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ABSTRACT: Thermoelectric materials capable of converting heat
into electrical energy are used in sustainable electric generators,
whose efficiency has been normally increased with incorporation of
new materials with high figure of merit (ZT) values. Because the
performance of these thermoelectric generators (TEGs) also
depends on device geometry, in this study we employ the finite
element method to determine optimized geometries for highly
efficient miniaturized TEGs. We investigated devices with similar
fill factors but with different thermoelectric leg geometries (filled
and hollow). Our results show that devices with legs of hollow
geometry are more efficient than those with filled geometry for the
same length and cross-sectional area of thermoelectric legs. This
behavior was observed for thermoelectric leg lengths smaller than
0.1 mm, where the leg shape causes a significant difference in temperature distribution along the device. It was found that for
reaching highly efficient miniaturized TEGs, one has to consider the leg geometry in addition to the thermal conductivity.
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1. INTRODUCTION _Hot side
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The search for technologies to allow humankind to harvest T ar):;;;te
energy from renewable sources is crucial to reduce global lege

. . L. 1,2 . (-]
warming and partially solve the energy crisis.”” While 7|
photovoltaic and wind power technologies are already
maturing and available in the market, the same does not r Cold side —‘
apply to technologies for harvesting heat waste. These (V)T
technologies may positively impact the energetic matrix’ Seebeck voltage
since roughly 60% of the energy obtained is wasted as heat
in industrial or domestic processes.4 This energy harvesting Figure 1. Thermoelectric generator with two thermoelectric legs. The

displacement of the charge carriers is caused by the temperature

may also be obtained with microgenerators to power wearable )
gradient.

devices, smart fabrics, and small medical gadgets, such as
pacemakers.” " In this context, thermoelectric generators
(TEGs) which transform thermal energy (heat) into electrical
energy can be used to recover part of the energy lost in heat
form.''™'® These are devices with two (or more) thermo-

terms in the thermal and electrical conductivities cancel each

2
other out, eq 1 can be written from ZT = STJT.W Because the

electric legs, one p-type and the other n-type, thermally Seebeck coefficient and electrical and thermal conductivities
connected in parallel and electrically in series, named as can depend on the temperature, this equation is not always
thermocouples.'*~'® Figure 1 shows a simplified scheme of a valid, especially with high temperature differences.'® Through-
thermoelectric generator (TEG). out this article, however, we will keep the temperature gradient

The capacity of a thermoelectric generator to convert heat not higher than 4 K, which is within the reliability of eq 1.
into electrical energy is given by the figure of merit (ZT) Since a thermoelectric generator is basically a heat engine
defined using eq 1" converting heat into electrical energy to perform work, its
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temperature between the temperature of the hot (T}) and cold
(T¢) sides, Ryqyic. is the internal electrical resistance, and Ggyice

is the thermal conductance of the device. Since the geometric
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Figure 2. (a) Scheme of TEG geometries used in the simulations. A top view of the thermoelectric leg geometries in the cases: filled (b) and hollow

(o).

efficiency is limited by the Carnot cycle efficiency, corrected by

a reducing thermoelectric factor. It can be calculated using eq
214-16,19,30
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where Ty and T are the temperatures of the hot and cold
sides, respectively. Therefore, for a fixed Ty and T, the higher
the ZT, the higher the efliciency is. It is worth mentioning that
the COMSOL’s thermoelectric module considers temperature-
dependent material parameters and the Thomson effect.
Therefore, the heat flux parameter calculated in our modeling
protocol considers the Thomson effect, validating the use of eq
2 to calculate the overall device efficiency. Several strategies
have been reported to increase the efficiency (17rg), ranging
from sznthesizing new materials to producing hybrid
devices.”*> The most common route, however, is still the
search for new materials and composites with high ZT
values.”>™*® Nonetheless, it is known that the overall device
geometry can play an important role on the properties of
electrical and thermal systems.”” ™" Of great interest here is
the optimization of the geometry of the thermoelectric legs.””
For instance, when reducing the length of the thermoelectric
legs to about 55% of their original size, there was a 10%
increase in the conversion efliciency and a 48% increase in the
output efficiency.” It is clear that longer thermoelectric legs
increase the overall thermal resistance, thus decreasing thermal
conductance. A reduction in thermal conductance is normally
desirable to ensure that the temperature difference between the
leg extremes is preserved and optimized. For automobile waste
heat recovery, Kumar et al. observed that the efficiency of
thermoelectric legs depends on their length, with optimization
of the length and filling fraction yielding a maximum output
power even reducing the amount of material used.”* On the
other hand, the longer the leg, the higher the internal
resistance is, negatively impacting the efficiency. This en
passant analysis suggests that there will be an optimal value for
the length of the devices, revealing the importance of device
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geometry to the thermoelectric efficiency. Additional strategies
are used to increase the temperature gradient without
negatively affecting other device parameters. Glatz et al
studied the thermal resistance between the thermal and
electrical contacts, suggesting that it could be optimized to
enhance the temperature gradient between the thermoelectric
legs.”” The group of Professor LeBlanc explored several leg
shapes and their influence on the power output of TEGs.
Although some of the shapes are difficult to realize
experimentally, their work confirmed the importance of leg
geometry on optimized TEGs.’>*" A thorough review on this
topic brought a compilation of results, in which device
geometries are correlated with the thermoelectric efficiency
and power output.*”

Here, we focused on understanding the influence of the
thermoelectric leg geometry on miniaturized TEG parameters.
Simulations with the thermoelectric module of COMSOL
software were carried out for two types of thermoelectric leg
geometries, as shown in Figure 2, i.e,, filled and hollow. They
had similar cross-sectional areas, and a fixed temperature
gradient was applied to the devices. The device efliciency was
calculated varying the length and cross-sectional area of the
thermoelectric legs. Our results indicate that for a leg length
smaller than 0.1 mm, its shape affects the TEG efliciency by
changing the temperature profile along the device. Further-
more, we present guidelines for constructing optimized
miniaturized TEGs, considering that the temperature distribu-
tion along the device depends not only on the thermal
conductance but also on the leg geometry.

2. MODELING

The influence of leg geometry on the TEG efficiency was
studied with two geometries for the thermoelectric legs: (a)
filled (Figure 2b) and (b) hollow (Figure 2c). The cross-
sectional area (fill factor) and length (L) were varied for both
geometries to allow for a comparison. The simulations were
performed using a device with two thermoelectric legs of p-
and n-type Bi,Te;, with electrical and thermal contacts of
copper and AlL,Oj;, respectively. The electrical and thermal

https://doi.org/10.1021/acsomega.2c07916
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Figure 3. (a) Efficiency of TEGs with filled and hollow thermoelectric leg geometries as a function of the length of the thermoelectric leg. (b)
Relative increase percentage in the TEG efficiency for the hollow compared with the filled case.
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Figure 4. (a) TGE efficiency for hollow and filled thermoelectric legs as a function of the cross-sectional area. (b) Relative increase percentage in

the TEG efliciency for the hollow compared with the filled case.

contact resistances between the thermoelectric legs and the
electrical contacts were considered in the model according to
the experimental values.’*° All the physical parameters at 300
K are summarized in Table SI in the Supporting Information.
We have used the temperature-dependent physical parameters
from the COMSOL database. Figure 2a presents the overall
scheme of the simulated TEG geometries. The calculation of
the figure of merit (ZT) requires the Seebeck coefficient (S),
thermal conductance (G), and internal resistance (R) of the
device, which were obtained using the thermoelectric module
of COMSOL software. The Seebeck coefficient and thermal
conductance were obtained simultaneously, within the same
calculation run. A temperature difference (AT = 302 — 298 =
4 K) was applied to the borders of the device (between the hot
and cold sides) to calculate the Seebeck voltage (V). The
Seebeck coeflicient was calculated by dividing the generated
Seebeck voltage by the temperature difference applied to the
device (S = V3/AT). Throughout the simulation process, the
device was considered as thermally isolated and under vacuum,
transferring heat only through thermal contact. To determine
the thermal conductance (G), the cross-sectional heat flux (¢,)
through the copper contact to the thermoelectric legs was
probed (in W/m?*). Thermal conductance was calculated using
eq3

(/)qA

AT 3)

The TEG internal electrical resistance was obtained with a
10 pA direct current feeding the device, and the electric
potential in each electrical contact (Cu) was probed. This

9366

. . . , V-V,
resistance was determined using Ohm’s law, R = =——=. Due to
1

the low electric current applied, the internal electrical
resistance was attained at 300 K, and an assumption was
made of a uniform temperature along the thermoelectric legs.
In subsidiary simulations, a temperature difference in the
thermoelectric legs was considered, but there was no
significant influence on the results (see Table S2 in the
Supporting Information). The internal resistances were
calculated assuming a temperature gradient (Tvarymg) and
without the temperature gradient (Tgyq). The difference in
resistance between the two conditions is smaller than 1.4%,
justifying the use of a fixed internal resistance. Therefore, we
assumed no change in temperature to calculate the internal
resistance, reducing the computational cost. In addition, the
steady-state analysis in all the simulations considered the heat
conduction through the thermoelectric leg, as well as the
electric potential generated by the leg due to the Seebeck
effect. Fourier’s law determines the heat conduction mentioned
above through the equation

—kVT

q (4)
where q is the conductive heat flux vector, k is the thermal
conductivity of the material, and VT is the temperature
gradient. Using the Seebeck relationship, the electric potential
at each point can be calculated, thus

E=SxVT (s)

where E is the vector of the electric field intensity, S is the
Seebeck coefficient, and T is the temperature. For further
details, we refer readers to the work by the group of Prof.
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Figure S. (a) Relative percentage increase for G, R, and S as a function of the cross-sectional area of the thermoelectric leg. (b) Temperature
difference between the thermoelectric legs and Seebeck voltage generated by the devices as a function of the cross-sectional area of the filled and
hollow geometries. (c) Temperature profile along the TEG with filled and hollow thermoelectric leg geometries. (d) Thermal conductance and
temperature difference applied to thermoelectric legs as a function of the hollow thermoelectric leg position.

LeBlanc,’® where a comprehensive summary of the main
equations and modeling procedures related to COMSOL’s
thermoelectric module is presented.

3. RESULTS AND DISCUSSION

We simulated the device efficiency for several lengths of the
thermoelectric legs with a fixed cross-sectional area of 0.19
mm? Figure 3a summarizes the results, where hollow devices
tend to have higher output efficiencies. This is better
summarized in Figure 3b, which shows the increase in the
device efficiency in the hollow geometry by calculating the
-1

Mhotow ™ ijreq

relative output efficiency 7 = 100 X . The max-

Mted

imum 7, is ca. 40% for lengths smaller than 500 nm, which
means that a simple geometry optimization already produces
outstanding results. It is worth mentioning that similar results
were obtained when simulating the same structure/geometry
with distinct materials, e.g., with PbTe, replacing Bi,Te;.
Efficiencies were calculated from the simulated results of
thermal conductance, internal electrical resistance, and
Seebeck coefficient (see Figure S1 in Supporting Information
for details).

We then kept the length of the thermoelectric legs fixed at
300 nm and simulated the thermal conductance (G), internal
resistance (R), Seebeck coefficient (S), and the figure of merit
(ZT), varying the cross-sectional area of the thermoelectric
legs. Figure 4 shows that the device efficiency increases with
decreasin% cross-sectional area, as expected from the
literature.”” Indeed, a reduction in area causes the thermal
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resistance to increase, thus optimizing the temperature
difference between the thermoelectric legs. For large areas,
the efficiency drops considerably, tending asymptotically to the
same value, regardless of the geometry. The increase in the
performance of TGEs with the hollow thermoelectric leg in
Figure 4b shows a gain of more than 98%, for areas smaller
than 0.0591 mm”.

The increase in efficiency is more prominent in the hollow
geometry at smaller cross-sectional areas (A < 0.1 mm?), which
is illustrated in Figure Sa for the relative percentage between
the geometries for all thermoelectric parameters, i.e.,
—P

Phollow filled

100 X , where p stands for thermal conductance,

hollow

G; the internal resistance is R; and the Seebeck coefficient is S.
The Seebeck coefficient (S) increases up to ca. 90% for devices
with thermoelectric leg area between 0.01 and 0.04 mm?
contributing to the increase in efficiency with the hollow
geometry. Furthermore, the internal resistance decreases for
hollow legs—reduction of approximately 20% for cross-
sectional areas smaller than 0.012 mm? influencing on the
efficiency of TEGs. In contrast, the thermal conductance has a
maximum increase of ~90% for hollow geometries for an area
of the thermoelectric leg between 0.01 and 0.04 mm?. Figure
S2 in the Supporting Information compares the absolute values
of G, R, and § for both geometries and several cross-sectional
areas.

Studying the effects from the three parameters (G, R, and S)
on the device efficiency is useful, but it does not allow us to
understand the origin of the differences caused by geometry.

https://doi.org/10.1021/acsomega.2c07916
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Figure 6. Thermal conductance (a) and temperature difference applied to the legs for TEGs (b) with filled and hollow thermoelectric legs with a
cross-sectional area of 0.0591 mm?, for several lengths of the thermoelectric legs.

Since the Seebeck coefficient depends on the Seebeck voltage
(S = V4/AT), we decided to verify the importance of the
temperature difference in the thermoelectric legs. Figure Sb
shows that the temperature differences (ATLeg) in the hollow
devices are higher than those with filled geometry, and the
same applies to the Seebeck voltage (V). This begs the
question of why the temperature difference between the
thermoelectric legs is larger for the hollow geometry if their
thermal conductance is also higher. One should expect that a
higher thermal conductance facilitates thermal equilibrium and
generates smaller temperature differences. This apparent
contradiction was resolved by investigating the temperature
profile along the device. Figure Sc shows that for a fixed
temperature difference of 4 K, the geometric differences
between the filled and hollowed legs yield a distinct
temperature distribution along the device. This increases the
temperature gradient applied to the thermoelectric legs, even
for high temperature differences, e.g,, 100 K (for details, see
Figure S3 in the Supporting Information). The results for the
two geometries are the same, though, when the leg length is
larger than 0.1, as shown in Figure S4. To explore further the
apparent contradiction between thermal conductance and
temperature difference, these parameters were simulated for
TEG with hollow thermoelectric legs (L = 300 nm and A =
0.0591 mm?), varying the position of the thermoelectric legs
from the corner to the center of the electrical contact. This also
changed the perimeter of the hollow thermoelectric leg. Figure
5d indicates that the position and perimeter of hollow
thermoelectric legs affect thermal conductance and temper-
ature difference applied to the thermoelectric legs. Both
parameters reach a maximum when the thermoelectric leg is
positioned around 0.1 mm from the corner of the electrical
contact. Also, when the hollow thermoelectric legs become
similar to filled thermoelectric legs (x,y position at 0.375 mm),
the thermal conductance is the same for the two geometries
(filled and hollow legs).

The increase in the efficiency occurs when the lengths of the
thermoelectric legs are smaller than 0.1 mm, as indicated in
Figure 3. Hence, it is also expected that the temperature
difference applied to the thermoelectric leg and the device
thermal conductance are the same for thermoelectric legs
longer than 0.1 mm since thermal conductance dominates, and
the influence of leg geometry becomes negligible. Figure 6a
shows a higher thermal conductance for the hollow thermo-
electric legs with lengths up to 0.05 mm and area of 0.0591
mm”. For lengths smaller than 0.1 mm, the hollow geometry
provides higher temperature differences, as shown in Figure 6b.
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The influence from the temperature distribution along the
TEGs caused by the thermoelectric leg geometry occurs when
the influence of the thermoelectric leg length on the thermal
resistance is no longer maximum. Also, the temperature
difference tends to be a plateau for thermoelectric legs longer
than 0.1 mm (dominance of thermal conductance).

It is worth mentioning that a similar trend was found when
analyzing the simulated open-circuit voltage and output power
curves for different leg geometries (see Figure SS in the
Supporting Information).

4. CONCLUSIONS

We have performed a systematic study of the influence from
the thermoelectric leg geometry in thermoelectric generators
with two commonly used geometries. For a fixed temperature
difference of 4 K and a fixed cross-sectional area of 0.19 mm?, a
higher efficiency was observed for the thermoelectric generator
with the hollow geometry, with a relative gain of ca. 40% for
lengths smaller than 500 nm. The difference in efficiency was
even higher (98%) in the hollow legs for the length of 300 nm
and for cross-sectional areas smaller than 0.06 mm?. In general,
more efficient devices can be obtained by increasing the
thermal resistance of a thermoelectric leg with an increase in its
length and/or decrease in its cross-sectional area. Also,
decreasing the temperature difference in the thermal and
electrical contacts yields efficient TEGs. Although the thermal
conductance is lower in the case of filled legs, the temperature
applied to thermoelectric leg is higher in the case of hollow
legs. Since the temperature difference applied to TEGs is fixed,
the temperature distribution changes. This shows that for
fabricating highly efficient miniaturized TGEs, one has to
consider not only the thermal conductivity of the thermo-
electric leg but also its geometry and temperature distribution
along the device. The leg geometry is especially relevant for
lengths smaller than 0.1 mm. As for bulker devices, the thermal
conductance seems to be the dominating factor over the leg
shape phenomena.
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hollow TEG measured at two different points of the
hollow thermoelectric leg (PDF)
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