric pyroelectric material with a thickness, ¢, as
shown in Fig. 1. The capacitance, C, of the pyroelectric element
is given by:

J. Mater. Chem. A, 2025, 13, 12977-12987 | 12981
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_ A€,
Tt

C (13)

Since the charge (Q) is correlated with the capacitance (C)
and voltage (V) by Q = CV, the open circuit voltage, Vo,
generated due to the temperature change can be written as:

(14)

Eqn (14) indicates that the open circuit voltage, Voc, can be
increased by increasing the thickness of the pyroelectric
element, the pyroelectric coefficient, and the temperature
change, or by reducing the permittivity of the material.

For energy harvesting applications, we are interested in the
electrical energy (E) produced and stored in the parallel plate
capacitor of capacitance of C, which can be written as

1
E= > CV?, so that,

(15)

It can be seen that the pyroelectric charge (eqn (12)), open
circuit voltage (eqn (14)), and energy per thermal cycle (eqn (15))
are independent of frequency and are simply a function of the
temperature change (AT), while the short circuit current (eqn (2))
is a function of the rate of change of temperature (d7/d¢) and is
dependent on the frequency of the thermal cycle. Whatmore'® has
provided an excellent overview and discussion of the analysis of
pyroelectric detectors, and their frequency dependence, on
considering both the thermal and electrical circuits.

Based on eqn (15), the corresponding energy density (energy
per unit volume) for a single thermal cycle, can therefore be
written as:

1p 2
- —(AT
At 2 6‘3’3( )

(16)
This leads to the pyroelectric energy harvesting figure of

merit, Fg, that maximises the energy produced for a given

temperature change AT and volume of material (A¢):2%32-°

]72

— 17
€5 7)
However, based on a maximum operating frequency (fiax)

where the materials can be cycled between T; and T,, the
maximum power (Pp,ay) is:

Pmax = Ef;nax (18)

Therefore, while the energy (E) per thermal cycle (eqn (15)) is
independent of the temperature change, since power (eqn (18))
is related to the number of cycles per unit time, it is advanta-
geous to achieve high-frequency thermal oscillations, where
fmax iS given by eqn (10).
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Using eqn (10), (15) and (18) the maximum achievable power
density when attempting to cycle the pyroelectric element
between a given hot and cold temperature source is,

Pua 1 p* A (AT)’ 1 p* X (AT)

= = 19
At 2&, mpc,t? 2 €5, Tept (19)

If we consider the case for a pyroelectric energy harvester
with a specific surface area A and thickness ¢, that is subjected
to a specific temperature change AT, the maximum power
output can be expressed by a new figure of merit, which is
termed the first pyroelectric power figure of merit, Fp,, as defined
as:

o PP

- (20)
€33 PCp

a »
€33 CE

This figure of merit can also be written in terms of the
thermal diffusivity (K) as:

2
=2k

(21)
€33

Therefore, in the mode of thermal harvesting in Fig. 2a there
is benefit in using materials with a combination of a high
pyroelectric coefficient (to enhance the charge generated), a low
permittivity (to increase the output voltage) and a high thermal
diffusivity (to increase the maximum operational frequency).

In addition to harvesting between two distinct temperature
sources (T; and T), there may also be energy harvesters that are
subject to an oscillating/modulating thermal energy source. An
example of this approach involves varying the temperature by
using a heating lamp, or sunlight, as a radiation source that is
combined with a rotating disc chopper to periodically heat
a pyroelectric element.**™*

In this configuration, the system directly harnesses a fluctu-
ating/modulated thermal source, as illustrated in Fig. 2b, and
the temperature increase of the pyroelectric is dependent on the
volumetric specific heat. For example, if a pyroelectric material
is exposed to radiation of power density W (J s~* m™?) for a time,
At, radiation is absorbed onto the surface of the material and
results in an increase in the temperature, AT. If we assume that
the radiation absorbed is evenly distributed throughout the
pyroelectric element, there is a uniform temperature increase.
Neglecting heat losses from the pyroelectric, the increase in
temperature is related to incident power density by,

WAt WAt

AT = =
cppt cpt

(22)

Based on this assumption, the F; figure of merit (eqn (9))
determines the energy density for a single cycle when harvesting
in such a configuration. This concept can also be combined
with the maximum frequency of operation (fna) based on
a homogeneous temperature, defined by eqn (10), to provide
a new figure of merit based on ability to generate power for
a modulated thermal input:

This journal is © The Royal Society of Chemistry 2025
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A

Pmax :EfmaxocF]/gfmaxocF]/chitz (23)

This leads to a second pyroelectric power figure of merit, Fp,
P’A

Fpy = ——
&55¢e?

(24)

In terms of thermal diffusivity (K), the dynamic pyroelectric
power figure of merit is given by:
K

Fpy= ——
et 7 2
€33CE

(25)

Both Fp; (eqn (21)) and Fp, (eqn (25)) represent two new
pyroelectric power figures of merit for the selection and design
of materials for pyroelectric energy harvesters. The new figures
of merit are of interest for the selection of materials, and the
design of pyroelectric materials for thermal harvesting devices.
They provide guidance for the development of novel materials
and composites for pyroelectric energy harvesting applications,
in particular when there is a need for rapid thermal cycling to
increase the frequency of operation and power output,
depending on the mode of operation, as outlined in Fig. 2.

3.1 Materials selection based on new power figures of merit
(Fpy and Fypy)

Table 1 outlines the range of relevant properties for a variety of
pyroelectric materials, which includes the relevant pyroelectric
material properties (p, €33, p, Cg, ¢p, A and K) and a range of pyro-
electric figures of merit for sensing (F, and F;), energy harvesting
(Fg and F;,) and the two new power-related figures of merit (Fp; and
Fp,). Table 1 provides the materials parameters and corresponding
figures of merit of ceramics, semiconductors, single crystals, thin
film, polymers, composites and 2D pyroelectric materials.

Ashby materials selection charts have been produced to
provide a visual representation of the data in Table 1. This is
achieved by taking logarithms and selecting specific properties
for the x- and y-axes and has been recently used for F, (eqn (3))
and Fp (eqn (5)).*

From eqn (21), for the selection of materials with high Fp,
when thermally cycling between two temperature sources T
and T, this leads to:

log (é) = log(Fg) = -og(K) + log(Fp) (26)

€33

Therefore, on a log-log graph where Fy is the y-axis and
thermal diffusivity (K) is the x-axis, it is possible to produce lines
of constant Fp4, by placing a line of gradient n = —1 on the chart,
as shown in Fig. 3a.

From eqn (25), for the selection of materials with high Fp,,
when harvesting a modulated thermal input, this leads to:

P\ N
IOg <8g3CE2) = log(FE> = —log(K) -+ log(sz) (27)

This journal is © The Royal Society of Chemistry 2025
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Likewise, on a log-log graph with F;s on the y-axis and thermal
diffusivity (K) on the x-axis, it is possible to draw lines of
constant Fp, by placing a line of gradient n = —1 on the chart, as
in Fig. 3b.

There are no significant changes in order or relative location
of materials in the Ashby charts in Fig. 3a and b, which is a result
of the relatively small variation in volumetric specific heat
between the range of materials in the literature; see Table 1. The
polymeric ferroelectric materials have relatively low Fp; and Fp,,
due to the low thermal diffusivity and low pyroelectric coeffi-
cients (Fig. 3 and Table 1). The pyroelectric semiconductor
materials (GaN and AIN) have a high thermal diffusivity but
relatively low Fp; and Fp, due to their low pyroelectric coefficients.
Polycrystalline ferroelectric materials (PZT, PLZT and BaTiOs)
exhibit relatively high Fp; and Fp, due to their high pyroelectric
coefficients and intermediate values of thermal diffusivity. The
single-crystal and thin-film materials (LiTaOs, LiNbO3, HfO,, and
PMN-PT) are of interest since they exhibit high pyroelectric
coefficients and relatively high thermal diffusivity. The composite
materials perform relatively well, see both Fig. 3 and Table 1;
composites are of interest since they provide a route to tailor the
pyroelectric, dielectric and heat transfer properties. Composites
could be developed to combine a material with high pyroelectric
coefficient and a high thermal conductivity; for example, Wang
et al. explored the potential of ferroelectric ceramics that contain
a thermally conductive network with AIN or BN nanoparticles for
thermal harvesting applications.***

Recently, two-dimensional pyroelectric materials have attrac-
ted interest in waste thermal energy harvesting.*®* There is
evidence that such materials can exhibit large thermal conduc-
tivities, up to 500 W m " K~ *,* although less work has aimed at
producing both thermal properties and pyroelectric coefficient,
and is a potential topic of future interest. The 2D few-layer black
phosphorus material in Fig. 3 and Table 1 indicates potential to
achieve a very high Fp; and Fp, values due to a combination of
a high pyroelectric coefficient and high thermal diffusivity.

Interestingly, external factors can also have an impact on the
heat transfer properties. Shekhan et al.* indicated a difference
in the thermal conductivity of a pyroelectric in the poling
direction depending on whether the materials was under
a short-circuit (15;), open-circuit (153) and unpoled (1*) condi-
tion, whereby A5; > A5; > A% This indicates the mode of opera-
tion of a pyroelectric can have on influence on thermal
response. Changes in the thermal conductivity of ferroelectrics
have also been linked to variations in the piezoelectric coeffi-
cient,> applied electric field** and light.>

In addition to the figures of merit, the equations above can
also indicate simple geometric considerations for thermal
energy harvesting. Clearly, there is a need to maximise the active
area (A) of the pyroelectric to maximise the amount of surface
charge, see eqn (12) and Fig. 1. While a large volume (4¢) is
desirable to maximise the amount of electrical energy produced
in a single cycle, see eqn (15), the pyroelectric should be as thin
as possible to maximise the frequency of operation by reducing
the time required to establish thermal equilibrium between the
pyroelectric sample and the heat source, see eqn (10). While the
two new figures of merit (eqn (21) and (25)), have been derived
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Fig. 3 Ashby charts. (a) Selection of materials with high Fp; = FgK, lines
of constant Fp; can be drawn via a gradient of n = —1, based on egn
(26). (b) Selection of materials with high Fp, = F,/EK = Fpy/ce?, lines of
constant Fp, can be drawn via a gradient of n = —1, based on eqgn (27).

based on attempting to maximise the thermal excitation
frequency (fiax) for a pyroelectric element with a specific
thickness, it is also of interest to consider thermal harvesting of
a heat source that is fluctuating at a specific frequency, f. In this
case, a high thermal diffusivity material enables homogeneous
heating of pyroelectric element of larger thickness (eqn (10)),
and therefore volume, to increase the energy per cycle; for
example, when thermal cycles are provided by a rotating disc
chopper rotating at a constant speed.* From eqn (10) it can be
seen that the maximum thickness (fyax) is given by tpa.. =
(K/mf)>®, and this leads to a modified figure of merit,

2
Fp3 = pTKO'S; a full derivation of this figure of merit, and Fp,,
£33
are included in the supplemental material. There is potential to
produce Ashby diagrams that include both materials properties
and shape-factors for optimising the material-and-shape
combination.”

4. Conclusions

This paper has outlined new performance figures of merit for
the selection and design of pyroelectric materials for harvesting

This journal is © The Royal Society of Chemistry 2025
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dynamic temperature fluctuations. These new figures of merit
are able to assist in selection of the most suitable pyroelectric
materials for optimal power output while harvesting thermal
cycles for a range of thermal cycles. According to these new
criteria, materials for thermal harvesting should exhibit (i)
a high pyroelectric coefficient to maximise the generated charge
for a given change in temperature (A7), (ii) a low permittivity to
maximise the voltage and electrical energy for a given charge
(eqn (14) and (15)), (iii) a high thermal diffusivity or thermal
conductivity to maximise the operational frequency by reducing
the time required to establish a thermal equilibrium (eqn (10)),
and (iv) a low heat capacity to maximise the temperature
change, when the pyroelectric is subjected to a varying thermal
input; however, for many materials this parameter is similar as
a result of the Dulong-Petit law.”> A clear route to increase the
power output significantly is therefore to design, or discover,
new materials with this attractive combination of properties.
The analysis here also provides guidelines for geometric
considerations where the pyroelectric should be as thin as
possible, to maximise the frequency of operation, but of high
active area to maximise the amount of charge generated. A high
thermal diffusivity also enables a pyroelectric element with
a larger thickness, and therefore volume, to be employed when
a thermal cycle is at a specific frequency. The new figures of
merit therefore provide a quantitative approach for the selec-
tion and design of materials where composites, single crystal-
like and emerging two-dimensional pyroelectrics appear
particularly attractive as a route to produce materials with
a unique combination of high pyroelectric activity and high
heat transfer properties.
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