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Abstract— This work presents the first demonstration of a
high temperature piezoelectric energy harvester system, capable
of operation up to 300◦C. The system comprises of a PZT
piezoelectric energy harvester with a silicon carbide Schottky
diode full wave rectifier, which can rectify the AC supplied by the
piezoelectric harvester at higher temperatures than conventional
silicon components. When the harvester is driven at 400mg
(3.9ms−2), into a matched load, the rectifier delivers 320µW at
room temperature, falling to 80µW at 300◦C. This is caused
by a combination of increased mechanical damping, decreased
electromechanical coupling coefficient (K2

sys) and an increase in
the dielectric constant of the PZT.

I. INTRODUCTION

As we strive to understand more about our natural environ-
ment and how mankind is affecting it, there is an increasing
need for resilient electronics and systems. Many of the most
environmentally costly man made systems have properties
which create a very hostile environment. Such examples
include nuclear rich environments, which cause significant
damage to conventional electronics, from single event upsets to
total ionising dose damage. Jet engines generate a significant
amount of thermal energy that renders silicon electronics inop-
erable due to the increase in thermally generated carries. Also,
many chemical processes will corrode conventional semicon-
ductors. Such systems would benefit from easily deployable,
autonomous wireless sensor systems that can withstand the
extreme environment and still produce useful sensor readings.

Wide band gap semiconductors stand to make impact in this
field due to their resilient properties. Of these wide band gap
materials, silicon carbide is starting to gain traction as a useful
material when operating in extreme environments. Silicon
carbide has a band gap of 3.23eV, as such it has many resilient
electrical and physical properties due the increased strength of
the silicon-carbon bond compared to the silicon-silicon bond.
At room temperature the SiC intrinsic carrier concentration
is much lower than that of silicon, 8.1x10−9cm−3 com-
pared to 1.45x1010cm−3. Therefore, SiC can operate at much
higher temperatures before the intrinsic carrier concentration
increases above that of the implanted carrier concentration,
the theoretical limit for this is 900◦C [1]. Due to the increased
bond strength it is also chemically inert, radiation resistant and
has a high thermal conductivity [2]. This means that it can be
used for prolonged periods in many hostile environments.

The resilient characteristics of silicon carbide also lead
to fabrication difficulties, this has limited the technology in

the past to simple single junction devices and sensors [3].
However, advances in process technology have led to the
fabrication of stable JFETs, diodes, gas sensors and metal-
insulator-metal capacitors [4]. These stable discrete devices
have led to the development of basic wireless communications
that can be used to transmit sensor readings over short dis-
tances [5]. However, an issue still remains with powering such
systems in hostile environments. Conventional batteries can
not operate at 300◦C, and running power cables into a hostile
environment is equally problematic. The need to install and
maintain these power lines render it an inadequate solution. It
would pose not only a safety threat to the installation team
but also to the system as a whole, drilling holes into the
containment shield of a nuclear rich environment for example
is not a safe approach.

This leads to the need for an energy harvesting system that
can operate in an extreme environment ◦C to power such
electronics. Many energy harvesting techniques exist that have
been tested and developed in the last decade [6]. Recent work
has shown that silicon carbide photovoltaics are an effective
energy harvester in a UV rich environment [7] and when
coupled with HfO2 storage capacitors, a high temperature
system can be realised. Not all environments are UV rich
however, and in these instances such a method would not be
appropriate. Other sources of energy exist however, and one of
the most common is vibration. There are three main techniques
used for vibration energy harvesting, electromagnetic, electro-
static and piezoelectric. Due to it’s simple implementation the
piezoelectric effect is the focus of this paper.

Piezoelectric energy harvesting is a very popular method
for powering wireless sensors and systems due to its ease of
fabrication and simple implementation, it can also generate
very large voltages from relatively low input vibrations. This
means that many sensor systems have been powered from a
simple clamped piezoelectric bi-morph that harvests energy
from the mechanical vibrations of the monitored system. A
piezoelectric material generates a voltage when a strain is
applied to it, and due to its construction the devices are
high impedance capacitive sources. The most commonly used
piezoelectric material is lead zirconate titanate (PZT), which is
a ferroelectric material that requires poling after it is fabricated
to produce a net piezoelectric effect. This need for poling
means that there is a Curie temperature at which the material
will de-pole and no longer produce a voltage when strained.



Until now no investigation has been carried out into how
temperature affects a PZT energy harvester and how the output
power from a silicon carbide rectifier changes.

This paper presents the results from a Piezo Systems Inc
piezoelectric energy harvester heated from room temperature
to 300◦C and how the output from a silicon carbide full bridge
rectifier changes also.

II. EXPERIMENTAL

The experimental setup comprises of an LDS V101 shaker
driven from an audio amplifier whose signal is produced by a
LabVIEW program combined with a DAQ card. The system
acceleration is measured at the base of the vibration shaft
with an ADXL103 analogue accelerometer, this allows the
initial acceleration to be set and, if need be, for the system to
control the acceleration at a constant level. The piezoelectric
device is mounted on a custom made high temperature carriage
which is attached to the end of the vibration shaft, the metal
electrodes on the energy harvester are also removed at the
clamp so that they add no extra parasitics to the system. The
energy harvester output can be switched between the external
variable load or to the input to a full wave rectifier, which is in
turn connected to the load. The output voltage seen across the
external load is buffered by a Keithley 6517A electrometer,
with a specification input impedance of 200TΩ, before being
recorded. The system is mounted on top of an oven which can
maintain a stable temperature set point up to 600◦C which
allows the energy harvester and the full bridge rectifier to be
tested from room temperature to 300◦C. The vibrations are
delivered to the energy harvester via a steel shaft connecting
the inverted shaker to the energy harvester through a hole in
the oven roof.

III. RESULTS AND DISCUSSION

A. Piezoelectric characteristics

Most mechanical and electrical systems exhibit resonance
and in most cases this is detrimental to the system (eg.
bridges, buildings). However, in the case of vibration energy
harvesting, this can be used to dramatically increase the
output voltage from the device. At resonance, the peak tip
displacement of the bi-morph will be much greater, and so
will significantly increase the stress in the piezoelectric layers.
By using this phenomena, piezoelectric devices can produce
very high voltages (>50V is not unrealistic) and so make it
the ideal energy harvesting technique to be used with a wide
band gap semiconductor, which inherently have higher built in
voltages. As resonance is such a important factor in the output
produced by a piezoelectric energy harvester, it is important
see how this changes with temperature. Figure 1 shows how
the resonant frequency of the energy harvester changes with
temperature. The test was conducted from room temperature
to 300◦C in 25◦C increments at 3.9ms−2 (400mg).

It is clear that the resonant frequency of the device de-
creases with temperature. By modelling the system as a simple
mechanical cantilever, equation 1 can be used to extract
the Youngs modulus, where f is the open circuit resonant
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Fig. 1. Frequency sweep change with temperature for a piezoelectric energy
harvester

frequency of the harvester, l is the cantilever length, mt is the
attached tip mass, mc is the cantilever mass, w is the width
and t is the overall thickness of the device.

Y = 2πfoc
4l3(mt + (0.24mc))

wt3
(1)

Equation 1 makes the assumption the the brass shim of
the bi-morph has no impact on the mechanical characteristics
of the system. This assumption seems valid as the calculated
value for the room temperature Youngs modulus is within
close range of that in the literature [8]. Figure 2 shows the
decrease in Youngs modulus with temperature, indicating that
there are two linear regions separated by an inflexion at 450K.
This could be the elastic limit of the device, indicating that
beyond 450K the cantilever will not return to its former
stiffness. This is supported by equation 1 which suggests a
linear relationship between resonant frequency and Youngs
modulus.
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Fig. 2. Youngs modulus variation with temperature

Besides the decrease in resonant frequency, the other notable
change in figure 1 is the change in the peak output voltage
at resonance. Given that most piezoelectric materials have a
Curie point at which they revert to a non-piezoelectric state,
it would be expected that the output voltage would steadily
decrease until this point. However, the characteristics shown
in figure 1 look not only to be governed by the piezoelectric



properties of the material but by the mechanical damping,
ζm, experienced by the cantilever. This can be extracted by
driving the cantilever at resonance into an open circuit and
then recording the decay waveform once the driving vibrations
are stopped. Figure 3 shows this effect at room temperature,
and by applying equation 2, where x1 is the initial chosen
peak amplitude and x2 is the peak amplitude n periods later,
ζm can be extracted. The data in figure 4 shows this across
the full temperature range.

ζ =
1

2πnln

(
x1
x2

)
(2)

x1

x2

Am
pl
tu
de
/V

-10

-5

0

5

10

Time/s
0.05 0.10 0.15 0.20 0.25 0.30

Fig. 3. Decay waveform at 300K

Figure 4 indicates that the mechanical damping peaks at
475K, before decreasing to the room temperature value again
at 575K. This, coupled with the change in the electromechan-
ical coupling coefficient, K2

sys, explains why the peak output
voltage is reduced at 473K and 498K.
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Fig. 4. Mechanical damping, ζ, and the electromechanical coupling coeffi-
cient, K2

sys, variation with temperature

As with any form of power supply, the piezoelectric en-
ergy harvester has a load which allows maximum power
transfer. Unlike most power generators, which are inductive,
piezoelectric energy harvesters are a capacitive source and so
have a matched load dependent on the device capacitance
and driving frequency. The matched load of a piezoelectric
energy harvester can most simply be calculated from the
capacitive impedance formula, shown in equation 3. Where Cp

and Rsh are the cantilever’s capacitance and shunt resistance
respectively, f is the driving frequency which in this case the
is always set to the resonance for the given temperature. Rsh is
many orders of magnitude larger than the reactive impedance
of the capacitance and so this term has little effect on the
system.

R =
1

2πfCp
+Rsh (3)

The data in figure 5 shows both the experimentally deter-
mined matched load and the theoretical calculated with equa-
tion 3. The data shows the matched load decreases with tem-
perature until 573K when it quickly rises to 120KΩ measured,
140KΩ calculated. This is indicative of the dielectric beginning
to de-pole and no longer exhibit piezoelectric properties. This
is supported by the data in figures 1 and 4 which show that
the decrease in peak output voltage is not caused by increased
mechanical damping.
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Fig. 5. Change in calculated and measured matched load with temperature

B. Power Rectification

The electrical output from the piezoelectric energy harvester
is an AC signal, and as such requires rectification before
it can be used to power an electronic circuit. Conventional
semiconductors are inoperable above 200◦C and so are not
suited to this task. In this case a silicon carbide Schottky diode
full wave rectifier was used to rectify the energy harvester
output. The data in figure 6 shows how the voltage drop of a
SiC Schottky diode changes with temperature. As previously
stated, SiC devices can operate at high temperatures, however
as figure 6 shows, there is a linear temperature dependant
decrease in the diodes built in voltage drop of 2mV/K. As
the power output from the piezoelectric energy harvester is
small, the voltage drop has been measured at 1µA to simulate
how the diode would behave in the circuit.

When configured as a full wave rectifier the total voltage
drop will be double that for a single diode as the AC signal
must pass through two diodes before reaching the positive
output terminal of the rectifier. At 300K this voltage drop
is 1.4V, much less than the output of the energy harvester.
At 600K this voltage drop will be 0.2V which is still less
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Fig. 6. Change in Schottky diode voltage drop with temperature

that the energy harvester output and so will provide a suitable
rectification method.

To investigate the effects on increased temperature on the
whole system, the piezoelectric energy harvester was driven
at 400mg and connected to the input of the full wave rectifier.
The output power of the rectifier was measured when loaded
with a 1MΩ and with the measured matched loads shown in
figure 5. Figure 7 shows the change in rectified power with
temperature, it shows that the power significantly decreases
with temperature from 320µW at room temperature, to 80µW
at 573K, into the matched load. The reason for the low
correlation between the matched load data and the data fit
is due to the error in the matched load determination, for this
reason the test was also run with a 1MΩ load also. At room
temperature the power delivered to the 1MΩ load is 50µW,
this decreases to 7µW at 573K which is proportionally the
same as the matched load scenario.
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temperature

To determine if the full wave rectifier is fully operational at
the elevated temperatures and not simply acting as a half wave
rectifier, the output wave form of the rectifier can be analysed.
The unsmoothed output from a full wave rectifier should have
a frequency twice that of the input waveform, and no part of
the signal below 0V. Figure 8 compares the output from the
rectifier at room temperature to 573K, when the piezoelectric

energy harvester is driven at resonance. The output wave-
form at room temperature has frequency of 285Hz and at 573K
a frequency of 87Hz, these are twice the input frequency and
show that the rectifier is fully operational.
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IV. CONCLUSION

This work has shown that high temperature energy har-
vesting, incorporating silicon carbide electronics and a PZT
energy harvester, can operate at 300◦C. The data shows that
although the peak output voltage from the piezoelectric energy
harvester decreases at elevated temperatures, it is still capable
of producing a useable voltage. The output voltage from the
piezoelectric device at 573K is much lower than the room
temperature full wave rectifier voltage drop. However, as the
temperature increases the voltage drop of the SiC Schottky
diodes decreases at 2mV/K, so at 300◦C the voltage drop of a
single diode is 0.1V. This decreased voltage drop means that
the system is able operate at elevated temperatures and produce
a rectified output. This output can be used to power a high
temperature communications or sensor system for extended
periods of time when coupled with high temperature capacitive
storage elements, as such this is a first step to developing a
high temperature vibration based energy harvesting system.
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