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Abstract: This paper presents the design, fabrication, and characterization of a thermal oscillator driven
by fixed DC voltages. The proposed device consists of a miniaturized ultra-sensitive temperature
sensor and a microheater. The temperature sensor was fabricated by depositing acrylate-based
temperature sensing material with a positive temperature coefficient (PTC) effect on an interdigital
electrode pair, and this was the key component that enabled oscillations by periodically switching the
microheater on and off. The acrylate-based material, which was prepared by dispersing an acrylate
copolymer with graphite particles, exhibits an order-of-magnitude variation in resistivity over a
temperature change of a few degrees. The transient behavior of the fabricated device was measured,
and the effects on different driving conditions with active cooling were measured and discussed.
In addition, the measurement results also show that the temperature drift is not obvious in long-term
testing, which indicates that the acrylate composite is quite reliable during repeated phase transition.

Keywords: actuators; oscillators; temperature sensors; positive temperature coefficient

1. Introduction

Studies on conductive polymer composites (CPCs) have received significant attention because
of these composites’ potential applications in various industries [1-5]. In general, CPCs comprise
single or multiple conductive fillers (e.g., graphene [6], carbon nanotubes [7], metal powders [8],
silver nanoparticles [9], and separated conductive polymers [10]) dispersed in a polymer matrix.
The positive temperature coefficient (PTC) effect, which is a phenomenon found in many composite
conductive polymers, was first observed in the carbon black-filled low-density polyethylene composite
by Frydman [11] in 1945. The resistivity of materials with PTC effects exhibits order-of-magnitude
variations over a temperature change of a few degrees.

Many theories that describe the microscopic behaviors giving rise to the PTC effect have
been reported. One of the theories considered that the PTC effect is caused by the fact that
the polymer matrix expands more than the conductive fillers as the temperature increases, and,
subsequently, the compressive force on conductive fillers decreases. As the temperature increases
to a certain point, a very sharp increase in the resistivity of the polymer is observed [12].
Additionally, Ohe et al. speculated that the distribution of inter-grain gaps among graphite particles
is comparatively uniform when the temperature is relatively low. As the temperature increases,
the inter-grain gaps become random, which results in a sharp increase in resistivity and gives rise to
the PTC effect [13]. In addition, the mechanism of the PTC effect could be attributed to the thermal
expansion of the crystalline polymer during melting, which leads to the breakdown of the conductive
network of fillers [14]. The above-mentioned theories have addressed various viewpoints regarding the
mechanisms of the PTC effect, but the actual nature of the PTC effect has not yet been determined [15,16].

Appl. Sci. 2020, 10, 3825; doi:10.3390/app10113825 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0001-6228-5759
http://www.mdpi.com/2076-3417/10/11/3825?type=check_update&version=1
http://dx.doi.org/10.3390/app10113825
http://www.mdpi.com/journal/applsci

Appl. Sci. 2020, 10, 3825 20f12

Nevertheless, it is generally accepted that the thermal expansion of the polymer matrix near the melting
temperature gives rise to the rapid resistivity increase when the temperature increases.

Studies on PTC materials have attracted attention during the past decades because PTC materials
can be easily employed as temperature-sensing elements. A self-adjusting heating device fabricated by
connecting different types of PTC materials in series was proposed [17]. Additionally, Skindhoj et al.
presented reusable current limiters realized by using materials with the PTC effect. The proposed
devices limit electric current by increasing their resistance when the current exceeds the designated
values [18]. Printable thermal sensors based on acrylate polymers and graphite were reported.
The sensors exhibit large resistance changes near body temperature under physiological conditions
with high repeatability and short response times [19]. In addition, gas sensors were realized by
employing conductive carbon-black particles, of which the surface was successfully modified by
grafting PE-b-PEO using a two-step method. The electric resistance of the composite increased by
several orders of magnitude in several solvent vapor samples [20]. Furthermore, PTC material was
used as the additive on the electrodes of a lithium-ion battery for cutting off charge transportation
paths in the vicinity of internal short sites before the local temperature of the battery reaches the onset
of thermal runaway [21].

These aforementioned studies demonstrated various applications of PTC materials. However,
to the best of our knowledge, the oscillating behaviors induced by the temperature-sensitive resistance
variation of PTC materials have not yet been reported. In this work, we present a PTC-based
electrothermal oscillator by employing an ultra-sensitive temperature sensor for self-switching a
microheater on and off with a DC power supply. The proposed device consists of a miniaturized
ultra-sensitive temperature sensor and a microheater. The temperature sensor was realized by
depositing an acrylate-based temperature-sensing layer with the PTC effect on an interdigital electrode
pair. The temperature sensor cuts off the supply current to the microheater when the resistance of the
PTC composite increases significantly, which, in turn, produces the switching behaviors. A C-shaped
planar heat sink is employed to speed up the cooling process.

The remainder of this paper is organized as follows: The working principle and the device design
are introduced in Section 2. The fabrication process of the proposed device is described in Section 3.
Section 4 presents the measurement results and discussion. Finally, a conclusion is offered in Section 5.

2. Working Principle and Device Design

In this study, we implemented a PTC-based thermal oscillator by employing the characteristic
of the reversible rapid resistivity change of PTC composites due to temperature variation. Figure 1a
shows a schematic and the exploded view of the proposed oscillator device. The device consists
of a microheater, a PTC composite temperature sensor, and a C-shaped planar heat sink. All three
components are implemented on a glass substrate.

An electrothermal microheater made of a Ti/Au layer acts as a heat source, which heats the PTC
composite by heat conduction. The PTC composite film, which is laid on the interdigital electrodes,
senses the changes in resistance in response to temperature changes. In addition, the glass substrate
provides the main heat conduction path between the microheater and the PTC temperature sensor.
The C-shaped heat sink surrounding the sensor is used to improve the temperature uniformity around
the PTC composite film for speeding up the cooling process.

Figure 1b shows the typical resistance—temperature characteristic of acrylate PTC materials.
The temperature dependence before the melting point (T),) is weak. However, a strong increase of
a few orders of magnitude in resistivity is observed around T,. This behavior is repetitive, and the
resistivity returns to almost the same value after a heating/cooling cycle. In addition, the hysteresis
effect of the acrylate-based PTC material is essentially insignificant [19].

Figure 1c shows an equivalent circuit diagram of the DC-driven thermal oscillator using the PTC
material. V; is the total voltage across the PTC temperature sensor (Rprc) and the divider resistor
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(Rgiv)-Vy is a fixed DC voltage applied to the microheater (Rj). A MOSFET (IRF3205) was used to
switch the microheater on and off.
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Figure 1. [llustration of the proposed DC-driven oscillator device. (a) Schematic of the thermal oscillator.
(b) Resistivity—temperature characteristic of positive temperature coefficient (PTC) materials. (c) The
circuit diagram. (d) Illustration of the self-switching on—off phenomenon.

Figure 1d illustrates the temperature oscillation induced by PTC composite because of its rapid
resistivity change due to temperature.

As the heater turns on, the temperature of the PTC composite increases. Additionally,
Rprc increases with the elevated temperature, which results in a decrease in V;,, which is the
gate-to-source voltage of the MOSFET. Once the V;, drops below the threshold voltage of the MOSFET,
the MOSFET switches to the cut-off region. Consequently, the microheater turns off, and the system
therefore cools down. As the temperature of the PTC composite decreases, its resistance also decreases
significantly, which, in turn, increases V ;. The heating process starts again as the MOSFET switches
to the saturation region because the voltage across Ry, (i.e., V) exceeds the threshold voltage of
the MOSFET.

3. Device Fabrication

The synthesis process for acrylate-based PTC composites is illustrated in Figure 2. The PTC
material used in the thermal oscillator was realized by dispersing the graphite (the conductive filler)
with a semi-crystalline acrylate copolymer (the matrix). The preparation of the PTC composite
was as follows. A semi-crystalline acrylate copolymer was fabricated by polymerizing two acrylate
monomers with different alkyl side-chain lengths (20 mol% butyl acrylate (BA) and 80 mol% octadecyl
acrylate (OA)), which was dispersed with 1.0 wt% 2,2-bis(hydroxymethyl)propionic acid (DMPA).
Then, the copolymer was dissolved in an additional 100 wt% tetrahydrofuran (THF). The solution
was thoroughly stirred using a magnetic stirrer for 1 h. Polymerization was carried out via exposure
to 365 nm UV light (UVL-28EL series, 4 W) for 1 d. The synthesized semi-crystalline copolymer was
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mixed with graphite particles (2-3 pm in diameter) at 25 wt% using a magnetic stirrer. The organic
solvent was then removed under vacuum in a desiccator for 1 d. Figure 3 shows the SEM images of the
prepared PTC composite dispersed with graphite particles.
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Figure 2. Preparation of the PTC composite.
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Figure 3. SEM images of the prepared acrylate PTC composite.

Figure 4 details the steps of the fabrication process of the proposed thermal oscillator. First,
a photoresist (AZ 1518; MicroChem Co.) was spin coated at 4000 rpm on a glass wafer (Figure 4a) and
patterned (Figure 4b,c). A Ti/Au layer was then deposited (Figure 4d) and patterned by a lift-off process
(Figure 4e). The thicknesses of the titanium layer and the gold layer were 300 A and 3000 A, respectively.
A polyimide film was laid around the interdigital electrode with a 55 pm-thick, 3 mm-diameter punched
circular hole (Figure 4f). Then, the PTC composite was preheated and spin coated onto the interdigital
electrodes (Figure 4g). Note that, during the process of spin coating the PTC composite, the PTC
composite was preheated on a hot plate at 60 °C, which was much higher than the T}, to ensure that the
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composite was in a colloidal state and would therefore easily be filled into the polyimide circular hole.
Finally, the PTC composite was encapsulated by using a polyimide tape as a top cover (Figure 4h).
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Figure 4. Fabrication process for the proposed thermal oscillator.

Figure 5 shows the pictures of the fabricated devices. Figure 5a shows the glass substrate
patterned with the microheater, interdigital electrode, and the C-shaped heat sink. The resistance
of the microheater is approximately 25 (). The distance between the center of the heater and the
center of the interdigital electrodes is 4 mm. The pitch between each interdigital electrode is 0.25 mm.
The assembled thermal oscillator is shown in Figure 5b.

(b)

Figure 5. Fabrication results. (a) The bottom layer. (b) Assembled DC-driven thermal oscillator.

4. Measurement Results and Discussion

4.1. Transient Behaviors

Figure 6a illustrates the experimental setup for measuring the behaviors of the proposed thermal
oscillator. In order to carefully control the boundary temperature for better characterization, the device
was mounted on a thermoelectric cooler (TEC1-12706, Hebei I.T. Co.). The hot side of the thermoelectric
cooler was water-cooled. The temperature of the cold side of the cooler could be adjusted by the
applied voltage.

Three K-type thermocouples were used to measure the temperatures at the regions close to the PTC
composite sensor (Tprc), the heater (T}), and the cold side of the thermoelectric cooler (T¢), respectively.
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Figure 6. (a) Illustration of experimental setup. (b) Measurement of the thermal oscillator with
thermocouples and cooler.

The outputs of the thermocouples were acquired by a temperature input module (NI-9212,
National Instruments Co.). The voltage drop across the divider resistor (V;;,) was measured by a
data acquisition device (USB-6341, National Instruments Co.). By using Figure 1c, Rprc can be easily
evaluated because Vs, Ry, and Vi, are given values. Figure 6b shows a photo of the measurement of
the thermal oscillator with the thermocouples and cooler.

The initial resistances of the PTC composite sensor (Rprc_i,;) and the microheaters (at 25 °C) were
measured by using a multimeter. To confirm the fabrication reproducibility of the thermal oscillator,
these measurements were repeated for two other PTC composite sensors and two microheaters from
separate batches of fabrication. The results show that the initial resistances of the PTC composite
sensors range from 310 () to 450 (), and the resistances of microheaters range from 24 () to 26 ().

The resistance vs. temperature curves for the devices with PTC films of different OA concentrations
are shown in Figure 7. The graphite concentration was fixed at 25 wt%. Obviously, the resistivity
of the material remained almost constant in the low-temperature region, but suddenly began to
increase sharply when the temperature exceeded its T;,. In addition, as shown in Figure 7, the T, of
acrylate-based PTC materials is a strong function of OA concentration.
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Figure 7. Thermal response of acrylate PTC composites.

A PTC material with a T, lower than room temperature must be cooled to below room temperature
in order to make a semicrystalline-to-amorphous transition, although heating is not required to make
an amorphous-to-semicrystalline transition. On the other hand, a PTC material with a T, higher

than room temperature can reach semicrystalline-to-amorphous transition with the assistance of the
environment’s temperature.
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It is quite simple to implement microheaters with other MEMS components monolithically,
while active cooling devices are usually either bulky or difficult to integrate. Therefore, in order to
avoid using an external highly efficient cooler, a PTC material with 80 mol% OA was chosen for the
studies in the subsequent experiments.

Figure 8 shows the typical transient behavior of the proposed device with three consecutive cycles.
Vi, and Vs were 8.5V and 7'V, respectively. T, was 25 °C, and Ry, was 400 (). As the device reached
periodical steady state, T}, oscillated from 40.7 °C to 92.5 °C. The temperature behaviors of the PTC
temperature sensor lagged behind that of the heater by about 1/5 of a period, and Tprc stably oscillated
between 26.8 °C to 27.6 °C. In addition, the corresponding Rprc, which was calculated by using the
given values of Vs, Ry, and Vy;y,, is also shown in the figure. The oscillation period was 12.35 s.
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s st 130& 4900 S
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Figure 8. Transient behavior of the proposed device.

A typical thermal oscillation cycle with a period (f,cle) of 10.55 s is shown in Figure 9. The rising
time (t,isc) and the falling time (fz;) are defined as the time interval from the lowest temperature to the
highest temperature and that from the highest temperature to the lowest temperature, respectively.
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Figure 9. Illustration of a typical heat cycle.

We also studied the repeatability and drift of the proposed device by measuring the long-term
transient responses for over 1000 cycles. Figure 10a represents a 1000 s (about 85 cycles) subset of the
long-term test. As shown in the figure, the amplitude of thermal oscillation is about 51.7 °C, and the
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variation between each cycle is approximately 1.5%. Additionally, the figure shows that the drift was
not obvious. These results indicate that the stability of the thermal oscillator was reasonably good.
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Figure 10. The results of long-term tests for a 1000 s subset of the 7200 s duration test. (a) Result of Tj,.
(b) Result of V;,,. (c) Result of Rprc.

Figure 10b—c show the measured V;;, and the calculated Rprc. It was observed that the phase
transition of the PTC thermal sensor on the proposed thermal oscillator was accurately controlled for
this long-term repeatability testing.

4.2. Discussions on Divider Resistance and Active Cooling

Figure 11 shows the relationship between the average maximum/minimum temperatures in an
oscillation cycle and the R, varied from 400 Q) to 2100 Q). Note that the initial resistance of the PTC
composite sensor at room temperature is about 400 (). By adjusting V5, the initial gate-to-source voltage
(at 25 °C) of the MOSFET can be maintained at 4.2 V, which is slightly above the threshold voltage of
the MOSFET to ensure that the MOSFET is in the saturation region at the beginning of the heating.
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Figure 11. Relationship between the average maximum/minimum temperatures and the Ry,
varied from 400 Q) to 2100 Q).

As shown in the figure, the minimum and maximum temperatures of each cycle increase as Rj,
increases. The explanation is as follows. As Ry;, is relatively small (e.g., around Rprc—ini, or 400 Q2),
a minor increase in Rprc during heating can significantly decrease V ;,, which rapidly switches the
MOSFET from the saturation region to the cut-off region. Therefore, the heating time is relatively short,
which results in less heating, and the minimum and maximum temperatures are therefore relatively
lower. As Ry;, increases, the required change in Rprc for reducing V3, to the value below the MOSFET
threshold voltage becomes larger, and, therefore, a longer heating time is required, and the minimum
and maximum temperatures become higher.

Figure 12 shows the minimum heating voltages (V}_pyn) required to initialize oscillation for

different Ry;,. The conditions of the measurement are the same as those in Figure 11. As shown in
Figure 12, Vj,_ i increases with Ry;,,. This is because a relatively larger Ry;, requires a larger ARprc to

turn off the heater, which requires greater temperature variation on the PTC material, and therefore the
required heating voltage (V) becomes larger.
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Figure 12. The minimum V), for initializing oscillation at different R ;.

Figures 13 and 14 show the effects of cooling by using a thermoelectric cooler. The relationships
of t fann and tyise vs. T are shown in Figure 13. Both relationships are quite linear. As T, decreases,
the active cooling effect will be enhanced, and, therefore, t7,; decreases. Simultaneously, t,;s, will
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increase because more heating is required. However, it is worth mentioning that the absolute value of
the slopes of £ ¢ vs. T is larger than that of ¢,j5, vs. T¢. This phenomenon leads to the results shown in
Figure 14, which indicate that ¢, decreases as T, decreases.
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Figure 13. Measured rising time and falling time at different cooling temperatures.

14

/§/%
1nr §/§
/

g

9 L A L L L L A
12 14 16 18 20 22 24 26 28

T (°C)

tcr('/e ( S)

Figure 14. Measured period at different cooling temperatures.
5. Conclusions

In this paper, the development of a DC-driven electrothermal oscillator using an ultra-sensitive
temperature-sensing acrylate composite is presented. The device consists of a microfabricated heater
and an acrylate-based PTC composite temperature sensor. The oscillation of the device is enabled
by the microheater self-switching on and off using the temperature sensor. The acrylate-based PTC
composite was prepared by mixing a semi-crystalline acrylate copolymer with graphite particles.
Fabricated PTC composites with different concentrations of OA were characterized. The measured
results showed that the acrylate-copolymer-based sensor exhibited a resistance variation of about four
orders of magnitude over a small temperature range of only 1.5 °C. Significant differences in resistance
were also observed for PTC composites with different OA concentrations. The transient behaviors of
different devices were also measured. Long-term stable temperature oscillation was observed, which
indicates that the phase transition of the PTC material can be precisely controlled.
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