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Addressing the growing demand for energy-efficient and self-powered systems, we fabricated pyroelectric generators (PEGs)
based on the Mn-doped Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-PbTiO3 (Mn-PIMNT) ferroelectric single crystals with high
pyroelectric properties to convert thermal energy from environment into electricity. The purpose of this work was to develop
PEGs with high current and voltage outputs for powering low-power electronics or charging storage capacitors. Through
optimized thermal annealing and electric-field poling treatments, the [111]-oriented Mn-PIMNT single crystals exhibited a large
pyroelectric coefficient of (8± 0.4)× 10−4 Cm−2 K−1 and suppression of relative dielectric permittivity of 488 ± 2, yielding
a high figure of merit for pyroelectric energy conversion of 148 ± 16 J m−3 K−2 at room temperature, as well as high thermal
stability up to 80 ◦C. The Mn-PIMNT (3.75 cm2 × 0.04 cm) based PEGs generated a large peak current of 2.4 ± 0.3 µA
and a peak voltage of 5 ± 1 V measured after a full-wave bridge rectifier under thermal cycles with ∆T = 5.5± 0.5 ◦C and( dT

dt

)
max = 1.5± 0.5 ◦Cs−1. Furthermore, the PEG successfully illuminated a yellow LED, and charged storage capacitors,

storing up to 60.5 µJ in a 100 µF capacitor within 2000 seconds. These results demonstrated the high-performance PEGs based
on the Mn-PIMNT crystals with superior pyroelectric properties have promising for powering ultra-low-power electronics and
wireless sensors.
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Introduction

Energy harvesting systems can convert ambient energy into
electrical energy, offering a pathway to supply sustainable
green energy for self-powered sensors and systems such as
wireless sensor networks and internet of things devices1–4.
These technologies are attractive because they not only can
eliminate the maintenance difficulties in replacement and en-
vironmental contamination compared to power supply by con-
ventional batteries, but also can provide remote power supply
for wireless networks in areas that are either inhospitable or
difficult to reach4–6.

There are a variety of energy harvesting approaches to har-
vest mechanical, solar and thermal energies from the environ-
ment to generate electrical energy2–4. The physical mecha-
nisms of the energy generators are based on electromagnetic
induction, piezoelectric, triboelectric, photovoltaic, thermo-
electric, and pyroelectric effects, or coupled effects2. Each
of these approaches offers unique advantages depending on
the different environmental energy sources and specific ap-
plications2–4. The pyroelectric generators (PEGs) based on
the pyroelectric effect can convert heat from the Sun, the
Earth’s interior, exhaust gases, resistance, human body, and
so on, into electrical energy7–10. The pyroelectric energy
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harvesters can offer high output performance and rapid re-
sponse, as well as high reliability and environmental adapt-
ability, making them potential for powering ultra-low-power
electronic devices, e.g., wireless sensor nodes, wearable elec-
tronics, structure-embedded micro-sensors and medical im-
plants11–14. Unlike thermoelectrics that convert a spatial tem-
perature gradient into electrical energy via the Seebeck effect,
pyroelectrics only require a temporal variation in temperature
to realize energy conversion, making pyroelectrics highly de-
sirable in environments where the temperature gradients are
difficult to establish2.

The pyroelectric effect describes the temperature-
dependent evolution of spontaneous polarization (P),
resulting in changes in the surface charge density of the
pyroelectrics7. Based on thermal–electrical cycles, re-
searchers were established a dimensionless figure of merit
(FOM) for pyroelectric energy conversion, quantified through
parameters by FE = p2/(ε0εr)

10, where ε0 is permittivity of
free space, and p and εr are the pyroelectric coefficient and
the relative dielectric permittivity along the poling direction,
respectively. Therefore, a high-performance pyroelectric
energy conversion material should have both a high p and
a low εr. Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMNT) ferroelectric
single crystals oriented along their polar axis were reported to
show both a high p and a low εr compared with that oriented
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along their nonpolar axis15.
Compared to these binary counterparts, the [111]-oriented

rhombohedral Pb(In1/2Nb1/2)O3 – Pb(Mg1/3Nb2/3)O3 –
PbTiO3 (PIMNT) ternary single crystals were reported to ex-
hibit not only high figures of merit, but also better thermal
stability and wider operation temperature range due to their
higher Curie temperature16,17. Further investigations have
demonstrated that the pyroelectric properties of the single
crystals could be improved by Mn-doping18,19. Based on crys-
tal chemical coordination principles, Mn ions preferentially
substituted Ti4+, and oxygen vacancies (VO) produced, form-
ing a defect dipole MnTi-VO. The domain walls of the single
crystals were pinned by the dopant dipolar defects, which en-
hanced the pyroelectric properties and suppressed the dielec-
tric properties18,19. Though pyroelectric properties of the fer-
roelectric single crystals were extensively studied for infrared
detection applications15–19, systematic investigations on the
[111]-oriented Mn-doped PIMNT rhombohedral single crys-
tals based pyroelectric generators under realistic contact ther-
mal excitation for thermal energy harvesting remains limited.
We hypothesize that for rhombohedral PIMNT single crystals
with high Curie temperature, the synergistic strategy of Mn-
doping, [111] crystallographic orientation, and poling along
this polar axis will effectively enhance the pyroelectric co-
efficient and reduce the dielectric permittivity, thereby max-
imizing the figure of merit (FE = p2/(ε0εr)) and ultimately
leading to superior output performance in pyroelectric energy
harvesters.

The output performance of PEGs not only depends on the
pyroelectric properties of materials, but also relates to the ther-
modynamic cycles and device structures for pyroelectric en-
ergy conversion7–10. S. Pandya, et al. reported that imple-
mentation of solid-state pyroelectric Ericsson cycles based on
the PMN–0.32PT thin films with enhanced properties induced
by high electric field, yielded a maximum energy density and
power density of 1.06 J cm−3 and 526 W cm−3 per cycle,
respectively, with temperature fluctuation ∆T of 60 – 80 ◦C.
This work suggested that pyroelectric energy conversion could
potentially compete with thermoelectrics, in particular, for en-
ergy harvesting from low-grade waste heat13.

In this work, we fabricated PEGs using 0.5mol% Mn-doped
0.15Pb(In1/2Nb1/2)O3-0.55Pb(Mg1/3Nb2/3)O3-0.30PbTiO3
(Mn-PIMNT) with high pyroelectric properties for thermal
energy harvesting. The work aimed to develop PEGs with
high current and voltage outputs for powering low-power
electronics or charging storage capacitors. Through optimized
thermal annealing and electric-field poling treatments, our re-
sults consistently showed that the [111]-oriented Mn-PIMNT
rhombohedral single crystals exhibited large pyroelectric co-
efficients and suppression of dielectric permittivity, yielding
high figure of merit (FE), as well as thermal stability up to
80 ◦C. The Mn-PIMNT (3.75 cm2 × 0.04 cm) based PEG

successfully illuminated a yellow LED and charged storage
capacitors. These results demonstrated that the PEGs based
on the Mn-PIMNT crystals with superior pyroelectric prop-
erties had significant potential for powering ultra-low-power
electronics and wireless sensors.

Methods

Preparation of single-crystal specimen

0.5mol% Mn-doped 0.15Pb(In1/2Nb1/2)O3 – 0.55Pb(Mg1/3
Nb2/3)O3 – 0.30PbTiO3 single crystals (abbreviated as Mn-
PIMNT) were grown using a modified Bridgman technique
by Shanghai Institute of Ceramics, Chinese Academy of Sci-
ences20. The crystals were oriented along the [111] direction
using X-ray diffraction, and then cut into thin slices. These
slices were mechanically thinned and polished to a final thick-
ness of 400 ± 1 µm with surface roughness Ra < 10 nm
by a Precision Polishing System (MULTIPREPTM 12”, Al-
lied High Tech Products, Inc., USA) to achieve parallel and
perfect surfaces (Figure 1(b)). To relieve internal stresses,
the polished slices were annealed in a Muffle furnace (KSL-
1200X, Hefei Kejing Material Technology Co., Ltd., China).
The above thermal treatment was performed in ambient atmo-
sphere, heating to 600 ◦C at a rate of 1 ◦C min−1, holding for
1 hour, then cooling naturally to room temperature in ambient
atmosphere.

Fabrication of PEGs based on Mn-PIMNT single crystals

The PEG consisted of a Mn-PIMNT single-crystal slice sand-
wiched between two gold (Au) electrodes (Figure 1(b)). Au
electrodes with excellent conductivity were deposited on both
polished [111] surfaces of the Mn-PIMNT slice using a Vac-
uum Magnetron Sputtering System (JS-1600, Beijing HTCY
Technology Co., Ltd., China). The Au/Mn-PIMNT/Au was
then poled under a DC electric field of 10 kV cm−1 in sili-
cone oil at room temperature for 15 min to align the ferro-
electric domains using a Programmable Withstanding Voltage
Tester (CS9912BN, Changzhou Cangsheng Electronic Co.,
Ltd., China). The poling conditions were chosen based on the
saturation behavior observed in the polarization-electric field
(P-E) hysteresis loops at room temperature, where the polar-
ization saturated enough under electric field near 10 kV cm−1,
which was commonly used for the ferroelectric single crys-
tals21.

Structure and electrical characterization of Mn-PIMNT
single crystals

The crystallographic structure and orientation were examined
at room temperature using an X-ray diffraction (XRD) spec-
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Fig. 1 The photographs of (a) the polished Mn-PIMNT
single-crystal specimen after thermal annealing and (b)
single-crystal slices sandwiched between gold (Au) electrodes.

trometer with Cu Kα radiation (Bruker D8 Advance Diffrac-
tometer, Germany). The polarization-electric field (P – E)
hysteresis loops and current-electric field (I – E) loops were
measured at room temperature at 10 Hz using a ferroelec-
tric test system (TF analyzer 2000, aixACCT, Germany).
The temperature-dependent pyroelectric coefficient p(T ) was
measured by the Byer-Roundy method22, using a pyroelec-
tric coefficient test system (ZR-1, PCTS-2000, Huzhong Uni-
versity of Science and Technology, China), which was de-
termined from the measured pyroelectric current (ip) using
a Keithley 617 electrometer, and the heating rate (dT/dt),
as well as the effective area (A) normal to the [111] direc-
tion, as described by p(T ) = ip/A(dT/dt). The tempera-
ture increased linearly with time from room temperature to
250 ◦C with dT/dt = 1 ◦C /min. The temperature/frequency-
dependent dielectric permittivity (εr) and loss tangent (tanδ )
over the temperature range (room temperature to 250 ◦C)
and the frequency range (40 – 2000 Hz) were measured by
an impedance analyzer (DMS2000, Agilent 4294A, Agilent
Technologies Inc., America). DC resistance was measured by
a semiconductor characterization system (Keithley 4200 SCS,
Tektronix, Inc., USA) with a high-impedance (> 1012 Ω). All
measurements were performed on 6 samples with 3 trials per
sample, and values represented mean ± standard deviation.

The output performance characterization of the PEGs

To investigate the output performance of the PEGs based on
Mn-PIMNT single crystals under periodic thermal cycling, a
series of measurements was conducted. The schematic dia-
gram of the experimental setup for simultaneously measur-
ing temperature by a thermometer, and current by an amme-
ter or voltage by a voltmeter was shown in Figure 2. A PEG
(Au/Mn-PIMNT/Au) was fixed on a glass plate, and a K-type
thermocouple digital thermometer (YET-610L, Shenzhen Yu
Wen Jing Gong Technology Co., Ltd.) was mounted between
the PEG and glass plate to measure PEG’s temperature. Ther-
mal cycles (∆T = 5.5±0.5 ◦C, period τ = 20 s) were induced

through alternating exposure to heated and cooled sources for
equal time. Electrical contacts were made by adhering copper
wires to the Au electrodes with conductive copper tape, then
connected to the current or voltage measurement system. To
convert AC generated by the PEG to DC, the PEG was con-
nected to a full-wave bridge rectifier configuration comprising
4 Germanium diodes (1N60P) with ultra-low leakage current.
In response to the periodically varying temperature, the gen-
erated pyroelectric current was measured by a semiconductor
characterization system (Keithley 4200 SCS, Tektronix, Inc.,
USA) with an input impedance higher than 1012 Ω and a band-
width up to 5 MHz, and the output voltage was measured by a
voltmeter (UT61B+, UNI-Trend Technology Co., Ltd., China)
with an input resistance of 10 MΩ and a bandwidth of 40 –
500 Hz, which was not an intrinsic open-circuit device volt-
age. The current and voltage were measured after the rectifier
bridge.

Fig. 2 The schematic diagram of the experimental setup for
temperature, current or voltage measurements of the PEGs
(Au/PIMNT/Au).

Results

The structures and electrical properties of Mn-PIMNT
single crystals

The structures and electrical properties of [111]-oriented Mn-
PIMNT single crystals were shown in Figure 3. The room-
temperature X-ray diffraction (XRD) pattern as shown in Fig-
ure 3(a) revealed that the as-grown Mn-PIMNT single crys-
tals exhibited a pure ABO3-type perovskite structure and ex-
cellent crystal quality. The (111) diffraction peak splitting at
38.391◦ and 38.482◦ (inset of Figure 3(a)) was a fingerprint
of rhombohedral symmetry (R3m) in Mn-PIMNT, caused
by polarization-driven anisotropic lattice distortion along the
<111> direction23. Polarization–electric field (P–E) hystere-
sis loops and current-electric field (I–E) loops of the Mn-
PIMNT single crystals were shown in Figure 3(b). The po-
larization of the Mn-PIMNT saturated as the applied elec-
tric field escalated to 8 kV cm−1 and then increased linearly
with E increasing to 10 kV cm−1. The average remnant po-
larization (Pr) and coercive field (EC) were 42.4 µC cm−2
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and 6.7 kV cm−1 at room temperature, respectively. The
remnant polarization showed a negative offset of about -1.8
µC cm−2, while EC showed a positive offset of 1 kV cm−1,
which was attributed to the MnTi-VO dipole defects pinning
domain walls18,19. Two current peaks in the I–E curve at EC
were due to the ferroelectric domain switching. Figures 3(c)
and 3(d) showed the temperature-dependent pyroelectric co-
efficient (p) from room temperature (RT) to 250 ◦C and the
temperature/frequency-dependent dielectric permittivity (εr)
and dielectric loss (tan δ ) over the temperature range (RT to
250 ◦C) and frequency range (40 – 2000 Hz) for the single
crystals. From the test results, the pyroelectric coefficient of
the crystals was (8±0.4)×10−4 C m−2 K−1 at room temper-
ature, and increased nearly linearly with temperature increas-
ing up to 80 ◦C (Figure 3(c)). Through literature searches,
the two peaks around 127 ◦C and 156 ◦C in the p-T curve,
corresponded to the rhombohedral to tetragonal, and tetrago-
nal to cubic phase transitions, respectively16–18. The values
of εr and tanδ were 488 ± 2 and 0.001 ± 0.0003 at room
temperature and 100 Hz, respectively, and showed nearly fre-
quency independence over the experimental frequency range
(Inset of Figure 3(d)). At 1 kHz, the values of εr and tanδ in-
creased linearly up to 80 ◦C, followed by a dielectric anomaly
around 133 ◦C and the maxima at 156 ◦C (Figure 3(d)), corre-
sponding to the rhombohedral to tetragonal, and tetragonal to
cubic phase transitions16,17,18, consistent with the phase tran-
sition temperatures as shown in p-T curve. The pyroelectric
and dielectric properties of those specimen were very similar
and stable. These findings showed that the Mn-PIMNT single
crystals exhibited both excellent pyroelectric properties and
thermal stability over the environmental temperature range for
thermal energy harvesting applications.

Output performance of the PEGs based on the Mn-
PIMNT single crystals

The equivalent circuit of a PEG can be modelled as a cur-
rent source in parallel with a capacitance (CP) and a resis-
tance (RP)7. The PEGs generated alternating current (AC)
when heating and cooling, which should be converted to a di-
rect current (DC) or specific electrical pulses for powering the
electronic devices. The equivalent circuit diagrams of a PEG
connected to the full-wave bridge rectifier circuit for measur-
ing current, voltage, and progressive voltage buildup across
a loading capacitor (CL) during charging by the PEG were
shown in Figure 4.

Based on the thermal–electrical cycles, the pyroelectric cur-
rent

(
Ip =

dQ
dt = pA dT

dt

)
, voltage

(
VOC = Q

C = pd∆T
ε0εr

)
and en-

ergy storage E = 1
2 CV2

OC = 1
2

p2Ad(∆T )2

ε0εr
of a PEG depended

on not only the pyroelectric coefficient (p) and dielectric per-
mittivity (εr) of a pyroelectric material, but also the effective

area (A), thickness (d), and temperature fluctuation (∆T and
dT/dt) of a PEG7,10, where Q and C were the net charge and
capacitance of a PEG, respectively. The values of p and εr of
the Mn-PIMNT were nearly constant near room temperature
(Figures 3(c) and 3(d)). Increment of the effective area A, tem-
perature variation (∆T ) and temperature-change rate (dT/dt)
was an effective way to enhance the output performance of
PEGs. Therefore, we used a warm hand to heat and a cold
water bag to cool the Mn-PIMNT (3.75 cm2×0.04 cm) based
PEG to obtain a ∆T of 5 – 6 K per thermal cycle with pe-
riod τ = 20 s (Figure 5(a)) to generate large output current and
voltage. The manual method to induce thermal cycles was
chosen to simulate real-world application conditions, which
would introduce some operational variability. Therefore, the
generated current and voltage and their corresponding tem-
perature with time were measured over 12 complete thermal
cycles including 4 consecutive cycles per run and 3 indepen-
dent repeated runs. The values of temperature change, peak
current, and peak voltage represented the mean ± standard
deviation determined from multiple cycles. The temperature
increased suddenly when heating, and decreased sharply when
cooling for all thermodynamic cycles (Figure 5(a)). The cor-
responding temperature-change rate (dT/dt) was obtained by
taking a derivative with respect to the measured temperature of
PEGs. In response to the periodically varying temperature, the
output current of the PEG measured after the rectifier bridge
increased as dT/dt increased, reached up to 2.4 ± 0.3 µA as
dT/dt reached the highest point (1.5 ± 0.5 ◦C s−1), gradually
decreased as dT/dt decreased, and disappeared when dT/dt
decreased to zero (Figure 5(b)). The decay time of output cur-
rent7 by defining the time from 100% to 37% (1/e) of its peak
value was about 1.0 s on heating and 1.8 s on cooling. These
values represented effective thermal time constants for the re-
spective halves of the cycle. The asymmetry of the generated
current signal was due to (dT/dt)max on heating being higher
than on cooling, owing to the asymmetrical heat transmission
between the heating process from T0 to T0 + ∆T and the cool-
ing process from T0 + ∆T to T . To quantitatively link this
asymmetry to the material properties and device geometry, the
time constant was estimated using the thermal properties of
the [001] oriented Mn-doped tetragonal PIMNT single crys-
tals with volume specific heat (CV ) of 2.5× 106 J m−3 K−1

and thermal diffusivity (D) of 4.4×10−7 m2 s−1 19. For one-
dimensional heat diffusion across the PEG thickness (L = 0.04
cm), the intrinsic thermal diffusion time (τdiff = L2/D) was
about 0.36 s, which was shorter than the measured decay times
(1.0 s and 1.8 s), indicating that the thermal response was
not limited by internal heat diffusion within the crystal, rather
dominated by the external thermal resistance (Rth) at the PEG
and environment interface (hand/water bag)24. The effective
time constant was determined by τdiff = Rth · Cth, where Cth
was the PEG’s heat capacity25. The observed asymmetry (τc
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Fig. 3 The structures and electrical properties of [111]-oriented Mn-PIMNT single crystals. (a) Wide angle θ -2θ scans XRD pattern at room
temperature. The inset was enlargement of XRD pattern around diffraction peaks. (b) Polarization–electric field (P–E) hysteresis loops and
current-electric field (I–E) loops measured at room temperature and 10 Hz. (c) The pyroelectric coefficient (p) as a function of temperature of
the poled crystals. (d) The dielectric permittivity (εr) and loss tangent (tanδ ) as a function of temperature at 1 kHz, and as a function of
frequency at room temperature (inset of d) of the poled crystals.

Fig. 4 The equivalent circuit diagram of a PEG connected to a full-wave bridge rectifier circuit for measuring (a) current, (b) voltage, and (c)
progressive voltage buildup across a loading capacitor (CL) during charging by the PEG.
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> τh) directly quantified that the effective thermal resistance
during cooling was larger than during heating, consistent with
the less efficient heat transfer to the water bag compared to
the hand contact24. In addition, the PEGs exhibited high peak
voltages of about 5 ± 1 V for thermal cycles with ∆T = 5.5
± 0.5 ◦C (Figure 5(c)). Despite the observed variability intro-
duced by the manual cycling technique, the measured output
current and voltage consistently corresponded to the temper-
ature change by the thermal stimulus in every cycle and re-
mained consistent across repeated cycles as shown in Figure 5,
which demonstrated its functional viability and reproducible
performance under these dynamic, application-relevant con-
ditions.

To confirm the efficient charging capability of the PEGs, the
PEG was connected an energy storage capacitor (CL) through
a full-wave bridge rectifier configuration (Figure 4(c)). The
rectified energy was stored in a CL, and progressive voltage
buildup across the different energy storage capacitors during
charging by the PEGs as shown in Figure 6. The non-smooth
charging curves over many cycles were mainly caused by the
manual thermal cycling method (warm hand and cold water
bag), which inherently introduced variability, but could simu-
late the irregular thermal fluctuations found in real-world envi-
ronments such as body heat and ambient temperature changes.
In addition, the finite input impedance of the voltmeter (RV
= 10 MΩ), in parallel with the storage capacitor, formed a
discharge path with a time constant τ = RLCL. This finite
time constant meant that the loading capacitor was simultane-
ously charged by the PEG and slowly discharged through the
voltmeter during the voltage measurement. Therefore, the ob-
served step-like or non-monotonic voltage incensement was a
superposition of the intermittent charging pulses from the PEG
and the continuous slow discharge through the voltmeter. The
maximum attainable voltage (Umax) reached 2.8 V, 1.8 V, 1.0
V and 1.1 V for CL of 4.7 µF, 10 µF, 47 µF and 100 µF, re-
spectively (Figure 6). As the value of CL increased, the values
of Umax across the energy storage capacitor decreased, while
the values of energy (E) stored in the capacitors increased.
The total energy storage in the capacitor with CL = 100 µF
reached 60.5 µJ after 2000 s, despite a slower voltage rise with
time. These findings showed that the PEGs based on the Mn-
PIMNT single crystals with high pyroelectric properties (Fig-
ure 3) showed high output performance (Figure 6).

Discussion

From the test results, large pyroelectric coefficient and low
dielectric permittivity were achieved for the [111]-oriented
rhombohedral Mn-PIMNT single crystals through selecting
appropriate composition and orientation, optimizing thermal
annealing and electric-field poling treatments (Figure 3). The
room-temperature pyroelectric properties of the Mn-doped

PIMNT single crystals were summarized in Table 1 and the
pyroelectric properties of pure PIMNT single crystals were list
for comparison. The pyroelectric coefficient of Mn-PIMNT
single crystals was larger than that of pure PIMNT single
crystals16. Furthermore, the dielectric permittivity was also
suppressed by Mn-doping. The combination of enhanced
pyroelectric coefficient and suppressed dielectric permittivity
resulted in an enhancement of figure of merit (FE) of 148
± 16 J m−3 K−2 for the [111]-oriented rhombohedral Mn-
PIMNT single crystals compared to the undoped counterparts
(120 J m−3 K−2)16. The pyroelectric coefficient and dielec-
tric permittivity remained unchanged at operating tempera-
tures in ambient, well below the Curie temperature (TC), which
ensured the working reliability and repetitions in every en-
ergy conversion even seasonal changes. The large pyroelec-
tric properties with high thermal stability up to 80 ◦C made
the Mn-PIMNT single crystals promising for pyroelectric en-
ergy conversion. It should be noted that the structures, py-
roelectric properties and thermal stability of this kind of sin-
gle crystals were dependent on their composition and orienta-
tion15–19. Therefore, we should select the appropriate single-
crystal compositions for thermal energy harvesting according
to both the operating environment and the performance re-
quirement.

The Mn-PIMNT single crystals based PEGs exhibited a
large peak current of 2.4 ± 0.3 µA after rectification, corre-
sponding to the maximum dT/dt of 1.5 ± 0.5 ◦C s−1 as shown
in Figures 5(a) and 5(b)). The generated current of the PEG
was much higher than the expected value based on the mea-
sured pyroelectric coefficients under constant strain, quasi-
static and uniform heating conditions, indicating an enhanced
effective pyroelectric response under device operational con-
ditions. As all ferroelectric crystals are also piezoelectric,
the thermal expansion induced by temperature change leads
to a strain which operates through the piezoelectric effect to
give an additional secondary pyroelectric effect22,25. In ad-
dition, when a temperature gradient exists in ferroelectrics to
set up internal stress gradients, which can produce polariza-
tion via the piezoelectric effect, contributing a tertiary pyro-
electric response22. Consequently, the enhanced current gen-
erated by the PEG under unclamped, rapid and non-uniform
thermal cycling conditions should be attributed to the sec-
ondary and tertiary pyroelectric response superimposed on the
primary pyroelectric response, which should be described by
Itotal = Iprimary + Isecondary + Itertiary

22. The output current of
the PEG based on the Mn-PIMNT single crystals was no-
tably higher than the current (I = – 4.5 nA) reported for the
PEG based on Pb(ZrxTi1−x)O3 (PZT) ceramics, even though
the latter device utilized a larger area (49 × 49 mm2) and
larger temperature fluctuation (∆T = 8 K and dT/dt = 7.6
K/s)10, which suggested a substantially higher output current
per unit area per unit dT/dt for the PEG based on the Mn-
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Fig. 5 The output current and voltage of the PEGs based on Mn-PIMNT (3.75 cm2 ×0.04 cm) measured after the full-wave bridge rectifier for
∆T = 5.5 ± 0.5 ◦C and thermodynamic cycle τ = 20 s. (a) The measured temperature by periodically heating using a warm hand and cooling
by a cold water bag. (b) The output current of the PEGs. (c) The output voltage of the PEGs measured by a voltmeter with RV = 10 MΩ.

Table 1 Pyroelectric properties of the [111]-oriented rhombohedral Mn-doped PIMNT single crystals at room temperature, and the
[111]-oriented rhombohedral pure PIMNT single crystals list for comparison16.

TC
(◦C)

p
(10−4 C m−2 K−1)

εr
(100 Hz)

tanδ

(100 Hz)
FE

(J m−3 K−2) Refs.

Mn-PIMNT 156 8±0.4 488±2 0.001±0.0003 148±16 This work

PIMNT 180 7.5 529 0.001 120 16

PIMNT single crystals. The higher output current for the
PEG based on the Mn-PIMNT was attributed to the higher
pyroelectric properties of the single crystals compared to the

conventional PZT ceramics26, highlighting the advantage of
Mn-PIMNT for high-performance thermal energy harvesting.
Furthermore, the output peak voltage (5 ± 1 V) of the PEG
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Fig. 6 Progressive voltage buildup across the energy storage capacitors during charging by the PEG based on Mn-PIMNT
(3.75 cm2 ×0.04 cm) measured after the full-wave bridge rectifier circuit by a voltmeter with resistance of 10 MΩ. The voltage (U) on the
energy storage capacitor (CL) for (a) CL = 4.7 µF, (b) CL = 47 µF, and (c) CL = 100 µF during charging by the PEG. The inset of (c) displayed
the enlarged view of the area marked by a rectangle (orange). (d) The measured maximum voltage (Umax) on the capacitors and corresponding
energy stored in the capacitors.

(Figure 5(c)) was much higher than that of the PEG based on
PVDF films with output voltage of 1.2 V under a higher input
impedance of 100 MΩ and a much larger temperature fluctu-
ation (∆T = 47 K, dT/dt = 25 K/s)27.

Since the output voltage was highly dependent on volt-
meter’s resistance, the peak voltage recorded by a voltmeter
with a resistance of 10 MΩ was much lower than the theo-
retical value of open-circuit voltage27. This substantial dis-
crepancy raised from the voltage-divider effect between the
voltmeter’s internal resistance (RV ) and the PEG’s inherent re-
sistance (RP)27. Low-impedance voltmeters (RV = 10 MΩ ≪
RP = 30 GΩ) created parallel current leakage paths, artificially

suppressing the measured voltage. The ideal conditions for
the voltmeter to get the intrinsic voltage are RV → ∞ (or RV
≫ RP) and CV → 0 (or CV ≪ CP), which might be imprac-
tical for many cases27. The high output current and voltage
suggested that the Mn-PIMNT single crystals possessed ex-
cellent pyroelectric properties over the environmental temper-
ature range, leading to high-performance PEGs for harvesting
thermal energy in ambient (Figure 5). Since the magnitude
and waveform of the output current and voltage of the PEGs
were determined by dT/dt and ∆T respectively7,10, further
performance enhancements for the PEGs could be realized by
increasing temperature fluctuation (dT/dt and ∆T ) and PEG’s

8 | © The National High School Journal of Science 2026



effective area or developing multilayer PEGs.
The generated electrical energy was stored in energy stor-

age capacitors (CL), and progressive voltage buildup across
CL during charging by the PEGs (Figure 6(a-c)). The maxi-
mum attainable voltage (Umax) decreased from 2.8 V to 1.1 V
with increasing loading capacitance (CL) from 4.7 to 100 µF.
The voltage on the capacitors remained below the output volt-
age of the PEG, creating sustained charge transfer potential.
For a lower CL, such as CL = 4.7 µF (Figure 6(a)), the volt-
age (U = Q/CL) was larger with less charge transfer (Q) than
that of the larger CL. The generated electrical energy of the
PEG could drive a yellow, red, or green light emitting diode
(LED) connected to the capacitor with CL = 4.7 µF (inset of
Figure 6(a)). However, lower CL systems suffered from rapid
charge dissipation through loads, yielding a reduced time con-
stant τ = RLCL. Larger capacitors with CL of 47 µF and 100
µF exhibited a voltage of about 1 V by charging for a longer
time (Figure 6(b-c)). For the capacitor with CL = 100 µF, the
average charge transferred per cycle was 1.1± 0.1 µC for 100
thermal cycles (Figure 6(c)). During 880 – 1200 s, the ca-
pacitor achieved a voltage increment from 0.447 to 0.590 V
after 6 thermal cycles, with a corresponding average charge
rate of 2.4 ± 0.1 µC per cycle (inset of Figure 6(c)). As the
loading capacitance increased, the value of Umax across the
energy storage capacitors decreased, while the total energy
(E = 1

2CLU2) stored in the capacitors increased (Figure 6(d)).
The total energy storage in the capacitor with CL = 100 µF
reached 60.5 µJ after 2000 s, despite a slower voltage rise with
time. Optimal CL selection should balance voltage and charg-
ing time for the target energy density. The analysis focused
on the trends and average performance over many cycles to
assess functional viability under such conditions. The results
confirmed the efficient charging capability of the PEGs based
on Mn-PIMNT single crystals that showed potential applica-
tions in low-power electronic devices.

To address the significant output fluctuation characteristics
of pyroelectric generators, a pyroelectric energy harvesting
system should be proposed to realize a stable power output.
The system adopted a modular architecture of “pyroelectric
generator + rectifier circuit + energy storage unit + voltage
regulator” (Figure 7), enabling flexible configuration accord-
ing to different application requirements. This modular design
is expected to break through the technical bottleneck of insta-
bility and the inapplicability in existing pyroelectric energy
harvesters. PEGs have highlighted the demand for battery-
free, long-lasting, remote and low-power devices. Despite ad-
vances in the output current, voltage, energy and power densi-
ties, much needs to be done for practical applications.

High-performance pyroelectric generators (PEGs) were de-
veloped utilizing the Mn-PIMNT single crystals with large
pyroelectric properties and high thermal stability for high-
efficient pyroelectric energy conversion. The PEGs can con-

vert thermal energy from the Sun, the Earth’s interior, exhaust
gases, resistance, human body, and so on, into electrical en-
ergy, which has significant potential for powering ultra-low-
power electronic and wireless sensors in remote environments.

Fig. 7 The pyroelectric energy harvesting systems used to realize
stable power output.

Conclusion

In summary, the pyroelectric generators (PEGs) have been
fabricated for thermal energy harvesting utilizing the Mn-
PIMNT single crystals with large pyroelectric properties (p =
(8±0.4)×10−4 C m−2 K−1 and FE = 148 ± 16 J m−3 K−2)
and high thermal stability up to 80 ◦C. The Mn-PIMNT
(3.75 cm2 ×0.04 cm) based PEGs generated a large peak cur-
rent of 2.4 ± 0.3 µA, and a peak voltage of 5 ± 1 V after
rectification under thermal cycles with ∆T = 5.5 ± 0.5 ◦C and
(dT/dt)max = 1.5 ± 0.5 ◦C s−1. The maximum attainable volt-
age (Umax) across the energy storage capacitors charged by the
PEG decreased from 2.8 V to 1.1 V with loading capacitance
(CL) increasing from 4.7 to 100 µF, which would be higher if
measured by a voltmeter with higher impedance. The total en-
ergy (E = 1

2CLU2) stored in the capacitors increased with CL
and charging time increasing, and increased to 60.5 µJ on CL
= 100 µF after 2000 s, which could power a typical wireless
sensor node in a low-power sensing or standby state with an
average power consumption on the order of 10 µW for about 6
seconds. The results demonstrated that the PEGs based on the
Mn-PIMNT single crystals with high pyroelectric properties
have significant potential for powering ultra-low-power elec-
tronics and wireless sensors.

Remaining Questions and Future Studies

The single-device configuration and output performance char-
acterization under controlled laboratory conditions high-
lighted the potential applications of the PEGs for ultra-low-
power devices. Despite these developments, issues such as
scientific rigor and reproducibility of property characteriza-
tion require thermal cycling apparatus with high-precision and
real-time temperature control and measurements.

Beyond of measurement technique, the structural design,
large output power and electric controllability of PEGs, and
system integration to applications, remain the key challenges.
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Future improvement or implementations should focus on de-
veloping multilayer PEGs or hybrid energy generators com-
bined piezoelectric, photovoltaic and pyroelectric effects to
harvest mechanical, solar, and thermal energies from the envi-
ronment to enhance total output performance, and then ded-
icating power management circuits to rectify, regulate, and
efficiently store the harvested energy, as well as developing
system integration for real-world applications.
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