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Abstract: Heat recovery systems based on thermoelectric micro-generators (µ-TEGs) can play a
significant role in the development of wireless, energetically autonomous electronics. However,
to date, the power density recovered for low temperature differences using µ-TEGs is limited to
a few micro-watts or less, which is still insufficient to power a wide-range of wireless devices.
To develop more efficient µ-TEGs, material, device and system requirements must be considered
simultaneously. In this study, an innovative design of an in-plane µ-TEG integrating bismuth telluride
forming sinusoidal-shaped trenches is reported. Using 3D numerical modelling, the influence of
boundary conditions, parasitic effects (electrical and thermal contact resistances), and transport
properties of thermoelectric materials on the output power of these µ-TEGs are investigated in
detail for a small temperature difference of 5 K between the hot and cold sources. Compared to
wavy-shaped trenches, this novel shape enables enhancing the output power. The results show that
either the thermal conductivity or the Seebeck coefficient of the active n- and p-type semiconductors
is the key parameter that should be minimized or maximized, depending on the magnitude of the
parasitic effects.

Keywords: thermoelectric; micro-generators; numerical modelling; heat recovery; power density;
thermal contact resistances

1. Introduction

Thermoelectric micro-generators (µ-TEGs) are able to convert directly heat into elec-
tricity thanks to the Seebeck effect. These devices hold great promise for harvesting a
fraction of the huge amount of waste heat (estimated to represent 60% of the total energy
produced) released into our environment to power numerous systems, including batteries,
sensors, or connected objects (IoT), thereby contributing to the development of wireless,
energetically autonomous electronics driven by the deployment of the 5G network.

Several µ-TEG architectures have been proposed in the last decades with organic
or inorganic materials as the active TE materials [1–30]. They can be divided into two
categories [14,31,32]: the in-plane configuration where the heat flux flows parallel to the
substrate, and the cross-plane configuration where the heat flux is perpendicular to the
substrate. Each of these configurations has its own advantages and drawbacks. For instance,
the in-plane configuration offers the possibility to generate a high output voltage even for
low temperature differences between the hot and cold sources while maintaining a small
level of thermo-mechanical stress. On the other hand, the cross-plane architecture presents
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the advantage to have a small internal resistance, which is desirable for achieving a high
output power, but is more sensitive to thermo-mechanical issues and electrical contact
resistances [33,34].

Recently, we developed an innovative µ-TEG design that combines most of the positive
attributes of these two architectures. [35] The basic unit of this harvester, designed to operate
near room temperature, is shown in Figure 1. It consists of an in-plane structure built from
co-laminated copper-polyamide-copper thin plates. The top copper part is etched up to
the polyamide sheet to create a wavy-shaped channel filled by n- and p-type bismuth
telluride materials deposited by a PVD process. The lower copper part is also etched along
the x direction to create a channel that enables to decouple the bottom copper layers both
electrically and thermally. The top and bottom copper parts are connected electrically and
thermally by small metallic Cu rivets. In our previous work, this design has been shown to
exhibit several advantages: (i) a low internal electrical resistance thanks to a high surface
and thick thickness of the TE elements, (ii) the possibility to vary the geometry, (iii) the use
of Cu that can play the role of heat spreaders and can be easily soldered to the heat sources
and heat sink, and (iv) a simple fabrication process allowing for the production of modules
integrating a large number of this basic thermocouple unit. As a proof of principle, we
demonstrated, through an approach combining numerical modelling and experiments, that
such a structure is able to produce an electrical power of several µW per thermocouple
under small temperature differences around room temperature (typically few K), ranking
these µ-TEGs among the best in-plane TE devices currently available.
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Figure 1. (a) Design of the µ-TEG integrating n- and p-type Bi2Te3-based materials; (b) typical
dimensions of the µ-TEG are indicated.

Here, in an effort to further improve the different fabrication steps and the durability
of this promising structure, a novel geometry of the TE trench is proposed (Figure 2). From
a numerical modelling, we show that the sinusoidal shape offers an improved electrical
output power for the two most common boundary conditions used in the literature: fixed
temperature and mixed boundary conditions. Interestingly, our numerical results evidence
that either the thermal conductivity or the Seebeck coefficient of the TE materials is the
key parameter that should be minimized or maximized, depending on the magnitude of
the parasitic effects represented by a non-ideal thermal coupling at the cold source and a
non-zero electrical contact resistance.
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The paper is organized as follows. After briefly introducing the numerical modelling,
the third part will focus on the electrical power that can be generated by the novel design
under fixed temperature conditions for various magnitudes of the electrical contact resis-
tance. Then, the influence of parasitic effects on the maximum output power (Pmax) under
mixed boundary conditions are presented and discussed. The impact of the dimensionless
thermoelectric figure of merit (ZT) of the active materials on Pmax will be also discussed
in detail.

2. Numerical Modelling

The thermoelectric effects result from the coupling of the heat and charge transport
inside a conductor. From thermodynamics of irreversible phenomena, it can be shown that,

under stationary state conditions and for an isotropic material, the heat (
→
q ) and current (

→
J )

flux satisfy the following equations:

→
q = π

→
J − κ

→
∇T (1)

→
J = σ

→
E + σα

→
∇T (2)

→
∇·→q =

→
E ·
→
J (3)

→
∇·
→
J = 0 (4)

where π is the Peltier coefficient, κ is the total thermal conductivity, T is the absolute

temperature, σ is the electrical conductivity,
→
E is the electric field that derives from the

potential V (
→
E = −

→
∇V), and α is the Seebeck coefficient. All the transport coefficients

defined previously are supposed to be scalars.
Equations (1)–(4) can be solved numerically by finite-element analyses using Comsol

Multiphysics to determine the temperature and electrical potential fields. Herein, the basic
unit of the µ-TEG was built and the meshing was optimized to reduce the calculation
time without sacrificing the accuracy of the results. A load resistance (Rload) was con-
nected electrically in series to the µ-TEG in order to derive the output electrical power P
delivered at the load resistance from P = Rload I2 (where I is the electrical current flow-
ing in the circuit). The thermal and electrical boundary conditions are presented in the
Supplementary Material.

Overall, two types of boundary conditions were considered in this study. The first
one, considered as ideal, supposes that the µ-TEG is perfectly connected to hot and cold
thermostats with fixed temperatures TH = 305 K and TC = 300 K, respectively. In the second
case, one end of the thermocouple is connected to a hot thermostat (TH = 305 K), while a
convective heat transfer is assumed between the cold side of the thermocouple and the
surrounding environment supposed to remain at 300 K. This second regime is the so-called
mixed boundary conditions, which are closer to those encountered in real applications.
This general approach allows for the study of the influence of several key parameters,
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including the physical properties of the materials, the geometrical parameters of the µ-TEG,
the load resistance, and the electrical and thermal contact resistances, on the electrical
power delivered at the load resistance.

The physical properties of the materials (Bi2Te3-based materials, polyamide, and
copper) used in these calculations are listed in Table 1. Considering the small temperature
difference applied between the hot and cold thermostat (TH − TC = ∆T = 5 K), the physical
properties were assumed constant.

Table 1. Physical properties of the materials considered in the numerical simulations.

n Type p Type Copper Polyimide

Electrical conductivity (S m−1) 105,000 76,000 5.99 × 108 -

Thermal conductivity (W m−1 K−1) 0.75 0.75 400 0.15

Specific heat (J kg−1 K−1) 190 190 385 0.904

Density (g cm−3) 7.70 7.74 8.96 1.4

Seebeck coefficient (µV K−1) −130 210 6.5 -

The geometrical parameters of the µ-TEG are listed in Table 2 and correspond to
the optimized parameters determined in our previous study [35]. The electrical contact
resistance ρc between the semiconductor and copper varied between 0 (perfect electrical
contact) and 10−4 Ω cm2. This upper limit is representative of a poor electrical contact.
The values of the heat exchange coefficient, hex, examined in this study cover the range
from 5 W m−2 K−1, corresponding to natural air convection, up to 1000 W m−2 K−1 that
corresponds to forced water convection.

Table 2. Numerical values of the geometrical parameters used in the modelling.

Geometrical Parameter Lcop Wcop hcop hpoly b lgap m e d

Value (mm) 2 3 0.07 0.10 0.09 0.50 0.10 0.50 0.50

3. Results and Discussion
3.1. Fixed Temperature Boundary Conditions

The temperature and electrical potential fields, computed under close circuit con-
ditions for a load resistance matching that of the internal resistance of the µ-TEG, are
presented in Figure 3a. The shape of both isotherm and equipotential curves follows the
sinusoidal shape of the TE elements. The temperature difference undergone by the TE ele-
ments (∆TTE) is close to the temperature difference between the hot and cold thermostats
(∆T =5 K), thanks to the high thermal conductivity of copper. As a consequence, the
electrical field (heat flux) is perpendicular to the isotherm (equipotential), as illustrated in
Figure 3b.

This good coupling allows to reach appreciable electrical power values, as shown
in Figure 4, where the dependence of the output power on Rload is presented for various
values of ρC.

Regardless of the value of ρc, Pmax is reached when the load resistance is equal to
the internal resistance R of the thermocouple. This matching condition (s = Rload

R = 1)
is expected when fixed boundary conditions are assumed [31]. One important aspect of
these results is that Pmax exceeds by 7% that obtained with our previous design [35]. The
reason behind this improvement is due to two factors: an increase in the surface of the TE
elements, resulting in a lowering of the internal resistance R, and a higher ∆TTE. A second
beneficial impact of the sinusoidal shape of the trench is the higher quality of the interfaces
achieved between the TE semiconductors and copper during the PVD deposition. Figure 4
also underlines the detrimental impact of high electrical contact resistance on Pmax. When
ρC exceeds 10−5 Ω cm2, Pmax dramatically decreases to a level that could limit the use of
such device.
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3.2. Mixed Temperature Boundary Conditions
3.2.1. Influence of Parasitic Effects

In most near-room-temperature applications, the contact between the µ-TEG and the
cold thermostat is far from ideal. Under these more realistic conditions, the µ-TEG operates
under heat flux conditions. In this case, the non-perfect coupling to the cold thermostat
should be considered as a parasitic effect, since it degrades the temperature difference ∆TTE
undergone by the TE elements and thus the overall performance of the µ-TEG, as shown
in Figure 5, where Pmax is represented as a function of ρc for ∆T =5 K. With an efficient
cooling (hex > 400 W m−2 K−1), the degradation of ∆TTE is moderate, still leading to an
appreciable value of Pmax when ρc is not too high. However, when the cooling is ensured
by air (hex = 5 W m−2 K−1), ∆TTE amounts only to a few mK for ρc =10−4 Ω cm2 and
10−6 Ω cm2 that is less than 0.6% and 0.4% of the applied temperature difference between
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the hot and cold thermostat. These values, which are extremely low, strongly limit Pmax
that drops from 5 µW in the ideal case (fixed temperature boundary conditions) to only
10−3–10−4 µW. As already discussed elsewhere [35,36], the TE materials operate in a regime
limited by the thermal sink, which is reached when the thermal resistance of the heat sink
is much larger than the thermal resistance of the TE element. A direct consequence of this
regime is that, for a fixed hex, the maximum temperature that can be expected on the TE
materials, when ρc is null, is ∆TTE = ∆T

2 for an optimized thickness of the TE elements [37].
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Due to the versatility of the design of this µ-TEG, this problem can be partially miti-
gated by simply increasing the surface of the cold side Sc of the µ-TEG to favor dissipation.
A reasonable upper limit for this surface is approximately 80Sc, which would correspond to
an equivalent heat transfer coefficient of 400 W m−2 K−1 for Sc alone. Under this condition,
∆TTE ≈ 2.52 K regardless of the value of ρc, leading to a maximum output power Pmax
ranging from 0.48 to 5.9 µW for ρc =10−4 Ω cm2 and ρc =10−6 Ω cm2, respectively. These
values are 6.7% higher than those achieved with our previous design, and are among the
best values reported in the literature [35].

In the heat flux regime at the cold side, the impedance matching condition found with
fixed temperature boundary conditions (s = 1) is no longer satisfied. As shown in Figure 6,
where the dependence of Pmax on s is represented, the numerical modeling shows that s > 1
at Pmax. The reason for this deviation is linked to the fact that ∆TTE is a function of hex and
s in this regime. Thus, the maximization of the electrical power with respect to s introduces
a correction term to the matching impedance condition, the sign of which depends on the
first derivative d(∆TTE)/ds. Since increasing s (or Rload) decreases the current in the circuit
and hence, the Joule and Peltier heats at the cold side of the µ-TEG, ∆TTE becomes larger
and s > 1.
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Depending on the electrical and thermal properties of the n- and p-type thermoelectric
materials, the electrical contact resistance and the capacity to extract the heat at the cold
side (through hex), s can deviate from unity. To illustrate this point, Figure 6 shows the
variation in Pmax as a function of s for different values of hex. Values close to 2 can be
obtained when both hex and ρc decrease. To alleviate the heat production at the cold side
and favor a higher ∆TTE, it is advantageous to decrease the current or increase the value of
the load resistance.
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3.2.2. Influence of Thermoelectric Properties

So far, the transport properties of the thermoelectric materials have been considered
to be constants. However, it is also interesting to derive guiding principles to further
improve the performance of these promising µ-TEGs. For an ideal coupling with the hot
and cold sources, it is well known that the dimensionless thermoelectric figure of merit
ZT = α2T

ρλ (thermal conductivity λ, Seebeck coefficient α, and electrical resistivity ρ), is the
key parameter to optimize in order to achieve the highest efficiency, while the power factor
P = α2

ρ is the prime parameter that should be maximized to achieve the highest electrical
output power. When non-ideal conditions are applied on the µ-TEG, the results discussed
above have shown that the latter criteria are no longer valid, since the thermal resistance
of the device should be as low as possible to achieve the highest ∆TTE. To satisfy this
requirement, thermoelectric materials with a low thermal conductivity should be chosen.
Combining this criterion with a high power factor makes the use of the metric ZT pertinent
in this case.

For this reason, the impact of ZT on the maximum electrical power has been in-
vestigated under mixed boundary conditions. To probe the sensitivity of each transport
properties, only one physical property at a time was varied to obtain a fourfold improve-
ment in the ZT value. The initial value ZTinit was evaluated according to the transport
properties of the p-type compound (see Table 1) and assuming that the transport properties
of the n- and p-type materials are similar to simplify the study.
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The maximum electrical power Pmax as a function of the ratio Z
Zinit

for different values
of hex is shown in Figure 7 for ρc =10−5 Ω cm2 (whatever the choice of ρc the following
conclusions will be the same). When hex ≤ 50 W m−2 K−1, an improvement in ZT is benefi-
cial to improve Pmax, even though the improvement is not strictly similar. When Z

Zint
≤ 2, it

is more interesting to focus on lowering the thermal conductivity or increasing the Seebeck
coefficient, while for Z

Zint
> 2, lowering the thermal conductivity is the best strategy.
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The prominent role of λ to achieve a high Pmax can be understood qualitatively. When
λ decreases, the ZT of the semiconductors increases, but so does the amount of heat to
be extracted at the cold side, leading to a higher ∆TTE. Increasing α or decreasing ρ also
increases ZT, but produces more thermal power at the cold side, negatively offsetting the
benefit of increasing ZT. These conclusions no longer hold when hex > 50 W m−2 K−1, that
is, when the cooling becomes efficient, for which a gain is observed when α increases. Only
an incremental improvement of Pmax is obtained when ρ drops due to the contribution of
the electrical contact resistance that remains constant. The benefit of a reduced thermal
conductivity becomes apparent only when the ratio Z

Zint
is higher than 3.5 for hex = 400 W

m−2 K−1, and even higher for hex = 1000 W m−2 K−1. For the sake of completeness, the
value of s associated with each of the previous situation is indicated in Figure 8. Strong
deviations from unity are observed for high Seebeck coefficient values when hex ≥ 400
W m−2 K−1. To compensate the high Peltier heat, consecutive to high Seebeck values,
created at the cold side of the thermoelectric material, it is beneficial to reduce the current
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by making the load resistance higher than for the ideal case. These results are in agreement
with a previous report [38].
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4. Conclusions

In summary, a novel design of our previously reported µ-TEG, which consists of a
modification of the shape of the trench in which the TE materials are deposited, has been
presented. By considering the two most common boundary conditions, our numerical
modelling demonstrates that the transformation of the wavy shape into a sinusoidal shape
results in an improved performance for a small temperature difference of 5 K around room
temperature. Our results further highlight that the pertinent transport property of the TE
materials that should be optimized directly depends on the magnitude of the parasitic
effects that negatively affect the thermoelectric performance of the device. These last results
provide guidance for the optimization of TE materials that may be integrated into future
µ-TEGs undergoing varying boundary conditions at the cold side.
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