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Abstract. Optimizing the structure and material combination of thermoelectric power generators
(TEGs) is essential to their efficiency. In order to develop an efficient TEG based on an oxide
semiconductor, we theoretically simulated the power output of a TEG based on potential oxide
semiconductors (Zn0O, TiO;, and CuO) combined with electrode materials (Au, Ag, Cu, graphene,
graphite, ITO, IZ0O, and AZO), and determined the influence of this material combination on the TEG’s
power output. In this study, the power output was evaluated from simulated heat distribution and
output voltage of a single leg and thermopiles using a simulator. The combination of ZnO and
graphene showed the highest power output. This is likely due to the high thermal conductivity of
graphene which allowed a high temperature difference in the ZnO. Moreover, the power output
increased with decreasing electrode thickness, which allowed high output voltage to be generated
by the thermoelectric material. The power density of the TEG consisting of several thermopiles
based on ZnO and graphene materials was 29 mW/cm?2, which was comparable with that of the
reported TEG consisting of Te-based materials. Thus, a TEG based on oxide semiconductor materials
could be developed to reduce the use of harmful thermoelectric materials.

Keywords: Electrode; Oxide semiconductor; Thermoelectric material; Thermoelectric power
generator

1. Introduction

The increased demand for electricity has caused major environmental issues, such as
resource depletion, pollution, and climate change, due to the use of conventional electrical
power generation. These issues have encouraged researchers to develop alternative
technologies that use renewable and clean energy resources when generating electricity.
Of these, thermoelectric technology is one of the best at directly converting clean energy
resources into electricity. Thermoelectric power generators (TEGs) apply thermoelectric
effects to directly convert waste heat into electricity, and many researchers have focused
on their development due to their known advantages, such as a long lifespan, noiselessness,
and low maintenance needs (Musiat et al.,, 2016). However, the thermoelectric conversion
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efficiency of TEGs is still low compared to other clean technologies, such as solar cells.
Moreover, most commercial TEGs are fabricated using rare and harmful materials, such as
Bi2Tes and PbTe. Thus, developing an efficient TEG using a low-cost, simple fabrication
process and environmentally friendly materials is important.

The introduction of nanostructure, optimization of TEG structure, and formulation of
new thermoelectric materials are approaches that have been used by researchers to
improve the power output of TEGs. Specifically, Te-based thermoelectric materials have
shown improvements in power output when applied to TEGs. Thus, commercialized TEGs
are mostly based on these materials due to their high power output. They generate a power
density of a few mW/cm? under temperature differences of a few tens to hundreds Kelvin in
low-temperature application regions (Narducci, 2019). In contrast, oxide materials are
abundant, low cost, non-toxic, and chemically stable at high temperatures, which makes
them ideal materials for fabricating TEGs (Vieira etal.,, 2021). Thus, a number of researchers
have reported the used of oxide materials for realizing an efficient TEG. For example,
Matsubara fabricated a TEG based on Cao.92La0.0sMnO3 and Caz2.75Gdo.2sC0409 as n- and p-type
thermoelectric legs, respectively, and they reported a power output of 21 mW/cm? at a
temperature of ~ 851 K (Matsubara et al.,, 2001). In 2018, Kanas reported a higher power
output of 23 mW/cm?2 at a much higher temperature of ~ 1173 K using a TEG fabricated with
CaMnO3-s—CaMn204 and Ca3Cos-xO9+s as the n- and p-type thermoelectric legs, respectively
(Kanas et al., 2018). These promising power output values were obtained in a high-
temperature region, showing that the oxide material is well suited for application in these
temperature regions. Therefore, clarifying the potential of oxide materials for application in
near-room-temperature regions is necessary to support current self-powered technologies
that are used in these temperature regions.

TEGs’ structure and appropriate material combination also play an important role in
improving their power output. Kanas reported an enhancement of a TEG’s power output to
28.9 mW/cm?2 by improving the p-n junction and the cell design (Kanas et al., 2020). Lim
reported a comparable power density of 93.2 mW/cm? in a TEG based on Ca3Co0409, CaMnOs3,
and (Zn)7In203 materials and found that the contact resistance between electrode materials
greatly affected the power output of the TEG in high-temperature regions (Lim et al,, 2013).
The influence of geometrical design and contact resistance on TEG performance has also
been observed in commercial TEGs based on Te materials. Ebling found that contact
resistance governs TEG performance and that performance is not increased by varying the
leglength (Eblingetal,, 2010). In a theoretical work on a TEG based on SnSe and BiosSb1.sTes,
it is also observed that the performance of TEGs can be improved by decreasing contact
resistance (Luo and Kim, 2019). Thus, clarifying the suitable combination of available oxide
semiconductors and electrode materials, as well as the influence of contact resistance and
electrode thickness on the TEG’s performance, are significantly important for formulating
an efficient TEG based on oxide materials, especially for room-temperature application
regions. Therefore, in order to clarify the best combination of potential oxide semiconductor
materials and available electrode materials for room-temperature application TEGs, this
study simulated the power output of a single-leg and thermopile-structured TEG with a
combination of ZnO, TiOz, and CuO as thermoelectric materials and Au, Ag, Cu, graphene,
graphite, ITO, IZO, and AZO as electrode materials. The influence of this material
combination on the TEG’s power output was then discussed in terms of contact resistance,
thermoelectric properties, and thickness of the electrode materials.
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2. Methods

Figure 1 shows the three-dimensional structural models used in the simulation. In
order to clarify the optimum combination of thermoelectric and electrode materials, a
single leg of a thermopile consisted of a thermoelectric material sandwiched by electrode
materials with a dimension of width x thickness x depth (W x T x D) is set, as shown in
Figure 1a. The dimension of the thermoelectric and electrode materials were set to 1.6 x
1.4 x 1.4 and 0.2 x 1.4 x 1.4 mm3, respectively. The type of material and, thermoelectric and
material properties used in the simulation are listed in Tables 1 and 2, respectively. Figure
1b shows the structure of the TEG used in the simulation, in which four thermopiles were
connected in a series using Cu. Each thermopile consisted of n- and p-type ZnO legs with
graphene as the electrode. COMSOL software was used to simulate the heat and open-circuit
voltage considering the conservation of charge and heat transfer in solids with respect to
the corresponding thermoelectric and material properties shown in Tables 1 and 2,
respectively. The partial differential heat and current equations were solved using the finite
element method. For steady-state thermoelectricity, the following governing equations
were used:

pCpu - VT +V - q=Q+ Qtea (1)

] = 6(=AV + —0oSVT) (2)

where Equations 1 and 2 represent the heat and current equations, respectively. p is the
density of material, C,, is the specific heat capacity at constant stress, u is the velocity vector
of translational motion, Q is the additional heat sources, Qted is the thermoelastic damping,
V is the electric potential, S is the Seebeck coefficient, o is the electrical conductivity, T is
the temperature, and q = - kVT, where k is the thermal conductivity. A heat source was
applied at the top electrode with a temperature of 360 K. The heat was convected to the
bottom electrode and radiated to the ambiance with a heat flux of 1000 W/m?2.

The simulated open-circuit voltage was validated through comparison with the
calculated open-circuit voltage considering the Seebeck effect of the thermoelectric and
electrode materials connected in the series. The steady-state power output was evaluated
using the following equations (Musiat et al., 2016):

[ = Voc
RL+R (1)
P=1°R (2)

where Vo is the simulated open circuit voltage, R is the total resistance of the leg, Rv is the
resistance of the load, and I is the current. The power output, P (discussed later in this
article), was assumed to be the maximum power output when R = RL.
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Figure 1 Structure of: (a) a single leg; and (b) thermopile-structured TEG
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Table 1 Thermoelectric properties of thermoelectric and electrode materials

Electrode/ Seebeck Coefficient, S Electr.lc.al Therr.nz'll
Thermoelectric Materials (nv/K) Conductivity, o Conductivity, k
(S/m) (W/mK)
Ag 1.512 6.13 x 107K 4298
Au 1.942 441 % 107K 3178
Cu 1.832 5.78 x 107k 4018
Graphene 10P 1 x 105! 4000°
Graphite —8¢ 3448.28™ 500°
ITO —104 4.7 x 10°d ~10P
1Z0 —57¢ 1.7 x 10%¢ 3.44
AZO —18f 6 x 10* 1.19°
7n0 —3508 1% 1038 378
TiO: —462h 384.611 6.30
Cu0 520! 1.51 358
Co-doped Zn0O 1477 5.88 x 10% ~37I

a(Cusack and Kendall, 1958), b(Amollo et al,, 2017), ¢(Yin et al., 2011),4(Wu et al,, 2010), ¢(Fang et al., 2010), f(Luo
et al, 2017), 8(Cheng et al.,, 2009), h(Kitagawa et al.,, 2010), {(Abinaya et al., 2020), i(Bian et al., 2004), ¥(Matula,
2009), !(Fang et al,, 2020), m(Kausar and Taherian, 2019), n(Ho et al., 2009), °(Vendra and Chrzanowska-Jeske,
2019),p(Thuau etal, 2011),9(Endoh et al,, 2011), r(Loureiro et al,, 2014),s(Hartung et al,, 2015)

Table 2 Material properties of thermoelectric and electrode materials

Specific Heat

Electrode . Relative .
Thermoelectric D/{aterials Density, p (Kg/m?) Permittivity, € Capacity, Cp
(J/Kg-K)
Ag 10490t 1 236¢1
Au 19320t 1 129¢t
Cu 8930t 1 384¢1
Graphene ~2267 6.9V 70071
Graphite ~2267 53% 838Mh!
ITO 7140 9y ~233
1Z0 5300 9y 1.069 x 107341
AZO ~5560 ~0.27 ~494
Zno ~5560 ~8.5 ~494
TiO2 4230 11431 683
Cu0 6310 18.1b1 531¢t
Co-doped Zn0O ~5560% ~8.5¢1 ~494K1

t(Kremer etal, 2012),v(Bangetal,, 2020),v(Han and Shu, 2016),%(Fangetal,, 2016),x(Hongetal, 2017),¥(Lee etal,, 2011),
z(Kinsey et al, 2015), 21(Ozaki et al, 2017), b1(Coelho et al, 2019), <I(Carvill, 1994), d1(Ashida et al, 2007),
el(Peyghambarzadeh et al,, 2013),fi(Li et al,, 2017)

3. Results and Discussion

Figure 2 shows the evaluated power output of combination of thermoelectric and
electrode materials of a single leg. The filled red circles and green squares represent the n-
type ZnO and TiOz, respectively, as the thermoelectric materials. The unfilled triangles and
circles represent the p-type ZnO (co-doped ZnO) and CuO, respectively, as the
thermoelectric materials. As seen in Figure 2a, the power output of a single leg based on n-
type ZnO was much higher than the power output of a single leg based on n-type TiOx2.
Furthermore, the power output of p-type ZnO was much higher than the p-type CuO, as
shown in Figure 2b. In general, the performance of the TEG was governed by the figure of
merit (Z), which was proportional to the square of the Seebeck coefficient and the electrical
conductivity, and inversely proportional to the thermal conductivity. Thus, Z can be
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estimated from Table 1. The Z of co-doped ZnO was four orders higher than that of CuO;
thus, one of the possible reasons for the different power output values was due to the
materials’ thermoelectric properties, which compensated for each other.
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Figure 2 Power output of combination of: (a) n-type; and (b) p-type thermoelectric and electrode
materials

Moreover, as seen in Figure 2, the power output of n- and p-type ZnO was significantly
influenced by varying the electrode material. For the n-type ZnO, the highest power output
was observed when ZnO was combined with graphene as the electrode, while the lowest
power output was observed when ZnO was combined with IZO as the electrode. The middle
power output was obtained when ZnO was combined with graphite as the electrode. The
power output was dependent on the electrode material likely because of the contact
resistance between the electrode materials and ZnO, as also observed in the conventional
TEG. By considering a series of ZnO resistance and contact resistances between the
electrode and ZnO, the contact resistances were theoretically calculated. Figure 3a shows
the theoretically calculated contact resistance for the combination of n-type ZnO with three
electrode materials (graphene, graphite, and IZ0). As seen in Figure 3a, the dependency of
contact resistance was hardly observed and was not in alignment with the tendency of
power output shown in Figure 2a. Thus, the single-leg TEG based on ZnO material was likely
not influenced by the contact resistance, in contrast to the conventional TEG mentioned
previously.

The difference in thermal conductivity of the electrode material may have influenced
the distribution of heat in ZnO, which would alter the produced open-circuit voltage. In
order to clarify this influence, the simulated temperature difference and open-circuit
voltage of the combination of n-type ZnO with the three electrode materials (graphene,
graphite, and 1Z0) was plotted (Figure 3b). As seen in Figure 3b, the highest open-circuit
voltage was obtained when combining the n-type ZnO with graphene, while the lowest
voltage was obtained when the n-type ZnO was combined with 1Z0. This was in good
agreement with the dependency of the power output on the electrode material, as shown
in Figure 2. As seen in Table 1, graphene has the highest thermal conductivity, and IZO has
the lowest thermal conductivity. Thus, a big temperature difference can be provided to the
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ZnO0 by using electrode materials with high thermal conductivity, as this will allow a higher
open-circuit voltage to be produced. In other words, high thermal conductivity of electrode
materials was appropriate for producing high power output due to the large temperature
difference allowed in ZnO. Therefore, the combination of ZnO and graphene was considered
the best condition for fabricating the thermopile for TEG based on an oxide semiconductor
material.

Contact Resistance K2)

PR 0
by !

Graphene Geaphite

Llectrode material

Figure 3 (a) Calculated contact resistance; (b) simulated temperature difference, and open circuit
voltage of ZnO combined with graphene, graphite, and IZ0 as electrode materials

Figure 4 shows the power output of n- and p-type ZnO legs with graphene as electrode
materials as a function of its thickness. The filled and unfilled red circles represent the n-
and p-type ZnO, respectively. The inset shows the magnified graph for n-type ZnO legs. As
seen in the figure, the power output of both legs decreased with increasing thickness of the
electrode; the thickness of ZnO and the temperature of the top electrode were kept
constant. Although the open-circuit voltage was not increased by increasing the thickness
of the electrode, the temperature difference in the electrode material was expected to
increase. This was further confirmed with the simulated open-circuit voltage and
temperature difference of n-type ZnO and graphene, as shown in Figure 5 and its inset,
respectively. By increasing the thickness of graphene, the open-circuit voltage was
increased due to the increase in its temperature difference, which resulted in the decrease
of the temperature difference of n-type ZnO, as shown in Figure 5. Thus, the decrease in
temperature difference of ZnO resulted in the decrease of its open-circuit voltage, and this
decrease was much larger than the increase of the open-circuit voltage of graphene due to
the difference in their Seebeck coefficients. Therefore, thin electrodes should be fabricated
to produce high power output in TEGs.

Considering the conditions discussed previously, four thermopiles were connected in
a series with graphene as the electrode with a thickness of 0.005 mm. Each thermopile
consisted of ZnO and co-doped ZnO as the n- and p-type legs, respectively, with a dimension
of 1.6x1.4x1.4 mm3, as shown in Figure 1b. These thermopiles were modeled for
comparison with conventional TEGs. Figure 6 shows the simulated power density of the
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modeled TEG, as well as that of the reported conventional TEG based on Te materials
(TEGMART; TECTEG; European Thermodynamics). The power density of the proposed TEG
was evaluated at a temperature difference of 120 K, and the reported A, B, and C TEGs were
evaluated at 300, 270, and 75 K, respectively, in low-temperature application regions. As
seen in Figure 6, the proposed TEG based on ZnO materials was comparable to the
conventional TEGs. Therefore, oxide materials have the potential for application as
thermoelectric materials in TEGs with proper electrode material combination and
structure.
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Figure 4 Power output of n- and p-type ZnO legs as a function of graphene electrode thickness. The
inset shows the magnified graph for n-type ZnO
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Figure 5 Simulated temperature difference and open-circuit voltage of n-type ZnO as a function of
graphene electrode thickness. The inset shows the simulated temperature difference and open-
circuit voltage of graphene
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Figure 6 Power density of the simulated and reported TEGs

Additionally, the introduction of nanostructure and optimized doping can further
increase the performance of TEG based on oxide semiconductor materials. Since the
fabrication processes of oxide materials are relatively simple and established, these
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materials are attractive for application in TEGs. For example, Choi reported a simple
fabrication process for fabricating high-density and well-aligned ZnO nanorods on
graphene (Choi et al., 2011). This enabled observations of the benefits of introducing
nanostructure and combining ZnO with graphene as the electrode material.

4. Conclusions

In order to propose an efficient TEG based on oxide semiconductor materials, we
demonstrated a theoretical calculation of the power output of a TEG based on oxide
semiconductors (Zn0, TiO2, and CuO) as thermoelectric materials combined with electrode
materials (Au, Ag, Cu, graphene, graphite, ITO, IZO, and AZO). The combination of n- and p-
type ZnO and graphene in the thermopile legs showed the highest power output due to the
high thermal conductivity of graphene, which allowed a high temperature difference to be
applied in ZnO. Moreover, the power output increased with decreasing thickness of the
electrode, which allowed high open-circuit voltage (thermoelectromotive force) to be
generated by ZnO. The evaluated power density of the proposed TEG based on optimized
conditions was simulated to be 29 mW/cm? at a temperature difference of 120 K, which
was comparable with the conventional TEG based on Te materials. Therefore, a TEG based
on oxide semiconductor materials could be developed to reduce the use of rare and harmful
materials in TEGs.
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