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Featured Application: The thermoelectric microgenerators converted waste heat to electrical
power and thus have a potential for application in electronic devices and microsensors.

Abstract: Manufacturing and testing of a TMG (thermoelectric microgenerator) with CNCs (carbon
nanocapsules) film fabricated utilizing a CMOS (complementary metal oxide semiconductor) technology
are investigated. The microgenerator includes a CNCs layer, thermopiles, and thermometers. CNCs,
a heat absorbing material, are coated on the microgenerator, so that the TD (temperature difference)
of HP (hot part) and CP (cold part) in the thermopiles increases, resulting in an enhancement of the
microgenerator OP (output power). Thermometers fabricated in the microgenerator are employed
to detect the HP and CP temperature in thermopiles. In order to enhance thermopiles” TD, the HP
in thermopiles was manufactured as suspension structures isolating heat dissipation, and the CP in
thermopiles was made on a silicon substrate to increase the heat sink. Experiments showed that the
microgenerator OV (output voltage) was 3.3 mV and its output power was 125 pW at TD 3 K. Voltage
and power factors of TMG were 0.71 mV/K/mm? and 9.04 pW/K?/mm?, respectively.

Keywords: thermoelectric; microgenerator; CMOS-MEMS; carbon nanocapsules

1. Introduction

A rapidly growing population results in the consumption of a large amount of energy. Nowadays,
fossil fuels are the main energy source in the world. Unfortunately, fossil fuels increase exhausts,
which cause air pollution and the greenhouse effect. After most of the energy is used, it is transformed
into waste heat, and then dissipated ambiently. If waste heat can be converted to electrical power,
it will provide more energy and reduce carbon emissions.

Micro-electro-mechanical-system (MEMS) techniques have been applied in the manufacturing
of microactuators and microdevices [1-5]. Recently, micro thermoelectric generators were developed
using MEMS technology. For instance, Zhang et al. [6] manufactured TMG using micromachining and
electroplating. Materials of thermopiles in the microgenerator were bismuth telluride and antimony
telluride because they had a high thermoelectric coefficient. Bismuth telluride and antimony telluride
that were n-type and p-type semiconductors, respectively, were deposited on a polymer substrate.
Thereby, the microgenerator had a flexible property, and its power density was 9.2 mW/cm? at TD 52 K.
Yuan [7] proposed planar TMG with an excellent thermal property. The structure of TMG contained
polysilicon-based thermopiles and a membrane, which were fabricated by periodically etching silicon

Appl. Sci. 2018, 8, 1047; d0i:10.3390/app8071047 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://www.mdpi.com/2076-3417/8/7/1047?type=check_update&version=1
http://dx.doi.org/10.3390/app8071047
http://www.mdpi.com/journal/applsci

Appl. Sci. 2018, 8, 1047 20f12

substrates. Perez-Marin et al. [8] fabricated a TMG on a silicon substrate utilizing a CMOS process.
The structure of the thermogenerator consisted of a single-crystalline silicon membrane that was
100 nm thick with n- and p-type doped thermopiles. This device had an OP density of 4.5 uW/cm? at
TD 5 K. Kouma [9] utilized micromachining to make the TMG. Thermopiles of the generator had a
high aspect ratio structure. The microgenerator had an OV factor of 0.16 V/K/cm? and an OP factor of
9.3 uW/K2/cm?. Feng et al. [10] manufactured a thermoelectric microgenerator on a glass substrate
using a single Sb doped ZnO microwire. The microgenerator had a maximum OV of 68 mV at TD 20 K.
Yamamuro [11] made flexible thin-film thermoelectric generators utilizing electroplating. Thermopiles
were constructed by n-type bismuth telluride and p-type antimony telluride, which were deposited
on a flexible substrate using electroplating, followed by a transfer process. The flexible TMG power
was 10.4 nW under TD 60 K. Hashimoto [12] developed a silicon nanowire TMG. The thermoelectric
generator was made on a silicon substrate utilizing micromachining, and the surface of the generator
was covered with silicon dioxide layers.

Many MEMS components manufactured utilizing CMOS technology are called CMOS-MEMS
devices [13-16]. Fabrication of these devices is compatible with the IC (integrated circuit) process,
so that they are able to integrate with IC on a chip [17-21]. In this study, we make a COMS-MEMS
thermoelectric microgenerator with a CNCs film. The microgenerator is a kind of CMOS-MEMS
device, and it has potential for integration with IC for application in electronic devices and sensors.
In order to enhance heat absorption at HP in thermopiles, CNCs are deposited on the surface in the
microgenerator. The HP in the thermopiles is a suspension structure isolating heat dissipation, and the
CP in thermopiles is anchored on the substrate increasing the heat sink, leading to enhancement of the
TD in thermopiles.

2. Design of Microgenerator

The TMG structure is illustrated in Figure 1. The microgenerator is constructed by thermopiles,
thermometers, and CNCs film. There are 129 thermopiles in series. Each thermopile includes n-type
and p-type polysilicon.

Hot part
Cold part

Figure 1. Thermoelectric microgenerator structure.

Figure 2 illustrates the schematic thermoelectric microgenerator cross-sectional structure. P-type
and n-type polysilicon junctions in thermopiles are designed as hot and cold parts. According to the
Seebeck effect [22], the greater the temperature difference of HP and CP in thermopiles is, the more
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increased the output voltage of the TMG becomes. To enhance the temperature difference of HP and
CP, the hot part is designed as a suspension structure to isolate heat dissipation. A stacked metal
layer with tungsten and aluminum, which covers the top of the hot part, increases heat conducting
to the hot part because metal has a higher thermal conductivity than silicon oxide. The cold part
anchors on the silicon substrate to increase heat dissipation, and a low thermal conductivity silicon
oxide layer covers the cold part to reduce heat absorption. The CNCs layer is deposited on the
surface of the microgenerator, and the layer is used to enhance heat absorption of the microgenerator.
The thermometers are arranged at HP and CP in thermopiles, and they are employed to detect the
temperature at HP and CP. The microgenerator area is 1.28 x 1.2 mm?. The length, thickness, and width
of each thermopile are 180 um, 0.2 pm, and 20 um, respectively.

heat flow
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Figure 2. Schematic thermoelectric microgenerator cross-sectional structure.

The operation mechanism of the TMG is demonstrated in Figure 2. Heat radiates to the CNCs
film and is absorbed by the film. The heat absorbed by CNCs has two conducting ways. One conducts
to the hot part through the metal layer, and the other conducts to the cold part through the thick silicon
oxide layer. The thermal conductivity of metal is better than that of silicon oxide, so the metal layer is
good for heat conducting to the hot part. The hot part that is part of the suspension structure can keep
heat well. The heat at the cold part is dissipated through the silicon substrate. Thereby, the temperature
at the hot part is higher than the temperature at the cold part, resulting in a temperature difference
between HP and CP. The output voltage of the TMG is given by [23],

Vout = n(lxn - D‘p) (T, — Tc) (1)

where n is the thermopile number, a, represents the n-type polysilicon Seebeck coefficients,
ayp represents the p-type polysilicon Seebeck coefficients, Tj, is the HP temperature, and T, is the
CP temperature. T — T represents TD between HP and CP. «;, — ap is the Seebeck coefficient
difference of n-type and p-type polysilicon. The higher the thermopile number and TD between the
HP and CP are, the more increased the microgenerator OV becomes. In this evaluation, there are
129 thermopiles and &, — «) is 8.14 uV/K. The values are substituted into Equation (1), and we obtain
the microgenerator OV. Figure 3 shows the evaluated OV of the microgenerator. The results show that
the microgenerator OV is 3.1 mV at TD 3 K.
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Figure 3. Evaluated output voltage of the microgenerator.
The output power of the TMG is given by [24],
V2
P — out 2
out 4 Rg ( )

where Ry is the microgenerator internal resistance. The output power is inversely proportional to
microgenerator internal resistance and is related to the square of its output voltage. As the microgenerator
internal resistance reduces, the microgenerator OP enhances. The internal resistance of the TMG is given

by [25],
R — (Prle 4 Prln 3)
§ \ Wpty — Wity

where p,, represents the p-type polysilicon resistivity of the thermocouple, L, is the p-type polysilicon
length of the thermocouple, t, is the p-type polysilicon thickness of the thermocouple, Wj, is the
p-type polysilicon width, p, is the n-type polysilicon resistivity of the thermocouple, L, is the n-type
polysilicon length of the thermocouple, t; is the n-type polysilicon thickness of the thermocouple,
and W, is the n-type polysilicon width. The microgenerator internal resistance is proportional to
thermopile length and resistivity, and it is inversely proportional to thermopile width and thickness.
In this microgenerator, the number of the thermopiles is 129, L, = 180 um, L, = 180 um, W, = 20
um, Wy =20 um, t, = 0.2 um, and ¢, = 0.2 um. The values are substituted into Equation (3), and we
can see that the internal resistance of the microgenerator is 21.8 k(). According to Equation (2),
the microgenerator OP is obtained using the values in Figure 3 and Ry = 21.8 k(). Figure 4 demonstrates

the evaluated output power of the microgenerator. The evaluated results reveal that the microgenerator
OPis 111 pW at TD 3 K.
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Figure 4. Evaluated output power of the microgenerator.
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The thermometer is a resistive type. The material of the thermometer is polysilicon. Length
and width of thermometer are 2925 pm and 0.3 um, respectively. Sheet resistance of polysilicon for

the thermometer is 8.3 (3/sq. The initial resistance of the thermometer at room temperature is given
by [26],
L

Rp = Rs w 4

where R; denotes the thermometer sheet resistance, L is the thermometer length, and W is the
thermometer width. The values Rs; = 8.3 (2/sq, L = 2925 um, and W = 0.3 um are substituted into
Equation (4), and we compute that the initial resistance of the thermometer at room temperature is
80.9 k(). The resistance of the thermometer with respect to temperature is given by [26],

RT = R0[1+DCT(T—T0)] (5)

where R is the thermometer initial resistance, at is the temperature coefficient of the resistor for the
thermometer, T is the temperature, and T is the initial temperature. The temperature coefficient of the
resistor of the thermometer is 0.0015/°C. The value and R = 80.9 k() are substituted into Equation (5),
and the resistance of the thermometer with respect to temperature can be yielded. Figure 5 reveals the
resistance versus temperature in the thermometer.
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Figure 5. Evaluated resistance of the thermometer.

3. Fabrication of Microgenerator

To increase the heat absorption of the thermoelectric microgenerator, a CNCs film which was a
heating absorbing material was coated on the surface of the microgenerator. The preparation of the
CNCGs film was completed as follows. Carbon nanocapsules powder of 3 g was dissolved in ethanol
with stirring, followed by mixing the solution uniformly. The slurry of CNCs was filtered, and it was
deposited on the TMG surface, followed by baking at 120 °C for 1 h. Figure 6 demonstrates a scanning
electron microscope (SEM) picture of the CNCs. Figure 7 depicts an energy dispersive spectrometer
(EDS) image of the CNCs film, where the main elements are carbon.
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Figure 6. CNCs (carbon nanocapsules) picture measured by SEM.
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Figure 7. CNCs components measured by energy dispersive spectrometer.

Figure 8 presents the thermoelectric microgenerator manufacturing flow. Taiwan Semiconductor
Manufacturing Company (TSMC) employed a CMOS process to make the microgenerator [27]. Figure 8a
illustrates the TMG cross-sectional view after completion of the CMOS process. The microgenerator
required post-CMOS processing to form the HP suspension structure in thermopiles. The post-CMOS
processing [28,29] was used to etch sacrificial layers of the microgenerator. The sacrifice layers are
silicon oxide and silicon substrate. The post-process included removing silicon oxide and silicon
substrate. As shown in Figure 8b, a photoresist was patterned by the photolithography process.
Then, anisotropic dry etching with reactive ion etching (RIE) CHF3/O, was adopted, thus removing
silicon oxide and exposing silicon substrate. As presented in Figure 8c, RIE XeF; /O, isotropic etching
was utilized to remove the substrate. The HP suspension structure in thermopiles was obtained.
A stacked metal layer with aluminum and tungsten had a higher thermal conductivity than silicon
oxide, and it was good for heat conducting to the hot part in the thermopiles. Figure 9 demonstrates
an SEM picture of the microgenerator post-CMOS process. Figure 10 demonstrates an SEM picture
of the cross-sectional view of the microgenerator. As illustrated in Figure 10, the hot part of the
microgenerator is suspended.

Finally, the CNCs heat absorption film was deposited on the microgenerator. As demonstrated
in Figure 8d, CNCs were deposited on the surface of the microgenerator utilizing a precision-control
dropper system, followed by baking at 120 °C for 1 h. Figure 11 demonstrates an SEM picture of the
microgenerator with the CNCs film.
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Figure 8. Fabrication of the microgenerator, (a) completion of CMOS process; (b) etching silicon oxide;
(c) removing substrate; (d) coating CNCs film.

Figure 9. SEM picture of the microgenerator post-CMOS processing.
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Figure 10. Cross-sectional view of the microgenerator.
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x250 WD 15.0mm 100um

Figure 11. SEM picture of the microgenerator with CNCs film.

4. Results

The thermoelectric microgenerator contained two thermometers, where one was located at
the hot part of the thermopiles and the other was located at the cold part of the thermopiles.
The thermometer was employed to detect the temperature of HP and CP in the thermopiles. A heat
chamber, a temperature detector, and a digital multimeter were used to measure the performance
of the thermometers. The thermometers were set in a heat chamber. The heat chamber gave a heat
source to the thermometers. The temperature detector calibrated the temperature in the heat chamber.
The digital multimeter recorded the resistance change of the thermometers. Figure 12 shows resistance
versus temperature in the thermometer. The results showed that the ratio of resistance and temperature
at the cold part thermometer was the same as that at the hot part thermometer.
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Figure 12. Measured resistance of the thermometers.

The TMG performance was tested utilizing a heater, a cooler, a PID (proportional integral
derivative) controller, and digital multimeters. The heater supplied heat to the microgenerator.
The cooler provided cooling to the microgenerator. The PID controller was utilized to control the heat
source of the heater and to control the function of the cooler. The digital multimeters measured the
microgenerator OV and thermometers resistance. The thermometers in the microgenerator directly
measured the TD of the cold and hot parts in the microgenerator.

To characterize the heat absorption effect of the CNCs film, the microgenerator with the
CNCs film and one without the CNCs film were tested, respectively. The microgenerator without
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the CNCs film was set on the testing system. The heat was given by heater, and cooling was
supplied by the cooler. The thermometers measured the temperature difference of HP and CP in the
microgenerator. Figure 13 reveals the measurement results of the microgenerator without the CNCs
film. Then, the microgenerator with the CNCs film was tested. Figure 13 presents the measurement
results of the microgenerator with the CNCs film. The results depicted that the temperature difference
of the microgenerator with CNCs exceeded that without CNCs at the same heat source. The CNCs

film had a heat absorption effect.

#— Without CNCs film
e With CNCs film

Temperature difference (K)
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300 350 400 450 500 550 600 650
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Figure 13. Temperature difference of the microgenerator.

The OV of the thermoelectric microgenerator with the CNCs film was tested. Figure 14 shows
the measured OV of the microgenerator with the CNCs film. The measured results showed that the
microgenerator OV was 3.3 mV at TD of 3 K. When comparing the experiment and simulation results,
the error percentage of the microgenerator OV was 6%.
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Figure 14. Measured OV of the microgenerator.

The OP of the thermoelectric microgenerator with the CNCs film can be obtained in accordance
with Equation (2). The initial resistance of the microgenerator was 21.8 k(). The measured OV as
shown in Figure 14 and the initial resistance value were substituted into Equation (2), and the OP
of the microgenerator with the CNCs film was obtained. Figure 15 depicts the measured OP of the
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microgenerator. The results showed that the microgenerator OP was 125 pW at TD 3 K. Area of the
microgenerator was 1.28 x 1.2 pm?. According to the measured OV and OP of the microgenerator with
the CNCs film, we evaluated the voltage factor and power factor of the microgenerator. The voltage
factor of the microgenerator was 0.71 mV/K/ mm?, and its power factor was 9.04 pW/ K2/mm?. Table 1
shows a list of voltage and power factors for various thermoelectric microgenerators. As depicted in
Table 1, the voltage factor and power factor of the microgenerator in this work exceed that of Kao [27],
Jo [30], Siddique [31], Peng [32], and Yeh [33].
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Figure 15. Measured OP of the microgenerator.
Table 1. Voltage factor and power factor for TMG.
TMG Voltage Factor (mV/K/mm?) Power Factor (pW/K?/mm?)
Kao [27] 0.093 6.4 x 104
Jo [30] 0.147 2.32
Siddique [31] 0.32 1.88 x 1073
Peng [32] 0.178 1.47x 1073
Yeh [33] 0.18 1.14
This work 0.71 9.04

5. Conclusions

The manufacture of a microgenerator with a CNCs film was carried out employing a
CMOS-MEMS technology. Experiments showed that the TD of thermopiles in the microgenerator with
CNCs exceeded that without a CNCs film. The CNCs film had a heat absorption effect, which enhanced
the thermopile temperature difference, so that the microgenerator output power increased. To enhance
the temperature difference of the thermopiles in the microgenerator, the hot part in the microgenerator
was etched as suspension structures. The cold part in the microgenerator was anchored on silicon
substrate and covered with a low thermal conductivity silicon dioxide layer. The post-process
employed RIE etching to form hot part suspension structures in the microgenerator and coated the
CNC:s film on the microgenerator surface. The tested results depicted that the microgenerator output
voltage was 3.3 mV and its output power was 125 pW at TD 3 K. Voltage factor of the microgenerator
was 0.71 mV/K/mm? and its power factor was 9.04 pW/ K2 /mm?. The CNCs film enhanced heat
absorption of the hot part in the microgenerator and increased the temperature difference of the
microgenerator. Comparing to the microgenerators [27,30-33] shown in Table 1, the voltage and power
factors of the microgenerator in this work exhibited a little enhancement.
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