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Wasted heat is one of the most abundant and widely available energy sources in our living environment
and industrial activities. A lot of attentions have been paid on harvesting ambient wasted thermal energy.
In this work, a flexible PG (pyroelectric generator) based upon a thin PVDF (polyvinylidene fluoride) film
has been fabricated. Based on the pyroelectric effect, the PG can harvest thermal energy arising from the
time-dependent fluctuating temperature with spatial uniformity. At the temperature change of 50 K, the
PG can deliver an open-circuit voltage of 8.2 V and a short-circuit current of 0.8 pA, respectively, with the
maximal output power of 2.2 uW on a load of 0.1 MQ, which can be utilized to directly drive a LCD (liquid
crystal display) or LEDs (light emitting diodes), or to charge a commercial capacitor for subsequent
usages. Moreover, the PG can be used to construct a self-powered thermosensor as a result of the linear
relationship between the output voltage and the temperature change. Our study promotes the devel-
opment of the PG for scavenging wasted thermal energy and opens up plenty of potential self-powered

applications.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

With the rapid development of the human society, energy
shortage is becoming more and more serious than ever before. In
order to solve the energy crisis, the exploitation of harvesting the
ambient energy has attracted the widespread attention. Wasted
heat is a very rich energy source, which widely exists in our daily
life, including automotive internal combustion engines, industrial
wasted water, household water and so on. It would be a green and
renewable energy source if wasted heat could be harvested and
reused.

Generally, harvesting thermal energy mainly relies on the See-
beck effect that uses electrons or holes as the working carriers for
heat pumping and electricity generation [1,2]. It is known to all that
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the existence of a temperature difference between the two ends of
the conventional thermoelectric cell is necessary for power gen-
eration based on Seebeck effect [3]. However, in the actual envi-
ronment according to the entropy increase principle, the
temperature tends to be spatially uniform without a gradient. It is
difficult to achieve a steady and huge temperature difference. As a
result, the Seebeck effect is hardly to be efficiently used to convert
thermal energy arising from a time-dependent temperature vari-
ation with spatial uniformity to electric energy. Furthermore, the
energy conversion efficiency of the current thermoelectric devices
based upon Seebeck effect is still very low [4]. Therefore, it is
necessary to put forward an alternative approach to grab thermal
energy from the ambient environment.

Pyroelectric effect is a seldom noticed property in some solid or
condensed materials, which is about the temperature-dependent
spontaneous polarization in certain anisotropic solids [5,6]. Usu-
ally, the bound surface charges induced by the spontaneous po-
larization are balanced by the free charges adsorbed in the crystal
surface. The net bound charges will be obtained once there is a
temperature fluctuation due to the change of the polarization
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dipole moment [7]. Nevertheless, there are only a few studies about
harvesting thermal energy using pyroelectric effect [8—12]. In these
articles, the authors mainly focused on the demonstration of the
electricity generation based on the different pyroelectric materials.
The output power is the sole concern. However, the related appli-
cations based on the pyroelectric generators are hardly involved in
these papers. Therefore, it is necessary to develop energetically the
related applications based on the generators. We should not only
focus on the electricity generation, but also develop an active self-
powered sensor by using generators.

Small-scaled electronics or sensors have attracted intensive in-
terest because of their extensive applications in the modern society
[13—16]. An electronic thermometer, as one of the most common
typical small electronics, is a device that measures a temperature or
temperature gradient, mainly based on the thermoelectricity or the
infrared radiation [17,18]. Usually, an external power is indispens-
able to drive these small-scaled sensors. The self-powered tech-
nology, proposed by Dr. Zhong Lin Wang at Georgia Tech in 2010, is
based on driving sensors by grabbing energy from the ambient
environment instead of conventional batteries or other external
power sources [19,20]. This implies that it may be feasible by using
the PG (pyroelectric generator) as a self-powered thermosensor
that proactively detects ambient temperature without using any
external power sources, which can radically improve the adapt-
ability and mobility of such sensors. Even so, there are few reports
about using a PG based on the PVDF (polyvinylidene fluoride) as a
self-powered thermometer.

In this paper, a flexible PG was fabricated by using a PVDF film
for harvesting thermal energy resulting from the time-dependent
temperature fluctuation based on the pyroelectric effect. The
designed PG can be used as a direct power source for lighting up a
LCD (liquid crystal display) or commercial LEDs (light emitting di-
odes). Furthermore, it is demonstrated that the PG can be employed
as an active self-powered thermometer to detect the ambient
temperature. This research will push the development and appli-
cations of the PG-based small electronics in thermal energy har-
vesting, self-powered sensing, and others.

2. Experimental details
2.1. Fabrication of a PG device

A PVDF film with the thickness of 120 pum was deposited with a
15 pm thick Al layer on its top and bottom surface. The two Al layers
were employed as the electrodes, which connected to the
measuring systems or external electrical appliances.

2.2. Electric output measurement

While measuring the electrical output performance, the PG was
attached on a heater, where the temperature could be controlled
accurately and monitored by using a thermometer. The output
signals, including voltage and current, were measured by an Agilent
B2901A system.

Fig. 1. Device structure of a PG. (a) The schematic diagram. (b) Photograph of the constructed PG. (c) Image of the bent PG.
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2.3. Demonstration of the self-powered thermosensor

When demonstrating the potential applications of the PG as an
active self-powered thermosensor, the PG was still fixed on the
heater, which served as the detected heat source. The room tem-
perature was confirmed to be 293 K through out all the
experiments.

3. Results and discussion

As depicted in Fig. 1a, the schematic structure of the constructed
PG is composed of three layers. The top and bottom Al were
deposited as the electrode layers with the interior PVDF thin film
being selected as the pyroelectric material. The PVDF film has the
thickness of about 120 um with the uniformly coated Al layers of
15 pm thick. For the convenience of operation, the PG was fabri-
cated with the approximate size of 25 mm x 20 mm, which is
illustrated in Fig. 1b. Fig. 1c displays a photograph of the bent PG,
illuminating that the PG is flexible. The appropriate flexibility is of
importance for electronic devices in certain practical applications,
especially in plying-up energy harvesting and sensing.

To verify the thermal-to-electrical energy conversion of the
constructed device, the output performance of the PG was inves-
tigated here. The temperature variation curve and the corre-
sponding differential curve are plotted clearly in Fig. 2a. The

operation range of the temperature is selected from the room
temperature (293 K) to 313 K, with the maximal temperature
changing rate more than 3 K/s. When the operated PG was con-
nected forward with the measurement instruments, a sharp
negative output voltage pulse was observed as well as the resulting
current peak as the temperature increased from 293 to 313 K. The
corresponding value of the voltage and current can reach 2.4 V and
0.55 pA, respectively, which is illustrated in Fig. 2b. When the
temperature recovered back to 293 K, a positive output voltage/
current peak was captured. Similarly, under the reversed connec-
tion, the opposite voltage/current signals with the approximate
value to the forward counterpart were achieved, as is displayed in
Fig. 2c, suggesting the recorded output electric signals were pro-
duced by the PG. Fig. 2d shows the output voltage and current
rectified by a full-wave bridge circuit, which further demonstrate
the electricity was indeed generated by the PG device.

To explore the electricity induced by the generator, the output
performance of the PG was measured in detail, as is plotted in Fig. 3.
Fig. 3a, d, and g present the output open-circuit voltage and short-
circuit current of the PG operated at the temperature difference of
10 K, 30 K and 50 K relative to the room temperature, respectively.
It is clear to be seen that both the output voltage and current in-
crease with the increasing temperature difference, implying a
higher temperature results in a larger output owning to the
enhancing changing rate of spontaneous polarization at a larger

Fig. 2. The output signals of the PG under the cyclic temperature change. (a) The cyclic temperature change of the PG and the corresponding differential curve. (b) The output
voltage and current under the forward connection condition. (c) The output voltage and current under the reversed connection condition. (d) The output voltage and current after

rectification.
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Fig. 3. The output performance of the PG at different temperature differences. (a) The output voltage/current and (b—c) summarized dependence of the voltage, current and power
on the load resistance at the temperature difference of 10 K. (d) The output voltage/current and (e—f) summarized relationship between the voltage/current/power, and the load
resistance at the temperature difference of 30 K. (g) The output voltage/current and (h—i) summarized dependence of the voltage/current/power on the load resistance at the

temperature difference of 50 K.

temperature difference [8,21]. Under the corresponding reversed
connection condition, the real-time output voltage and current
curves at different temperature differences is opposite, which is
depicted in Fig. S1, Supporting information. To further demonstrate
the availability of the PG, the output voltage and current at different
load resistances were recorded under the various temperature
differences. Fig. 3b, d and h exhibit the corresponding output
voltage/current as a function of load resistance, indicating the
voltage increases while the corresponding current has the reverse
trend with the raising load resistance. The dependences of the
output power of the PG on the load resistance are shown in Fig. 3c, f
and i, respectively. Obviously, the output power ascends at the low
external resistance and then descends at a successive higher
resistance. At the temperature difference of 50 K, the maximum
output power can be achieved of about 2.2 uW at the load resis-
tance of 0.1 MQ.

To understand the above experimental results, the operation
mechanism of the PG is sketched schematically in Fig. 4. The

direction of the spontaneous electric dipole in molecules is quite
susceptible to the molecular thermal motion which depends on the
temperature. According to the principles of thermodynamics, all
dipoles would have the same orientation without wobbling at the
temperature approaching absolute zero under the ideal condition.
The dipoles would wobble random around respective polarization
equilibrium axis once the temperature changes. Meanwhile, the
larger wobbling angle corresponds to the higher temperature
[8,22]. The total average intensity of the spontaneous polarization
from the dipoles is constant when temperature is invariable. As a
result, there is no output current observed in the external circuit
under the condition of dT/dt = 0 (Fig. 4b). When a higher temper-
ature is applied on the PG, the dipoles oscillate within a larger angle
(67) regarding to the original state () due to the increase of the
temperature, leading to the decrease of the total average sponta-
neous polarization [8]. The electrons can flow from the top elec-
trode to the bottom because of the decreasing induced charges in
the electrodes, which is illustrated in Fig. 4a. Conversely, if the PG
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Fig. 4. The proposed typical mechanism of the PG in electricity generation. Sketched
diagrams of the PG with negative electric dipoles under (a) the heated, (b) the
invariable temperature, and (c) the cooled conditions.

device is cooled instead of being heated, the electric dipoles oscil-
late within a smaller angle (§~) on account of the lower thermal
motion. Hence, the total polarization is markedly raised and then
the increasing induced charges in the electrodes can give rise to a
flow of electrons from the bottom electrode to the top, as depicted
in Fig. 4c.

The excellent performance of the constructed PG has been
achieved due to the change of the total polarization as a result of
the temperature fluctuation. In order to give a vivid explanation of
the performance, a numerical simulation by the COMSOL software
has been established to obtain the electrical potential distribution
across the PVDF film subjected with different temperature differ-
ences, as illustrated in Fig. 5. The model with the same size as the
real deice is employed here and the bottom electrode is connected
to ground. Fig. 5a and b shows the pyroelectric potential distribu-
tion of the polymer film under the temperature change of 20 K and
50 K, respectively. It is apparent to see that the potential difference
between two electrodes can be up to 80 V and 200 V under the
respective temperature change, which is obviously much higher
than the experimental datum. The disparity between the

Fig. 5. The simulations of the electrical potential distribution in the PG. (a) The po-
tential distribution of the PG at the temperature difference of 20 K. (b) The potential
distribution at the temperature difference of 50 K.

measurements and simulations implies that the output perfor-
mance of the PG has a huge margin of improvement.

As is displayed in Fig. 1, the device is consisted of three layers,
including two Al electrode layers and a PVDF film. The defects in
the PVDF film and Al electrode layer are inevitable, which can
visibly damage the electrical property of the materials. The
contact between the electrode layers and PVDF film can hardly
achieve the perfect contact state. As a result, the amount of the
induced charges on the electrodes will not completely equal to
that caused by the variation of the total spontaneous polariza-
tion. This is the first influence factor of the output performance.
In addition, the temperature applied on the PG device is con-
ducted by a heater and the temperature of the PG device is
detected by a thermometer. Obviously, the heat applied on the
PG device is not homogeneous as well as that the recorded
temperature is not precise enough. Meanwhile, the heat transfer
on the PG device is not under the ideal condition, where the
thickness, structure, interface state and others should be
considered. The applied temperature can not be controlled
accurately due to the complex interface state, which is another
reason. Besides, ambient environment around the PG device can
affect the overall electric output performance, which is
including thermal, mechanical, chemical, electrical, optical,
humid, and other influence factors. In a word, the practical
output performance of the PG device is influenced by all the
listed and unlisted factors, which is the synthetical result of the
multiple actions.

Based on the pyroelectric theory, the pyroelectric current (ipg)
can be illustrated as following:

. dT
lpG:pAE (l)

In this equation, A is the electrode area, which is related to the
size of the PG device. p is the pyroelectric coefficient that is a
constant for a certain material, as well as with dT/dt indexed to the
temperature variation rate. According to the fitting for the recorded
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Fig. 6. The verification of the PG used as a direct power source. (a) The schematic diagram of the operation. (b) The output voltage and current of the PG under the forward
connection. (c) The optical image of the LCD drove by the PG with number “6” displayed. (d) The photograph of two lines of LEDs lighted up alternately.

experimental data, we can evaluate the approximate pyroelectric
coefficient of the PVDF film, which is very close to the performance
specifications provided by the manufacturers. Compared with the
pyroelectric coefficient of the reported ZnO and KNbOj3 semi-
conductors, our PVDF film can achieve a much higher value. Simi-
larly, the Pyroelectric voltage (Vp) can be given below:

Vp = pdAT (2)
£reg — €0

Here, p also is the Pyroelectric coefficient and d is the thickness
of the PVDF film of the fabricated PG device. ¢g is the permittivity of
the ideal vacuum with &, of the relative dielectric constant of the
PVDF film. For a certain PG device, the above-mentioned parame-
ters are determined. Exceptionally, AT corresponds to the change in
temperature. From Eqs. (1) and (2), it is can be concluded that, by
increasing the temperature difference, the output voltage of the PG
can be enhanced. However, the larger output current can be ob-
tained when the temperature changing rate is improved. The
conclusion we got here is very well consistent with the measured
experimental data.

To demonstrate the PG can be used as a direct power source,
Fig. 6a shows the schematic diagram of the PG in operation, where

the PG alternately contacts with the heat source (358 K) and cold
source (293 K). The curves of the output voltage and current are
shown in Fig. 6b under the forward connection condition, with the
reversed output signals depicted in Fig. S2, Supporting information.
The maximum voltage and current can reach 10 V and 1 pA around,
respectively, under the temperature variation. When the PG con-
tacts with the heat source, a LCD screen can be driven by the PG, as
shown in Fig. 6¢c and movie file 1 (see the Supporting information),
exhibiting that a number “6” is clearly displayed compared with
that is under the condition without temperature variations. To
further verify the output power, LEDs were employed to be tested.
Two groups of LEDs connected to the PG with reversed polarity to
utilize both the positive and negative electricity, as sketched in
Fig. S3, Supporting information. Fig. 6d, movie file 2 and movie file
3 (see the Supporting information) display two lines of LEDs can be
directly lighted up by the forward and reversed current, respec-
tively, indicating our PG device indeed can be utilized as a direct
power source.

Supplementary movie related to this article can be found at
http://dx.doi.org/10.1016/j.energy.2016.02.002.

The storage of the electrical energy is an important applica-
tion for generators. To confirm the feasibility of the electricity
storage, a commercial capacitor (22 pF, 25 V) was selected as an
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Fig. 7. The charging measurement based on the PG. (a) The circuit diagram of the charging experiment. (b) The rectified output voltage and current of the PG for charging a
capacitor. (c) The voltage—time curve of the charged capacitor. (d) The photograph of a LED being driven by the charged capacitor.

energy storage unit. The capacitor was connected to the PG for
charging and subsequently was used as a power source for
powering LEDs. The circuit diagram is depicted in Fig. 7a. Fig. 7b
shows the output performance after rectification of the PG
employed for charging experiment. The voltage—time charging
curve of the capacitor is recorded in Fig. 7c. Within 60 s, the
capacitor was charged from 0.2 V to 2.3 V. Then, the charged
capacitor was used as a power source to drive LEDs. Fig. 7d
shows a LED is lighted up by the energy stored in the capacitor,
with the corresponding video presented in movie file 4 (see the
Supporting information).

Supplementary movie related to this article can be found at
http://dx.doi.org/10.1016/j.energy.2016.02.002.

To further demonstrate the potential applications of the
designed PG device, the PG was utilized as an active self-powered
thermosensor. The output voltage of the PG at different temper-
atures compared with the same original temperature is plotted in
Fig. 8a—f. As the temperature goes up, the value of the output
signal increases accordingly. The dependence of the output
voltage on the temperature and corresponding temperature
changing rate is enumerated in Fig. 8g, suggesting an obvious
linear relationship between the output voltage and the temper-
ature as well as the temperature changing rate by fitting the data,
which is consist with Fig. 3. The excellent linear relationship is
beneficial for practical applications of the sensors for detecting
the real-time temperature and temperature variation. The
response time and reset time are two significant performance

indexes for the sensors. By enlarging the output voltage curve
when the sensor contacted to the heat source of 353 K, it can be
seen that the response time is about 4.8 s, as shown in Fig. 8h.
When the sensor was moved out from the heat source, a positive
pulse was observed. Fig. 8i reveals the magnified output signal
with an exponential decay. The reset time is defined as the time
taken to recover to 1/e of the maximum value [23]. By calculation,
the reset time is obtained of about 11 s here. The achieved
response time and reset time of the PG-based device are desirable
for the thermosensors.

4. Conclusion

In summary, a flexible PG device has been fabricated using a
PVDF film. It is demonstrated that the PG can be used to harvest
thermal energy arising from the time-dependent fluctuating
temperature with spatial uniformity. The performance of the PG
has been explored in detail, indicating the PG can deliver the
output power of about 2.2 pW on a load of 0.1 MQ at the tem-
perature difference of 50 K. The generated electrical energy by
the PG can directly light up a LCD or LEDs, or be stored in a
capacitor for subsequent usages. Due to the linear relationship
between the output voltage and the temperature as well as the
temperature changing rate, the PG has been used as a self-
powered thermosensor. The designed PG deice has the poten-
tial applications in the ambient thermal energy harvesting from
the irregularly shaped or mobile heat source and the self-
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Fig. 8. The demonstration of the PG as a self-powered thermosensor. (a—f) Output voltage under different temperatures of the heat source. (g) Dependence of the output voltage on the
temperature and the temperature changing rate. (h) The magnified voltage—time curve of the negative output voltage pulse in panel f. (i) The enlarged positive output signal in panel f.

powered sensing systems, especially in thermal-to-electrical
conversion.
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