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Pyroelectric energy converters are functional capacitors that use a pyroelectric material as the dielectric
layer. By utilizing a first-order phase transformation of the material, a pyroelectric device can generate an
adequate amount of electricity from small temperature fluctuations. However, most pyroelectric capaci-
tors leak during energy conversion. In this paper, we analyze the thermodynamics of pyroelectric energy
conversion with consideration of electric leakage. Our thermodynamic model is verified by experiments
using three phase-transforming ferroelectric materials with different pyroelectric properties and leakage
behaviors. We demonstrate that the impact of leakage on electric generation is prominent, and sometimes
may be confused with the actual power generation by pyroelectricity. We discover a material candidate,
(Ba, Ca)(Ti, Zr, Ce)O3, that exhibits a large pyroelectric current and an extremely low leakage current. A
pyroelectric converter made of this material generates a pyroelectric current density of 1.95 μA/cm2 and
a pyroelectric work density of 0.2 J/cm3 even after 1389 thermodynamic-conversion cycles.
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I. INTRODUCTION

Energy harvesting from waste heat is an emerging
research field in sustainable-energy science [1]. This heat,
particularly in the low-grade regime (i.e., below 250 ◦C),
is abundant in nature and can be obtained from solar
radiation and geothermal activity. Industry and human
daily activities generate an immense amount of waste heat
below 200 ◦C. Ferroelectric materials with a temperature-
dependent polarization have attracted increasing attention
in recent years for electricity generation from tempera-
tures from 40 to 150 ◦C [2–5]. The mechanism of this
energy conversion is commonly characterized as a pyro-
electric effect. Many reported energy converters are made
from a capacitor with a dielectric layer whose pyroelec-
tric properties are designed for harvesting low-grade heat.
Most of them are thin-film devices [4,5] working under a
bias electric field, provided by external power. The electric
energy generated by these devices is usually confused with
the applied bias electric field. Without such a bias electric
field, the performance of the energy conversion becomes
rather marginal [2,4].

Removal of the bias electric field redefines the thermo-
dynamic cycle for pyroelectric energy conversion based
on small temperature fluctuations. Several thermodynamic
models, depending on the initial conditions, have been
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proposed for analyzing the power output of power-source-
free pyroelectric generators [6–8]. In our previous study
of phase-transformation pyroelectric energy conversion,
the initial state of the thermodynamic system is chosen
as (PL, EL, TL), where the temperature TL is lower than
the transition temperature, the working conjugate of the
polarization is PL, and the electric field is EL > 0 in the
ferroelectric phase. The initial polarization is achieved by
use of an external dc voltage source. For a bulk capaci-
tor with a thickness between 0.5 and 1 mm, the applied dc
voltage is usually in the range of 30–50 V [6,7]. When the
ferroelectric capacitor is balanced with its charge reservoir,
the external dc voltage source is removed and the system
is assumed to be electrically isolated. When the ferroelec-
tric material undergoes a phase transformation, the charge
starts flowing. Therefore, this is a constant-current-output
energy-conversion device. Ideally, the total charge in the
isolated system is preserved, if the phase-transforming
dielectric layer is a perfect insulator. However, charge
leakage is unavoidable and non-negligible, especially at
elevated temperature, for perovskite oxides [8–13]. Over
numerous energy-conversion cycles, the performance of
the device degrades significantly, which greatly hinders
the practical application of this energy-conversion technol-
ogy. For thin-film capacitors, the leakage current is a more
critical problem for electricity generation [10,13,14].

This paper theorizes about the impact of leakage on
the power-source-free energy-conversion system shown
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FIG. 1. (a) Schematic illustration of an energy-conversion sys-
tem using a phase-transforming capacitor; (b) schematic illustra-
tion of polarization versus electric field for the ferroelectric (TL)
and paraelectric (TH ) phases, by means of which power-source-
free thermodynamic cycles [6] are designed with consideration
of the leakage-induced degradation.

in Fig. 1(a). The charge leaks inside the dielectric layer
as the energy conversion begins. Unlike the case for an
ideal insulation system, the electric field in the phase-
transforming planar capacitor cannot reach its initial value
again after each of the energy-conversion cycles, as illus-
trated in Fig. 1(b).

II. THERMODYNAMIC ANALYSIS

We consider the phase-transforming capacitor as a ther-
modynamic system. When the system fluctuates thermally
about the phase-transformation temperature Tc, the charge
Q held by the capacitor falls and rises accordingly due to
the alternation of the capacitance caused by the first-order
phase transformation between the ferroelectric and para-
electric phases. The charge can be expressed as a function
of the temperature of the phase-transforming capacitor, T,
and the voltage on the capacitor, V, i.e., Q = Q(V, T). Dur-
ing the cyclic thermodynamic processes between the states
(QL, VL, TL) and (QH , VH , TH ), where TL < Tc < TH , all
three state variables (Q, V, T) change simultaneously with-
out the application of a bias electric field [6]. If we consider
a planar capacitor, the voltage is proportional to the electric
field in the capacitor. Let t = 0 mark the time of the begin-
ning of the first thermodynamic cycle [cycle 1 in Fig. 1(b)].
The electric field in the capacitor is

E(0) = E0 = V0

d
,

where V0 is gained by connecting the whole electric cir-
cuit in Fig. 1(a) to an external dc source. Let t > 0 mark
the time period of the energy-conversion processes after
the removal of the external dc source. Because of electric
leakage, the stored charge Q(V, T) cannot reach the ini-
tial state of the previous thermodynamic cycle, as shown
in Fig. 1(b). In this case, the relative starting state of the
next cycle drifts down along the polarization curve. As a
result, the thermodynamic system is cycle-dependent. Let
the time tn label the starting state of the nth cycle:

E(tn+1) < E(tn) < E(tn−1) < · · · < E0.

Consequently, the stored charge in the ferroelectric phase
decreases after every cycle. If such leakage continues,
there is no charge left after a finite number of energy-
conversion cycles, which causes the electricity-generation
process to cease.

A. Governing equations of energy conversion

At t = 0, the total charge in the system is calculated
from

Qtot = CrefV0 + Q(V0, TL), (1)

where Cref denotes the capacitance of the nontransform-
ing capacitor, considered as a reference capacitor in our
experiment. At t > 0, the charge balance can be expressed
as

Qtot −
∫ t

0
Ic(ξ) dξ = Qref(t) + Q(V(t), T(t)), (2)

where Qref is a time-dependent function defining the charge
held by the reference capacitor for t > 0, and the func-
tion Ic represents the charge-leakage current in the phase-
transforming ferroelectric capacitor, which is nonzero after
energy conversion starts.

Considering the electric circuit in Fig. 1(a), we have

V(t) = Vd(t) + Qref(t)
Cref

, (3)

where Vd is the voltage on the load resistor. Substitut-
ing Eq. (3) into Eq. (2) and taking the first-order time
derivative, we get

Q̇ + CrefV̇ + Ic − V̇dCref = 0. (4)

Since Q is a function of V, Eq. (4) is a first-order ordinary
differential equation (ODE) for the variables V and Vd. The
voltage on the load resistor is attributed to the generation
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of a current −Q̇ and the leakage current Ic, as follows:

Vd = −(Q̇ + Ic)R. (5)

Therefore, the governing equation can be written as

RCrefQ̈ + Q̇ + CrefV̇ + Ic + RCrefİc = 0. (6)

Equation (6) is a second-order ODE for the variable V. We
assume that the voltage applied across the thin-plate phase-
transforming pyroelectric capacitor is linearly related to
the electric field E by V = Ed, where d denotes the thick-
ness of the thin plate. The constitutive relations for Q
and Ic can be also characterized as Q(E, T) = Aq(E, T)

and Ic(E, T) = AJ (E, T), where A is the area of the planar
capacitor, and q(E, T) and J (E, T) are the charge density
and leakage-current density. Modulated by the area A, Eq.
(6) becomes

RCrefq̈ + q̇ + d
A

CrefĖ + J + RCrefJ̇ = 0. (7)

B. Characterization of ferroelectric properties

According to the constitutive relation [15], the charge
density of the phase-transforming pyroelectric capacitor is
a function of the electric field E and the temperature T,

q = ε0E + P(E, T), (8)

where ε0 is the vacuum permittivity, and the constitu-
tive function P(E, T) is the polarization of the phase-
transforming ferroelectric material. The first- and second-
order time derivatives can be calculated directly from
Eq. (8) using the partial differential quantities P,E =
∂P/∂E, P,T = ∂P/∂T, P,EE = ∂2P/∂E2, P,TT = ∂2P/∂T2,
and P,TE = ∂2P/∂T∂E, among which κ = P,T is an impor-
tant ferroelectric property and is defined as the pyroelectric
coefficient. This coefficient has been widely used to judge
the performance of pyroelectric generators [3,5,16]. Note
that when a first-order phase transformation is coupled
with the pyroelectric properties, these derivatives vary with
the temperature and electric field.

The constitutive relations P(E, T) and J (E, T) are exper-
imentally characterized with a ferroelectric-analyzer sys-
tem (aixACCT TF Analyzer 2000E). Figures 2(a) and 2(b)
show the temperature-dependent ferroelectric polariza-
tion and leakage-current density in polycrystalline BaTiO3
(BTO) under different electric fields from 0 to 2 kV/cm.
At room temperature under a small applied field, the
leakage-current density is about 0.1 μA/cm2. The elec-
tric leakage of the material becomes more prominent at
elevated temperatures under a larger applied electric field.
In our energy-conversion experiment, the working elec-
tric field in the pyroelectric capacitor is between 0.5 and
1.2 kV/cm. When the applied electric field is higher than

(a) (b)

(c) (d)

FIG. 2. Temperature-dependent (a) polarization and (b)
leakage-current density of phase-transforming BaTiO3 under
electric fields from 0 to 2 kV/cm in the temperature range from
380 to 410 K, corresponding to the derivatives (c) P,T (red), P,TE
(blue) and (d) P,E (red), P,EE (blue).

1.2 kV/cm, the increase in the leakage current becomes
much rapid in the elevated-temperature regime. In a thin-
film capacitor, the leakage is more problematic than in the
bulk. For example, the leakage current of a barium titanate
thin-film capacitor is about 5–10 times larger under sim-
ilar electric and thermal conditions [17]. Compared with
barium titanate, PbTiO3-based thin-film capacitors exhibit
even larger leakage [17,18]. In the temperature regime
characterized, the polarization of the material decreases as
the temperature increases, with an abrupt drop at 395 K,
which reveals the first-order phase transformation between
the tetragonal and cubic phases. Evidently, Fig. 2(c) shows
a singularity in the pyroelectric coefficient (i.e., P,T) at
395 K. Similarly, the derivative P,E is also singular at the
phase-transformation temperature. Because of this singu-
larity, the conventional formula for the pyroelectric current
[16] cannot be applied in the vicinity of the first-order
phase transformation when a first-order phase transfor-
mation occurs. Instead, the Clausius-Clapeyron relation
needs to be considered in a thermodynamic analysis of
the energy-conversion process [6–8]. The second-order
derivatives P,EE and P,TE are calculated numerically, as
shown in Figs. 2(c) and 2(d), and are very small com-
pared with the first-derivative functions. For simplicity,
we neglect these second-order derivatives in the numeri-
cal solution of the governing equation (7). Note that we
keep the second-order derivative P,TT in all computations.

After dropping terms P,TE and P,EE , the governing
equation (7) becomes

(ε0 + P,E)Ë + C1Ė + C2 = 0, (9)
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where

C1 = 1
RCref

(ε0 + P,E) + d
AR

+ J,E , (10)

C2 = P,TT̈ + P,TTṪ2 +
(

P,T

RCref
+ J,T

)
Ṫ + J

RCref
. (11)

This can be solved numerically for the initial conditions

E(0) = E0 = V0

d
, Ė(0) = 0. (12)

In order to benchmark materials of different geometry
in various experimental settings, dimensionless variables
are used in the governing equation; these are represented
by symbols with an overbar, ·̄. For a specific phase-
transforming pyroelectric planar capacitor with thickness
d and an initial charging voltage V(0) = V0 associated
with an electric field E0 = V0/d at a temperature TL lower
than the phase transition temperature, the nondimensional
voltage, electric field, temperature, and time are defined as

V̄ = V
V0

, Ē = E
E0

, T̄ = T − TL

TH − TL
, t̄ = t

τ
, (13)

where the working temperature range of the device is
between TL and TH , such that TL < Tc < TH . The process
takes τ seconds per cycle, which fully covers the dura-
tion of the phase transformation. According to Eq. (13),
the values of V̄, Ē, T̄, and t̄ are all between 0 and 1.
Let PL = P(E0, TL) be the initial polarization in the fer-
roelectric phase, and let JH = J (E0, TH ) be the highest
leakage-current density. The nondimensional polarization
and leakage-current density are defined as

P̄ = P
PL

, J̄ = J
JH

∈ [0, 1]. (14)

The corresponding derivatives are

P̄,T̄ = P,T

PL
(TH − TL),

P̄,Ē = E0

PL
P,E ,

P̄,T̄T̄ = P,TT

PL
(TH − TL)

2,

(15)

and

J̄,Ē = E0

JH
J,E , J̄,T̄ = TH − TL

JH
J,T. (16)

Substituting Eqs. (13), (14), and (16) into Eqs. (9)–(11),
we get the nondimensionalized governing equation

(ε0E0 + PLP̄,Ē)

τ 2
¨̄E + C̄1

τ
˙̄E + C̄2 = 0, (17)

where

C̄1 = ε0E0 + PLP̄,Ē

RCref
+ dE0

AR
+ JH J̄,Ē , (18)

C̄2 = PLP̄,T̄
¨̄T + PLP̄,T̄T̄

˙̄T2

τ 2

+
(

PLP̄,T̄

τRCref
+ JH J̄,T̄

τ

)
˙̄T + JH J̄

RCref
, (19)

which can be solved numerically under the initial condi-
tions

Ē(0) = 1, ˙̄E(0) = 0. (20)

III. EXPERIMENT

We use three barium titanate–based ferroelectric mate-
rials to investigate the influence of electric leakage
on pyroelectric energy conversion, and to verify our
numerical model expressed by Eq. (17). These materi-
als are polycrystalline BaTiO3, Ba(Ti, Zr0.01)O3 (BZT),
and (Ba, Ca0.05)(Ti, Zr0.01, Ce0.01)O3 (tridoped BTO). The
BTO and BZT are synthesized by a conventional ceramic
sintering method; the detailed procedure is described in
Ref. [6]. Their ferroelectric properties are summarized in
Fig. 3(a). This shows that the addition of Zr increases the
polarization in the ferroelectric phase. As shown in Figs.
2(b) and 3(b), the two materials exhibit similar trends in the
leakage as the temperature increases under different elec-
tric fields. From the point of view of energy conversion, the
figure of merit for BZT is higher than that for BTO, but the
leakage is much smaller in BTO than in BZT. The elements
Ca and Ce have been experimentally proven to be effective
dopants for preventing electric leakage in barium titanate
[19,20]. The mechanism is via a reduction in the number of
oxygen vacancies, which consequently enhances the insu-
lation [21,22]. The Ca dopant was found to narrow the
temperature range of the phase transformation [19], which
potentially improves the pyroelectric coefficient. Based on
the BZT material, we design the tridoped BTO, which may
give a small leakage while the pyroelectric performance is
still maintained. The tridoped BTO is synthesized by the
floating-zone method, which is commonly used for grow-
ing single crystals and textured polycrystals [23,24]. The
addition of cerium to BTO may increase the grain size
and change the photorefractive properties at high temper-
ature [25,26], which facilitates the growth of crystals with
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FIG. 3. (a) Temperature-dependent polarization of BTO (red),
BZT (blue), and tridoped BTO (green), and temperature-
dependent leakage-current density in (b) BZT and (c) tridoped
BTO under electric fields from 0 to 2 kV/cm. (d) Comparison
of leakage-current density among three capacitors made of BTO
(red), BZT (blue), and tridoped BTO (green) under 30-V voltage.

a large grain size. In this study, we aim at synthesizing
a pyroelectric material with better ferroelectric properties
than those of BTO but with lower electric leakage than
BZT to verify our thermodynamic model of pyroelectric
energy conversion.

Powders of CaCO3 (Alfa Aesar, 99.5%), CeO2 (Alfa
Aesar, 99.9%), ZrO2 (Sigma Aldrich, 99%), BaCO3
(Alfa Aesar, 99.8%), and TiO2 (Alfa Aesar, 99.8%) are
weighed out according to the stoichiometric formulation
Ba0.95Ca0.05Ti0.98Zr0.01Ce0.01O3, dissolved in ethanol, and
milled with zirconia balls in a planetary ball miller at 630
rpm for 24 h. The ball-milled solution is dried and calcined
at 1000 ◦C for 10 h to obtain the tridoped barium titanate
powder through solid-state reaction. Under 30 MPa hydro-
static pressure for 30 min, the powder is hot-pressed into a
rod-shaped green body of diameter 6 mm and length 10
mm. The green body is sintered to form feed and seed
rods in a four-mirror infrared furnace (Quantum Design
IRF11-001-00) by passing it through the focal point slowly
with an axial speed of 3 mm/h and an angular speed of 3
rpm. The feed and seed rods are aligned vertically for a
floating-zone experiment using the same infrared furnace
at a growth speed of 10 mm/h and a relative angular speed
of 50 rpm in air. A molten zone is created and is monitored
throughout the entire growth period. Finally, the as-grown
rod is solidified and sliced along the growth direction.
The composition of the as-grown bulk material is charac-
terized by energy-dispersive x-ray-spectroscopy analysis.

The measured atomic composition is close to the nominal
one to within 0.01 at. %.

The microstructures of our samples are characterized by
use of a dual-beam-shear differential-interference-contrast
microscope [27]. The surfaces of three samples are pol-
ished well with a 1-μm diamond suspension and etched
with a 37% HCl solution for 10 min to reveal the grain
morphology. Various crystallographic textures are distin-
guished by their brightness in the micrographs, since their
reflectivity and phase contrast are different, as shown in
Fig. 4. For BTO and BZT, the grain size is relatively
fine, i.e., about 70 μm, while for the tridoped BTO, the
grains grow about 5–8 times larger. The significant grain
coarsening may be due to the floating-zone growth process
[24]. Twinned structures are observed inside the grains
for all three materials. Compared with the BTO and BZT
samples made by the traditional synthesis approach, the tri-
doped BTO has many fewer pores. Consequently, it has
the highest density, 5.774 g/cm3, compared with BTO
(5.325 g/cm3) and BZT (5.248 g/cm3).

IV. RESULTS

Figure 3(a) compares the temperature-dependent polar-
ization of BTO (red), BZT (blue), and tridoped BTO
(green) under different electric fields from 0 to 2 kV/cm.
Within the temperature range tested, all samples undergo a
first-order phase transformation accompanied by an abrupt
polarization jump from ferroelectric phase to paraelectric
phase. Among these materials, the tridoped BTO exhibits
the largest polarization (11 μC/cm2) in the ferroelectric
phase, making it a good candidate for pyroelectric energy
conversion. In Fig. 3(c), the electric leakage is reduced
greatly in tridoped BTO; its value is about 1/6 of that for
BTO and 1/200 of that for BZT in the ferroelectric phase.
The benchmark of the leakage-current density under the
working conditions for energy conversion is shown in Fig.
3(d). In sharp contrast to BZT and BTO, the leakage in
the tridoped ferroelectric material is much suppressed even
in the temperature regime higher than the phase-transition
temperature. In addition, we observe that the first-order
phase transformation of tridoped BTO is more gradual than
that of BZT, which indicates that the pyroelectric coef-
ficient at the phase transformation is moderate compared
with that of BZT. The measured pyroelectric coefficients
are 0.42 μC/cm2 K for BTO, 1.89 μC/cm2 K for BZT, and
0.87 μC/cm2 K for tridoped BTO.

We use these three materials as dielectric layers to fab-
ricate planar capacitors with geometries of 37.44 mm2 ×
0.74 mm for BTO, 59.44 mm2 × 0.257 mm for BZT,
and 66.59 mm2 × 0.445 mm for tridoped BTO. Using
the energy-conversion electric circuit in Fig. 1(a), each
of the phase-transforming capacitors is connected to a
100-k� load resistor and a 50-μF reference capacitor in
series. Before energy conversion, we use an external dc
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(a) (b) (c)

250 µm50 µm50 µm

FIG. 4. Micrographs of grain morphology for (a) BTO, (b) BZT, and (c) tridoped BTO obtained with a dual-beam-shear differential-
interference-contrast microscope.

voltage source (Tektronix PS280) to charge the entire sys-
tem so that both the phase-transforming capacitor and
the reference capacitor are at a voltage of 30 V, and no
electric charge flows in the circuit. Then, the external dc
voltage source is disconnected at a temperature TL < Tc.
During the demonstration of pyroelectric energy conver-
sion, the phase transformation is induced by passing the
material through the transformation temperature under an
electric field. The ferroelectric phase is polarized by the
applied electric field at low temperature. The temperature-
dependent polarization follows the constitutive relation in
Fig. 3(a) with application of the external field.

We use a custom-made thermal stage to drive the tem-
perature of the phase-transforming capacitor in a periodic
pattern around its transition temperature. For each of the
phase-transforming capacitors, we collect five consecu-
tive thermal cycles, as shown in Figs. 5(a), 5(c), and 5(e),
corresponding to TL = 360 K and TH = 410 K. The total
durations of all thermal cycles are 175 s for BTO, 133 s for
BZT, and 120 s for tridoped BTO; these values are used
to derive the nondimensionalized time variable. The aver-
age transformation times per cycle for them, that is, the
value of τ in Eq. (13), are calculated as 17.5 s for BTO,
13.3 s for BZT, and 12 s for tridoped BTO. The normalized

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 5. Measured and simulated pyroelectric energy conversion by use of temperature fluctuations in (a) BTO, (c) BZT, and (e)
tridoped BTO, corresponding to the pyrocurrents in (b) BTO, (d) BZT, and (f) tridoped BTO. The experimental results are represented
in red, while the simulated results are plotted in blue.
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temperature patterns for these materials are plotted as blue
curves in Figs. 5(a), 5(c), and 5(e).

The pyrocurrent is characterized by the current passing
through the load resistor, of resistance R, calculated as

Ip = ipA, (21)

where

ip = −(q̇ + J ) = − [
(ε0 + P,E)Ė + P,TṪ + J

]
(22)

is the pyrocurrent density for an area A. This current
is attributed to a charge flow driven by the change in
polarization and the internal leakage in the pyroelectric
capacitor. As a result, the electric field across the pyro-
electric capacitor decreases continuously throughout the
energy-conversion process. The pyrocurrent measured in
the experiments (red) is shown in Figs. 5(b) for BTO,
5(d) for BZT, and 5(f) for tridoped BTO, corresponding
to numerical solutions (blue) of Eq. (17). The generation
of a pyrocurrent in consecutive thermal cycles is well cap-
tured by our thermodynamic model for the three samples
with different ferroelectric properties. We conjecture that
three factors play an important role in pyroelectric energy
conversion by use of a first-order phase transformation: (1)
the polarization jump between the states before and after
the phase transformation, (2) the pyroelectric coefficient
at the transition temperature, and (3) the leakage-current
density within the range of thermal fluctuations applied
to the sample. For the BTO sample, all three factors are
low, which indicates that it is a good insulator but a bad
pyroelectric-conversion material, corresponding to a very
small pyrocurrent density (66.8 nA/cm2) in all five cycles.
The BZT sample is a good energy-conversion material,
having the largest pyroelectric coefficient among the three
samples, and enhanced polarization in the ferroelectric
phase. But it is a bad insulator, with a non-negligible
leakage. Considering a full loop of the phase transforma-
tion, its averaged pyrocurrent density for the first cycle
is 1.17 μA/cm2, which degrades to 0.34 μA/cm2 after
five cycles. Since the charge leakage is unidirectional, both
the measured and the computed pyrocurrent for BZT are
biased toward the negative direction with respect to the
neutral point. The contribution of the leakage current to
the work done in the load resistor sometimes hides the true
amount of electric energy converted by the pyroelectric
material [28–30]. For the tridoped BTO, both the pyroelec-
tric capability and the insulation are enhanced greatly. As
a result, it shows a pyrocurrent density of 1.95 μA/cm2

without degradation at the end of the fifth cycle. The
pyrocurrent achieved in tridoped BTO is around 3 times
larger than the largest pyrocurrent reported so far for
single-crystal barium titanate with a narrow transition win-
dow (5 K) when the polar axis is aligned with the electric
field [7].

V. DISCUSSION

We use the least leaky pyroelectric capacitor (i.e., the
tridoped-BTO capacitor) to conduct more cycles under dif-
ferent working conditions. Figure 6 compares the pyrocur-
rent given by the tridoped BTO capacitor in a fully
discharged state and a 30-V charged state. In the same
experiment setup as used for energy conversion, the gen-
erated pyrocurrent strongly depends on the initial state
QL(VL, TL). A fully discharged pyroelectric capacitor with
VL = 0 produces a much smaller amount of electricity than
that produced by the same capacitor with VL = 30 V. If the
pyroelectric material is leaky, the capacitor continues to
discharge while converting energy cyclically. This intrinsic
discharging eventually causes the production of electricity
in the system to cease, even though the material itself is
pyroelectrically functional.

This opens up a discussion of the effective life of a
pyroelectric energy converter with intrinsic leakage. Let τ

denote the duration of the thermodynamic half cycle from
(PL, EL, TL) to (PH , EH , TH ), where the temperature range
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FIG. 6. (a) Measured current generated by tridoped BTO
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corresponding to 30-V capacitor voltage. (b) Enlarged region of
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TABLE I. Performance of pyroelectric energy converters over their effective life, where W is the total output electric energy density,
and Wπ is the total pyrowork.

Material N ∗ W(N ∗) (J/cm3) Wπ (N ∗) (J/cm3)
W(N ∗)

Wπ (N ∗)
(%)

BTO 502 6.24 × 10−4 8.36 × 10−4 75
BZT 9 8.92 × 10−4 0.0049 18
Tridoped BTO 1389 0.1997 0.2018 99

[TL, TH ] fully covers the first-order phase transformation
from ferroelectric to paraelectric. We assume that the cool-
ing process from TH is time-symmetric with respect to the
first thermodynamic half cycle. Then the electric field in
the N th thermodynamic cycle is

E(2Nτ) < · · · < E(2τ) < E(0) = V0

d
. (23)

By solving Eq. (17), we can calculate the electric field
E(2Nτ) for N ∈ Z

+. The effective life is defined as the
number of thermodynamic cycles N ∗ such that

E(2(N ∗ + 1)τ ) <
V0

2d
< E(2N ∗τ). (24)

This means that after N ∗ cycles, the electric field in the
pyroelectric capacitor has been reduced to half of the value
that it had when the capacitor was initially charged. If we
consider only the current output from pyroelectric energy
conversion, the output electric energy density in the load
resistor can be calculated as

W(N ) = AR
d

∫ 2Nτ

0
q̇2 dt, (25)

where q̇ denotes the current density passing through the
load resistor R. Considering the work done by the electro-
static force in the pyroelectric capacitor during the cyclic
thermodynamic processes, we define the pyrowork as

Wπ(N ) = −
∫ 2Nτ

0
EṖ dt. (26)

Here the electric field should satisfy the governing
equation (17) for the driving temperature profile T(t). The
polarization is evaluated by use of the experimentally
characterized constitutive relations (Figs. 2 and 3). We
calculate the effective life, the output work density, and
the pyrowork density for BTO, BZT, and tridoped BTO
capacitors; the results are summarized in Table I.

Without leakage, the output electric energy is expected
to be the same as the electrostatic energy produced by
the pyroelectric capacitor [6]. The loss of energy captured
by our thermodynamic model is due to the internal loss
of charge during cyclic energy-conversion processes. For

the most leaky capacitor, made from BZT, the pyroelec-
tric energy conversion ceases at the end of the ninth cycle.
Until it is recharged by an external battery, it will not then
produce electricity by the pyroelectric effect even if the
pyroelectric material is still functional. Overall, the BZT
capacitor outputs 8.92 × 10−4 J/cm3 of electric energy
converted purely from heat. For the BTO-based capaci-
tors, the energy-conversion performance does not degrade
much over hundreds to thousands of cycles. Particularly,
the Ce-, Ca-, and Zr-doped BTO capacitor generates
0.2 J/cm3 of electric energy in a total of 1389 cycles, that
is, 3 orders of magnitude larger than the amount of energy
produced by the other two materials. More importantly, the
electric energy collected in the external circuit is almost
equal to the electrostatic work done during the pyroelec-
tric energy conversion. With such a value, a pyroelectric
device can be actually useful in real energy applications.

VI. CONCLUSION

This paper underlines the influence of leakage on the
performance of pyroelectric energy conversion using first-
order phase-transforming ferroelectrics. Through experi-
ments and numerical simulations done for BTO, BZT,
and tridoped BTO, we show that tridoped BTO is the
most suitable material for pyroelectric energy conversion
because of its singular polarization properties and much
reduced leakage. Our model confirms that the degradation
of the energy-conversion performance strongly depends
on the leakage-current density of the pyroelectric mate-
rial. To design a power-source-free pyroelectric energy-
conversion system that can continuously harvest electricity
from waste heat, both the pyroelectric properties and the
leakage-current density need to be taken into account.
Our work should provide a useful reference for the future
development of high-performance ferroelectric materials
and the design of energy-conversion systems.

ACKNOWLEDGMENTS

C.Z. and X.C. are grateful for financial support from the
HK Research Grants Council under Grants No. 16201118
and No. 16201019 and the Bridge Gap Fund, Grant No.
BGF.009.19/20, from the HKUST Technology Transfer
Center.

064079-8



IMPACT OF LEAKAGE FOR ELECTRICITY GENERATION... PHYS. REV. APPLIED 14, 064079 (2020)

[1] S. I. Garcia, R. F. Garcia, J. C. Carril, and D. I. Garcia,
A review of thermodynamic cycles used in low tempera-
ture recovery systems over the last two years, Renewable
Sustainable Energy Rev. 81, 760 (2018).

[2] R. B. Olsen, D. A. Bruno, and J. M. Briscoe, Pyroelectric
conversion cycles, J. Appl. Phys. 58, 4709 (1985).

[3] G. Sebald, D. Guyomar, and A. Agbossou, On thermo-
electric and pyroelectric energy harvesting, Smart Mater.
Struct. 18, 125006 (2009).

[4] Y. Yang, W. Guo, K. C. Pradel, G. Zhu, Y. Zhou, Y. Zhang,
Y. Hu, L. Lin, and Z. L. Wang, Pyroelectric nanogenerators
for harvesting thermoelectric energy, Nano Lett. 12, 2833
(2012).

[5] S. Pandya, J. Wilbur, J. Kim, R. Gao, A. Dasgupta, C.
Dames, and L. W. Martin, Pyroelectric energy conversion
with large energy and power density in relaxor ferroelectric
thin films, Nat. Mater. 17, 432 (2018).

[6] C. Zhang, Y. Song, M. Wegner, E. Quandt, and X. Chen,
Power-Source-Free Analysis of Pyroelectric Energy Con-
version, Phys. Rev. Appl. 12, 014063 (2019).

[7] A. Bucsek, W. Nunn, B. Jalan, and R. D. James, Direct
Conversion of Heat to Electricity Using First-Order Phase
Transformations in Ferroelectrics, Phys. Rev. Appl. 12,
034043 (2019).

[8] A. N. Bucsek, W. Nunn, B. Jalan, and R. D. James,
Energy conversion by phase transformation in the small-
temperature-difference regime, Annu. Rev. Mater. Res. 50,
283 (2020).

[9] B. Nagaraj, S. Aggarwal, T. Song, T. Sawhney, and R.
Ramesh, Leakage current mechanisms in lead-based thin-
film ferroelectric capacitors, Phys. Rev. B 59, 16022
(1999).

[10] G. W. Pabst, L. W. Martin, Y.-H. Chu, and R. Ramesh,
Leakage mechanisms in BiFeO3 thin films, Appl. Phys.
Lett. 90, 072902 (2007).

[11] L. Pintilie, I. Vrejoiu, D. Hesse, G. LeRhun, and M.
Alexe, Ferroelectric polarization-leakage current relation in
high quality epitaxial Pb(Zr, Ti)O3 films, Phys. Rev. B 75,
104103 (2007).

[12] H. Yang, M. Jain, N. Suvorova, H. Zhou, H. Luo,
D. Feldmann, P. Dowden, R. DePaula, S. Foltyn, and
Q. Jia, Temperature-dependent leakage mechanisms of
Pt/BiFeO3/SrRuO3 thin film capacitors, Appl. Phys. Lett.
91, 072911 (2007).

[13] W. Sun, Z. Zhou, J. Luo, K. Wang, and J.-F. Li, Leakage
current characteristics and Sm/Ti doping effect in BiFeO3
thin films on silicon wafers, J. Appl. Phys. 121, 064101
(2017).

[14] Q. Ke, X. Lou, Y. Wang, and J. Wang, Oxygen-
vacancy-related relaxation and scaling behaviors of
Bi0.9La0.1Fe0.98Mg0.02O3 ferroelectric thin films, Phys. Rev.
B 82, 024102 (2010).

[15] A. K. Bain and P. Chand, Ferroelectrics: Principles and
Applications (John Wiley & Sons, Weinheim, Germany,
2017).

[16] C. R. Bowen, J. Taylor, E. LeBoulbar, D. Zabek, A.
Chauhan, and R. Vaish, Pyroelectric materials and devices
for energy harvesting applications, Energy Environ. Sci. 7,
3836 (2014).

[17] B. He and Z. Wang, Enhancement of the electrical prop-
erties in BaTiO3/PbZr0.52Ti0.48O3 ferroelectric superlat-
tices, ACS Appl. Mater. Interfaces 8, 6736 (2016).

[18] S. Hajra, P. Sharma, S. Sahoo, P. Rout, and R. Choudhary,
Processing and electrical properties of gallium-substituted
lead zirconate titanate ceramics, Appl. Phys. A 123, 1
(2017).

[19] A. E.-R. Mahmoud, M. Ezzeldien, and S. Parashar,
Enhancement of switching/un-switching leakage current
and ferroelectric properties appraised by pund method of
(Ba1−xCax)TiO3 lead free piezoelectric near MPB, Solid
State Sci. 93, 44 (2019).

[20] S. Wang, B. Cheng, C. Wang, S. Redfern, S. Dai, K. Jin, H.
Lu, Y. Zhou, Z. Chen, and G. Yang, Influence of Ce doping
on leakage current in Ba0.5Sr0.5TiO3 films, J. Phys. D: Appl.
Phys. 38, 2253 (2005).

[21] J. Scott, Ferroelectrics go bananas, J. Phys.: Condens.
Matter 20, 021001 (2007).

[22] Y. Sakabe, N. Wada, T. Hiramatsu, and T. Tonogaki,
Dielectric properties of fine-grained BaTiO3 ceramics
doped with CaO, Jpn. J. Appl. Phys. 41, 6922 (2002).

[23] H. Kojima, M. Watanabe, and I. Tanaka, Crystal growth
of strontium-substituted barium titanate (Ba1−xSrxTiO3)

by the floating zone method, J. Cryst Growth 155, 70
(1995).

[24] F. Brown and W. Todt, Floating-zone BaTiO3: Preparation
and properties, J. Appl. Phys. 35, 1594 (1964).

[25] S. Dou, Y. Ding, H. J. Eichler, Y. Zhu, and P. Ye, Temper-
ature dependent photorefractive properties of a Ce-doped
BaTiO3 crystal, Opt. Commun. 131, 322 (1996).

[26] S. Yasmm, S. Choudhury, M. Hakim, A. Bhuiyan, and M.
Rahman, Effect of cerium doping on microstructure and
dielectric properties of BaTiO3 ceramics, J. Mater. Sci.
Technol. 27, 759 (2011).

[27] Z. Zeng, H.-C. Chiu, L. Zhao, T. Zhao, C. Zhang, M.
Karami, H. Yu, S. Du, and X. Chen, Dual beam-shear differ-
ential interference microscopy for full-field surface defor-
mation gradient characterization, J. Mech. Phys. Solids
145, 104162 (2020).

[28] S. Smith, A. Kitahara, M. Rodriguez, M. Henry, M. Brum-
bach, and J. Ihlefeld, Pyroelectric response in crystalline
hafnium zirconium oxide (Hf1−xZrxO2) thin films, Appl.
Phys. Lett. 110, 072901 (2017).

[29] M.-H. You, X.-X. Wang, X. Yan, J. Zhang, W.-Z. Song, M.
Yu, Z.-Y. Fan, S. Ramakrishna, and Y.-Z. Long, A self-
powered flexible hybrid piezoelectric–pyroelectric nano-
generator based on non-woven nanofiber membranes, J.
Mater. Chem. A 6, 3500 (2018).

[30] K. Mistewicz, M. Jesionek, M. Nowak, and M. Kozioł,
SbSeI pyroelectric nanogenerator for a low temperature
waste heat recovery, Nano Energy 64, 103906 (2019).

064079-9

https://doi.org/10.1016/j.rser.2017.08.049
https://doi.org/10.1063/1.336244
https://doi.org/10.1088/0964-1726/18/12/125006
https://doi.org/10.1021/nl3003039
https://doi.org/10.1038/s41563-018-0059-8
https://doi.org/10.1103/PhysRevApplied.12.014063
https://doi.org/10.1103/PhysRevApplied.12.034043
https://doi.org/10.1146/annurev-matsci-082019-021824
https://doi.org/10.1103/PhysRevB.59.16022
https://doi.org/10.1063/1.2535663
https://doi.org/10.1103/PhysRevB.75.104103
https://doi.org/10.1063/1.2772666
https://doi.org/10.1063/1.4975784
https://doi.org/10.1103/PhysRevB.82.024102
https://doi.org/10.1039/C4EE01759E
https://doi.org/10.1021/acsami.5b12098
https://doi.org/10.1007/s00339-017-1411-6
https://doi.org/10.1016/j.solidstatesciences.2019.04.011
https://doi.org/10.1088/0022-3727/38/13/025
https://doi.org/10.1088/0953-8984/20/02/021001
https://doi.org/10.1143/JJAP.41.6922
https://doi.org/10.1016/0022-0248(95)00189-1
https://doi.org/10.1063/1.1713672
https://doi.org/10.1016/0030-4018(96)00275-1
https://doi.org/10.1016/S1005-0302(11)60139-4
https://doi.org/10.1016/j.jmps.2020.104162
https://doi.org/10.1063/1.4976519
https://doi.org/10.1039/C7TA10175A
https://doi.org/10.1016/j.nanoen.2019.103906

	I. INTRODUCTION
	II. THERMODYNAMIC ANALYSIS
	A. Governing equations of energy conversion
	B. Characterization of ferroelectric properties

	III. EXPERIMENT
	IV. RESULTS
	V. DISCUSSION
	VI. CONCLUSION
	ACKNOWLEDGMENTS


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


