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Abstract: Thin-film thermoelectric generators are not widely used mainly because it is difficult to
provide a temperature difference (AT) within the generators. To solve this problem, in our previous
study, we prepared slope-type thin-film thermoelectric generators (STTEGs) using electrodeposition
and transferred processes. A thin-film generator including n-type BipTez and p-type SbyTes thin films
was attached on slope blocks made of polydimethylsiloxane. In this study, the slope angle of STTEGs
was optimized based on experimental results and computational analyses using computational fluid
dynamics (CFD). With the increase in the slope angle, the AT began increasing and became saturated
at a slope angle of 58°, and this trend was also confirmed by experimental measurements. When
the heat source temperature was set at 65 °C, the AT computationally reached 26 K at a slope angle
of 58°, and the maximum output power was 46.1 nW. Therefore, we demonstrated that the highest
performance of STTEGs with an optimal slope angle can be estimated by combining the experimental
results and computational analyses.

Keywords: electrodeposition; transfer process; slope-type thin-film thermoelectric generators; slope
angle; computational fluid dynamics

1. Introduction

Thermoelectric generators are increasingly being viewed as promising energy harvesting devices
due to the significant increase in awareness surrounding environmental protection and energy
conservation [1-3]. This is because thermoelectric generators directly convert thermal energy to
electrical energy, with no moving parts, while producing a low amount of noise. Thermoelectric
generators contain several p-type and n-type semiconductor couples connected using metal electrodes.
Electrical power is generated by the temperature difference between the two sides of the generator.
The applications of thermoelectric generators, such as in automobiles, stoves, and industrial power
plants, have prominently increased in the recent past [4-7]. Furthermore, with the advancement in
Internet of Things (IoT) technology, the focus on miniaturizing thermoelectric generators has increased
due to the extensive use of power sources for portable/mobile electronic devices and sensor network
nodes [8-11].

There are two main types of thermoelectric generators, namely bulk- and thin-film thermoelectric
generators. In bulk thermoelectric generators, block-like sintered thermoelectric legs of p-type and
n-type semiconductors are connected using metal electrodes, and they are sandwiched between

Coatings 2020, 10, 214; doi:10.3390/coatings10030214 www.mdpi.com/journal/coatings


http://www.mdpi.com/journal/coatings
http://www.mdpi.com
https://orcid.org/0000-0001-7041-6595
http://dx.doi.org/10.3390/coatings10030214
http://www.mdpi.com/journal/coatings
https://www.mdpi.com/2079-6412/10/3/214?type=check_update&version=2

Coatings 2020, 10, 214 2 0of 10

two insulating rigid substrates [12-15]. Due to their relatively large size and high output power,
bulk thermoelectric generators are mainly used in automobiles, stoves, and industrial power plants,
as mentioned above. Conversely, in the structure of thin-film thermoelectric generators, strip-like
thermoelectric legs of p-type and n-type semiconductors are connected with thin metal electrodes and
are patterned on an insulating substrate [16-19]. Moreover, thin-film thermoelectric generators can be
formed on flexible substrates [20-23]. Although they cannot easily produce a large amount of output
power, it is possible to install them in almost any place, including bent and narrow spaces. Therefore,
thin-film thermoelectric generators may be used as power sources in portable and mobile electronic
devices and sensor network nodes.

In thermoelectric materials, bismuth-telluride-based alloys are the most favorable materials for
IoT applications because they exhibit the highest thermoelectric performance near 300 K [24-26].
Therefore, although bismuth-telluride-based alloys were developed in the 1950s [27,28], they are still
being actively researched [29-32].

In the performance of thermoelectric generators, the energy conversion efficiency 1 is expressed
using Equation (1) [33]:

B VI+ZTy -1 )
=1 I+ ZTy + T/ T;

where 1. is the Carnot efficiency, Tps = (Tj,+T¢)/2 is the mean temperature, and T; and T, denote the
temperature of the hot and cold sides, respectively. ZT), is the dimensionless figure-of-merit, which is
described as ZTy; = 6S?Tj/k, where o is the electrical conductivity, S is the Seebeck coefficient, and x
is the thermal conductivity. In addition, the power factor, defined as 0S?, is occasionally used as an
alternative to ZT) for the evaluation of material performance. Therefore, the conversion efficiency

of the generators depends on ZT); as well as the cold and hot side temperatures, which are strongly
influenced by the design of the generators.

In bulk thermoelectric generators, several researchers have investigated their design to
efficiently create temperature differences in the generators based on experimental and computational
approaches [34-37]. Conversely, the investigation of thin-film thermoelectric generators is not as
active when compared to bulk thermoelectric generators even though they are expected to be used
as power supplies in IoT applications. This is because it is difficult to create temperature differences
in thin-film thermoelectric generators. In order to overcome these drawbacks, various proposals to
prepare thin-film generators, using experimental approaches in which the heat transfers along the
surface direction of the thermoelectric (TE) legs, are in progress [38—40]. However, the computational
approach to optimizing the design of thin-film thermoelectric generators is very limited.

In our previous studies, we fabricated a slope-type thin-film generator (STTEG) [41],
and temperature differences were produced in the STTEG by placing them on a lower thermal
conductive material by tilting them towards a heat source [42]. To optimize the design of STTEGs
with high performance, it is necessary to evaluate the temperature distribution in the STTEGs over a
wide range of setting conditions. In this study, based on our experimental measurement of STTEGs’
temperature, the temperature distribution in STTEGs is calculated when they are put on a heat source
with changing slope angles. The computations on a steady three-dimensional model are performed
with a finite volume method using computational fluid dynamics (CFD). Finally, the thermoelectric
performances of STTEGs are evaluated by changing the slope angles, and the optimal slope angle
is determined.

2. Experimental Setup

In this study, we used the STTEGs that were fabricated in our previous study [42]. In brief, n-type
BiTe; and p-type Sb,Tes thin films were prepared on a stainless-steel substrate using potentiostatic
electrodeposition and a standard three-electrode cell. Figure 1 shows the photographs of a typical
STTEG with a slope angle of 18°. The STTEG mainly consists of two parts. In Figure 1a, the first part
is a thin-film thermoelectric generator fabricated using electrodeposition and a transfer process [41].
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The generator is composed of two pairs of n-type Bi,Tes and p-type Sb,Te; films with a length of
25 mm and a width of 6 mm, and these films are connected with silver pastes. The thickness of both
types of the thin films is approximately 1 um. The properties of the n- and p-type thin films and the
STTEG are presented in Table 1 [42]. The second part is a slope block made of polydimethylsiloxane
(PDMS) using a three-dimensional printer (Figure 1b). The PDMS was selected as the material for
making the slope block because it possesses a relatively low thermal conductivity (0.18 W/(m-K)) and
flexibility. Five types of slope blocks with rectangular-triangle shapes were prepared. The slope angle
was varied from 8° to 28° by adjusting the height of the slope blocks while the depth and width of the
slope blocks were fixed at 30 mm each. The thin-film thermoelectric generator was attached on the
slope block using a heat conductive silicone grease and metal electrodes were connected to both the
ends (Figure 1c). Note that the generator is detachable; the same generator can be assembled with five
types of slope blocks at different slope angles.

Electrodes

Bi,Te; film b, Te, film

=

(a) (b)

Figure 1. Photographs of a typical slope-type thin-film thermoelectric generator (STTEG) with a slope
angle of 18°. (a) Thin film generator, (b) slope block, and (c) STTEG.

Table 1. Properties of n- and p- type thin films and the STTEG [42].

S Thickness R Rtotul Rfi Im Reontact
(LV/K) (um) (©Q)/Square) (9)) ) ((9))
N-type film -80 31 6 - - ;
P-type film 100 41 12 - - -
STTEG - - - 700 120 580

3. Computational Modeling

To compute the temperature distribution in the STTEG by putting it on a heat source, a steady
three-dimensional model based on CFD was employed. Figure 2 shows the schematic diagram of
a STTEG system used for the calculations. Ideally, the thin-film thermoelectric generator should be
attached on a PDMS slope. However, to simplify the model, the temperature distribution of only the
PDMS slope was estimated without the thin-film thermoelectric generator because the volume and heat
capacity of the PDMS slope were significantly larger than those of the thin-film thermoelectric generator.
The heat and mass transfer in the models of the PDMS slope and air atmosphere were governed in a
three-dimensional model expressing the conservation of mass, momentum, and energy. A turbulence
model was used as a standard k-¢ model for compressible fluids. Region A (wall top) is the outlet of air.
Region B (wall side) is the wall where air flows inwards and outwards. Region C (wall bottom) is the
outlet of air. The temperature of the contact surface between Region D (wall PDMS) and Region E (wall
Peltier) was constant at 65 °C, and the contact surface between PDMS and air was a stationary wall.
The computations on the steady three-dimensional model with an unstructured grid were performed
with a finite volume method using the commercial CFD-code SCRYU/Tetra V14. Table 2 presents the
physical properties of the gas and material used in the calculations. The temperature distributions
were calculated when the slope angle was varied from 8° to 68°.
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Figure 2. Analysis model of polydimethylsiloxane (PDMS) slope and analysis domain.

Table 2. Properties of gas and material.

Gas (Air) PDMS
Coefficient of value expansion (1/K) 0.003411 -
Density (kg/m?) 1.206 1030
Temperature (°C) 20 -
Coefficient of viscosity (Pa-s) 1.83 x 107° -
Specific heat capacity (J/(kg-K)) 1007 1100
Thermal conductivity (W/(m-K)) 0.0256 0.18

4. Results and Discussion

4.1. Temperature Distribution of STTEGs by Experimental Measurement

To estimate the temperature distribution of the STTEG, it was put on the Peltier module, and the
surface temperature of the Peltier module was maintained at 65 °C. The temperatures of the STTEGs
at hot and cold sides were measured using two K-type thermocouples. The measurement position
on the hot side was 2 mm from the bottom center of the STTEG, and that on the cold side was 2 mm
from the top center. Figure 3 shows the temperature differences between the hot and cold sides of
the STTEGs at different slope angles. The time changes of temperature differences in the STTEGs are
shown in Figure 3a. The STTEGs with all slope angles exhibited the largest temperature difference at
5 min because the heat flow did not sufficiently reach the cold side due to the low thermal conductivity
of the PDMS. Thereafter, the temperature differences in the STTEGs with all slope angles decreased
and saturated after 20 min. Thus, we demonstrated that stable temperature differences were achieved
in the STTEG system with all of the slope angles in this study. In Figure 3b, the relationship between
the temperature difference and slope angle is presented. The temperature difference is the averaged
value in the stable region from 20 to 60 min. The temperature difference linearly increased with the
slope angle. The deviation between the experimental results and linear fitting was approximately +6%.
The maximum temperature difference was 17 K at a slope angle of 28°.
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Figure 3. (a) Time change of temperature difference in STTEGs with different slope angles and
(b) relationship between temperature difference and slope angle.

4.2. Temperature Distribution of STTEGs by Numerical Analysis

A typical result of a numerical analysis presenting the temperature distribution of the PDMS
slope and the air velocity vector at a slope angle of 28° is shown in Figure 4. The surface color of
the PDMS slope and arrow represents the temperature distribution and vector of flow velocity in the
x-axis section, respectively. The flow velocity tended to be faster above the top of the PDMS slope,
indicating that heat dissipation occurred near the top of the slope. The surface temperature of the
PDMS slope tended to decrease on increasing the distance from the heat source part (Region E in
Figure 3). The temperature distributions on the surface of the PDMS slopes at different slope angles
are shown in Figure 5a. At a slope angle of 8°, the area with the temperature over 60 °C occupied the
maximum slope surface. When the slope angle increased, an area with a lower temperature was seen
near the top of the slope. No irregular temperature unevenness was observed for all of the slopes.
In Figure 5b, the temperature differences observed in the computational analyses and the experimental
measurements are compared with those in Figure 3b, where the temperature measurement positions
were the same in both cases. The calculated temperature difference was approximately 16% higher than
that obtained in the experimental measurements. This is possibly because the numerical analysis was
performed under ideal conditions where air at a constant temperature was supplied into the analysis
area. As a result, the cooling effect of the low-temperature part of PDMS was promoted by its steady
natural convection, which was apparent in the model of the lower slope angle. The trends between the
slope angle and the temperature difference were similar in both cases. Therefore, we concluded that a
computational model that reproduced the experimental results was created.

Figure 6 shows the temperature differences in the PDMS slopes that were calculated at slope
angles higher than 28° using the created calculation model. According to the calculation results,
the temperature difference (AT) increased linearly up to the slope angle of 40° on increasing the slope
angle, and then saturated at the slope angle of 58°. The appearance of this saturation can be explained
as follows: when the thermal resistance increased on increasing the distance from the heat source to the
cold side, the temperature of the cold side reached 20 °C (ambient temperature) at a slope angle of 58°,
as described in the inset of Figure 6. In order to evaluate the validity of the calculation results, a PDMS
slope block with an angle of 58° was fabricated, and then we measured the temperature difference.
As a result, the experimentally measured temperature difference was 24 K, which was only 8% lower
than the calculated value at the corresponding angle. Therefore, we may conclude that the calculation
model in this study obtained sufficient accuracy even though the slope angle was higher than 28°.
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Figure 4. Temperature distribution of PDMS and the air velocity vector at a slope angle of 28°.
The velocity vector and temperature of each color bar range from 0.0 to 0.2 m/s and from 20 to

65 °C, respectively.
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Figure 5. (a) Temperature distribution in the surface of PDMS slopes with different slope angles and
(b) slope angle dependence on the temperature difference in the PDMS slope.
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Figure 6. Calculated temperature difference in the PDMS slope at higher slope angles.
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4.3. Thermoelectric Performance of STTEGs

Figure 7 shows the thermoelectric performance of STTEGs as a function of slope angle. In this
study, we assumed that the length of the STTEGs increased as the slope angle was increased. This is
because the length of the slope increased as the slope angle increased, as described in the inset of
Figure 6. The relationship between the open circuit voltage (V) and the slope angle is shown in
Figure 7a. The V. is independent of the length of the STTEGs. The experimentally measured V. is
presented from 8° to 28°. In this range of angles, the measured V. linearly increased as the slope angle
increased. The maximum measured V,. was 8.1 mV at the slope angle of 28°. Based on the measured
values, the V, was calculated at the angles from 8° to 68°. For higher slope angles, we did not calculate
Voc because the temperature difference became saturated, as shown in Figure 6. The values of V,./AT
using the experimentally measured V. and AT were estimated at five angles from 8° to 28°. The five
values of V,./AT were then averaged, and the V. that was estimated based on the averaged V,./AT
and the calculated AT is shown in Figure 6. We assumed that the thermoelectric properties of p- and
n-type thin films were not changed in the entire region during this study. The average error between
the experimental and theoretical values at the slope angles from 8° to 28° was approximately 20%.
When the slope angle was increased up to 28°, the V. increased and then became saturated at slope
angles higher than 58°. The calculated maximum V,. was 12.2 mV at the angle of 58°. Therefore, when
the heat source temperature was set at 65 °C, STTEGs can produce the V. of 12.2 mV by optimizing the
slope angle. To further increase the V,, it is necessary to increase the number of p—n pairs of thin films.
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Figure 7. Thermoelectric performance of STTEGs as a function of slope angle. (a) Open circuit voltage
and (b) maximum output power.
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The relationship between the slope angle and the maximum output power (Py4y) is presented
in Figure 7b. The Py is expressed as Py = Voc2/4R o101, Where Ryy is the total resistance of the
STTEG, including the resistance of the thin film and contact resistance. The measured Ryy;; was 700 (),
which is the sum of 580 () from the film resistance and 120 () from the contact resistance, as presented
in Table 1. We assumed that the Ry, varied as the slope angle increased because the resistance of
the films increased due to the increase in the film’s length while the contact resistance was constant,
as shown in the inset of Figure 7b. The experimentally measured P,y values were between 8° and 28°,
and the highest measured P, was 22.6 nW at a slope of 28°. This Py was insufficient to drive the
various sensors. For example, sensors for ammonia vapor in ambient air require an electrical power of
approximately 50 nW [43]. The comparison of the experimental and theoretical results shows a similar
trend for the slope angle’s dependence of Py,;.c. When the slope angle was increased above 28°, the P,y
increased and then peaked at the slope angle of 58°. The calculated value of Py, was 46.1 nW at an
angle of 58°. This value is approximately 2 times higher than the highest value of the experimental
results, and was close to the power that could drive ammonia vapor sensors [43]. For further increases
in the slope angle, the value of P, decreased because the resistance of the STTEG increased but
the temperature difference was comparable to that at 58°. Therefore, we can efficiently estimate the
maximum performance of an STTEG with an optimal slope angle by combining a small number of
experimental results and the calculated temperatures of the STTEGs by CFD. To further improve the
performance of STTEGs, reliable approaches, such as an increase in film thickness, as well as a decrease
in contact resistance, are required.

5. Conclusions

STTEGs were prepared with slope angles from 8° to 28°. When the heat source temperature
was maintained at 65 °C, the highest thermoelectric performance of the STTEG was V,c = 122 mV
and Pjqx = 22.6 nW at the slope angle of 28°. To investigate the potential performance of the STTEG,
the temperature distribution in the STTEGs was calculated using CFD at slope angles above 28° based
on the experimentally measured temperatures. It was found that the temperature difference between
the cold and hot sides reached 26 K at a slope angle of 58°, and the temperature difference was almost
constant upon further increasing the slope angle. As a result, the STTEGs achieved a P of 46.1 nW,
which was approximately 2 times higher than the highest value obtained through experimentation.
However, this result was still lower than the value of thin-film generators with a large number of p-n
pairs [17]. Therefore, to further improve the performance of STTEGs, we plan to increase the number
of p—n pairs while the contact resistance is minimized.
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