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Abstract

We report on the simulation and fabrication of 2.5D micro-thermoelectric generators (WTEGs) with a thermopile
topology periodically folded and distributed on a multi-membrane template, capable of harvesting lost heat directly
into useful electrical energy. The originality of the folded thermopile is multiple: i/ it uses low-cost and eco-
friendly alloy-based thermoelectrics (TEs) in the form of a series of NiggCro/CussNiss thermocouples (TCs), ii/ in
each TC both TE layers are stacked on top of each other allowing a better integration, iii/ the TCs are electrically
associated in series and in parallel, reducing drastically the electrical resistance, iv/ the choice of membrane
number permits to tune the module thermal resistance. All this results in an improvement of the conversion
efficiency of the y'TEG compared to our former all-Silicon planar modules. A finite element simulation allows
defining the temperature distribution profiles in the module as a function of its dimensions. Several 2- and 3-
membranes based uTEGs were fabricated using CMOS-compatible Silicon technology and characterized. In the
best uTEG, the harvesting of 1 Watt of heat results in an output power density of 108.3 pW/cm?. This corresponds
to an efficiency factor of 6.82 10 uW.cm2 K2 which is better than state-of-the-art metal-based modules.

Keywords: metallic thermoelectrics; planar thermopile; micro-thermoelectric generators;
CMOS-compatible technology; thermal modeling; membranes.

1. Introduction

The recent progress of the internet of things (IoT) is leading to an increasing need for energy because of the
large amount of connected sensors, which is estimated to reach more than 25 billion by 2030 [1]. Most of these
sensors have traditionally been powered by batteries that require regular maintenance or replacement, raising their
environmental impacts [2—4]. The energy harvesting technology development, for the powering of autonomous
devices, is gradually becoming an absolute necessity. Micro-thermoelectric generators (WTEGs) are micro-devices
that convert waste heat into useful electrical power directly without an intermediate process. Generally speaking,
the active part of a typical thermoelectric (TE) device consists of an assembly of n-type and p-type semiconductor
materials, connected electrically in series and thermally in parallel [5,6]. Their working principle is based on the
Seebeck effect [7], which allows the direct conversion of temperature gradient into electrical voltage.

The conversion efficiency of u'TEGs can be related to the so-called dimensionless figure of merit zT =
a®T/pA, where T is the absolute temperature, a is the Seebeck coefficient, p is the electrical resistivity and A is
the thermal conductivity [5]. This figure of merit concept makes it possible to assess the ability of such TE devices
to convert heat into electrical power. Thus, in thermoelectricity, great efforts have been paid on the optimization
of the electronic and thermal transport properties of TE materials [8—13]. For a large variety of TE materials, zT
values are rarely exceeding unity over a very wide temperature range [14]. This makes the efficiency of pTEGs
lower than some other energy harvesting techniques such as photovoltaics [15]. Nevertheless, the abundance of
heat in our environment makes them a good candidate for thermal energy harvesting. Furthermore, for many
applications where the heat source is available, the conversion efficiency is not necessarily the most important
criterion for evaluating the performance of the device: the output power of the uTEG is more relevant [16].

The emergence of new manufacturing technologies offers to y'TEGs the possibility of having different shapes
and sizes, built up with different materials and addressing new applications [17-19]. In general, UTEGs can be
classified into two main categories depending on the thermocouple (TC) orientation relative to the surface: there
are vertical and planar architectures. In the vertical structure, the TCs are arranged perpendicular to the flat surface
of the substrate in contact with the heat source (or heat sink) [20-28]. This configuration has large heat-absorbing
surfaces that allows providing more electrical output power. However, the large surface area of these vertical TE
modules gives them a very low thermal resistance compared to the one of planar structures. Also, these
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configurations are complex to manufacture and require significant technological resources which greatly limit their
development [29]. On the other hand, the planar configuration of TE miniature modules generally uses thin-film
thermoelectrics deposited by microfabrication processes, allowing to exploit temperature gradients that are
generated within the very thin suspended structures [30-39]. The planar configuration is beneficial to achieve high
thermal resistance that can be adjusted with the TC length. This allows adapting the pTEG to the thermal
environment, in order to maximize the collected heat. Moreover, the use of TE thin films results in a small amount
uptake of material and thus reduces the costs, which is important in the case of expensive and/or rare materials.
Yet, their main disadvantage is related to the thermal and electrical contact resistances at the interfaces, which
require a particular control in the fabrication of this type of structures [40].

In this article, we report on the design, the modeling, the fabrication and the characterization of a new family
of planar uTEGs for thermal energy harvesting. The implemented technology is a CMOS-compatible
microfabrication process, using low cost, abundant and environmentally friendly materials. It is based on an
original topology of the thermopile with a high integration density and this thanks to a particular arrangement of
the TE materials: each individual TC has a stacked configuration of its two thermoelements. To our knowledge
this kind of stack have been used only by S. M. Yang et al.[39,41]. In order to reduce the electrical resistance of
the u'TEGs, we fabricate a thermopile that combines series and parallel electrical integration of the TCs. Also this
resistance is further minimized by the use of p and n type metallic alloys, respectively NigyCrio and CussNiss, as
both thermoelements, instead of the polySilicium/metal couple that we employed in our anterior work [33,42,43].

2. Thermopile and module topologies

2.1  Folded thermopile

The thermopile structure developed in this work is schematized in Fig. 1. It is made on a Silicon substrate
passivated with a SiO,/SixNy bilayer. The surface of the module is chosen to be 1/3 cm? (A, 7gg= 6%5.7 mm?). The
topology is based on a stack of three levels. The first level consists of metallic strips of NigyCrio, so-called Chromel,
representing the first TE material (Fig. 1(a)). The second level is a thin SiO, layer, which will be embedded
between both TE layers to insulate them in the verticality, except at two corners of each TC (Fig. 1(b)) where the
electrical connection takes place at the TE junctions. The third level contains the second TE material, which is
Constantan CussNiss, periodically deposited on the NigyCrio strips, as illustrated by the final shape of the
thermopile presented in Fig. 1(d). In between both TEs junctions, a thin Au layer is used to ensure a good electrical

(a) (b)

I sixNy
sio, Il NisoCrig (15t TE material) Il cussNigs (27 TE material)
Fig. 1 : Description of the new thermopile. (a) Schematic view of NioCrio strips presenting the first TE material;

(b) SiO; isolation between the thermoelements; (c) Metallic Au contacts at the junctions between thermoelements and
contact pads, (d) Schematic view of CussNiys strips (second TE material); This represents the case of a thermopile with
32 TCs which series/parallel association is given by the arrows, (e) Zoom of previous figure; (f) Two views to illustrate
the original topology of a single TC.
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contact (Fig. 1(c) and (f)). The vertical assembly of the two thermoelements of each TC gives the “periodical
folded" character of the thermopile. Also, each TC has a smaller footprint area, equivalent to the area of a single
thermoelement. This increases the integration density of TCs compared to our former classical planar pyTEG
configuration [33,42,43]. Furthermore, the selected TE materials, NigCrip and CussNiss, present a good
compromise between their elaboration costs, their Seebeck efficiency and their advantage of being non-toxic and
abundant.

2.2 Benefit of series/parallel association in the thermopile

We also designed a specific pattern for the thermopile where several TCs electrically associated in series, form
multiple strips (or branches) connected in parallel (see Fig. 1(d) and a zoom in Fig. 1(e)). This series/parallel
association of the TCs is implemented in order to reduce the total electrical resistance of the thermopile compared
to the one of a purely series association, as explained in Fig. 2.

Indeed, if each TC is modelled by its equivalent electrical schema (with Ry its electrical resistance), then a
thermopile with a purely series association of N¢ thermocouples (on the left of Fig. 2), and a thermopile with a
series/parallel association of the same number of TCs (on the right of Fig. 2, new thermopile topology) will have
i/ a different internal electrical resistance R;;,; and ii/ a different output voltage delivered by the whole thermopile
Voue- This latter is a function of the voltage at each TC and of the number of TCs in one strip, Ng: Ve = NgVs
and Vg = arcATy., where AT}, is the temperature gradient at each TC. However, the expression of the maximum
output power, P, 4, corresponding to the electrical power thermogenerated to a matched load resistance: B, =
V2,:/4Rint, will be identical. Both quantities R;,,; and P4, can be expressed as a function of the individual TC
parameters as given by the relations in Fig. 2 and its caption. So, in the case of the novel series/parallel TCs
association, R, can be tuned by fixing the number of branches connected in parallel, Ny, (it is N2 lower than in
a series thermopile) while kipping the same value for Py,

Moreover, the parallel association ensures electrical continuity (in at least one of the strips) in the case of an
accidental cut in the connection between the thermocouples within one or more branches, which is a major problem
in the purely series thermopile configuration.

Series associ?tion of TCs Series/parallel association of TCs
1
Rrc RlL# RlLHl:l RTC?
+ 1 Vs + Vs + Vs +- Vs
T T T T

Nrc o Ng I Ng :
R,
:
' ' . ' . ! Ve

series
Series/parallel __ NsRTC _ Rint

REF = NrcRrc R N, W
) (NTCVS)Z NTCV52 PSeries/parallel _ (NSVS)Z _ NpNsV52 _ NT(:VS2 — pseries
Pﬂsqa?;{les — — max - NsRTC - 4RTC - 4RTC — fmax
4NrcRre  4Rpc 4 (N—p)

Fig. 2 : Equivalent electrical schematic of a thermopile, comparing the internal electrical resistance (R;y;) and the
maximum output power (P4, ) between the case of a purely series association and the case of a combined series/parallel
association of TCs; Ny¢: total number of TCs; N: number of TCs connected in series; Ny: number of strips connected in

parallel; Ryc: electrical resistance of a single TC. Vs: Seebeck voltage of a single TC.

2.3 The 2.5D module

The Si template that holds the folded thermopile is periodically etched to delimitate membranes that will enable
the build-up of a temperature gradient at each TC from any incident multidirectional heat from the environment.
Owing to our series/parallel thermopile design, this implies that the number of membranes (noted M) will be equal
to Np/2. The incident heat will be periodically concentrated on the top of the hot junctions of the thermopile via
the pillars of a “Heat Concentrator” tailored within another Si wafer, as for our first family of yTEG modules
which included polysilicon/gold TCs (see for instance fig.2 in [42], the case of a 3-membranes based module).

The uTEG final topology, integrating the described thermopile, is shown with various views in Fig. 3 in the
case of 2 membranes (N,=4). The overall module has a so-called 2.5D architecture. Indeed the bottom part of the
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module consists of a set of multilayered membranes periodically distributed on an etched Si substrate, which will
be a natural “evacuator” of the heat. As shown in Fig. 3(a), these membranes contain a SiO,/Si.Ny bilayer (with
compensated stress using thicknesses of 800 nm and 600 nm respectively [44]), the planar thermopile and a thick
Polyimide (PI) layer (~ 12 um), that is used as a passivation and electrical isolation layer between the thermopile
and the heat concentrator. The PI layer also contributes to the membranes robustness. This whole yTEG bottom
part is covered by an upper cap as shown in Fig. 3(b): the Si-based heat concentrator (surface = 5.7x5.2 mm?) is
build up with as much pillars as membranes (ie. Nj,/2), and it will allow to canalize the harvested heat flow through
half of the thermopile junctions (contacts are located at the hot junctions of the thermopile as shown in Fig. 3(c)).
One can remark that the choice of TC length will fix the number of membranes. The air cavities located on both
sides of membranes (230um and 380 um thick resp. on top and on the bottom), allow the thermal insulation of the
hot and cold junctions of the thermopile (with the heat sink and the concentrator, respectively).

Silicon heat
concentrator ~~=

Polyimide

Thermopile
p \

Si0,/SisN,
dielectric bi-layer

A

Etched Silicon
substrate

2 2 2 2 s

Heat sink
Fig. 3 : (a) 3D exploded view (not to scale) of a 2.5D uTEG, in the case of 2-membranes and 32 TCs; (b) Skinned view
of the structure ; (c) Cross-section view at xx' axis depicted in (b). For a 3-, 4- or M-membranes module the substrate

will display 3, 4 or M cavities, the thermopiles 6, 8 or 2M strips and the heat-concentrator 3, 4 or M pillars.

Mechanical supports, called bosses, placed at the 4 corners of the concentrator (visible in Fig. 3(a) and (b)), are
used to ensure its rigid support onto the Si substrate and avoid membranes breaking. However, these 4 direct
contacts on the module template lead to predictable lateral heat losses from the total heat flux collected onto the
concentrator. These lateral losses do not contribute to the hot junction heating.

3. Finite element modeling of the y TEG

3.1  Basic considerations of the model

The uTEG structure we just described before, that integrates the folded thermopile architecture, was modelled
using COMSOL Multiphysics® software based on the finite element methods (FEM). Indeed, this permits
predicting the temperature distribution and thermal resistance of the new planar uTEG for a heat flux injected
into the heat concentrator. Generally speaking, using Heat Transfer Module in COMSOL Multiphysics®, the
temperature distribution is calculated by solving the heat equations in both solid and fluid domains, which can be

expressed respectively as follow [45]:

T - , o
pCpE—V-(AVT)=Q (1)

aT - = =3 =3
pCpE+pCpu-|7T—|7-(/1I7T)=Q 2)

where p, C,, T, A, Q, and i represent the density, specific heat capacity at constant pressure, temperature, thermal
conductivity, heat sources, and fluid velocity, respectively.

To simplify the model and reduce the computational time, some assumptions have been considered in this
study, while ensuring there is no significant difference from real conditions. First, the materials used in the model
are considered isotropic and homogeneous; their thermal conductivities are assumed independent of temperature.
The temperature of the heat sink is assumed to be constant and equal to the ambient temperature, ie. 298K (perfect
heat sink). We assume that the steady state is reached, ie. the temperature does not change with time (9T /dt = 0).
Therefore, the first term of the equations (1) and (2) disappears. Moreover, considering the low height of the top
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and the bottom air cavities around the membranes (as seen before only a few hundred microns thick), we will
assume that the velocity of the air enclosed in these cavities is zero (U = 6). Under these conditions, the equations
(1) and (2) are reduced to a single simplified heat transfer equation, -V (AVT) = Q, to be solved in all domains of
the geometry.

The complex design of the thermopile, that can integrate a large number of TCs (up to several hundred TCs),
does not allow a crude modeling of the geometry, which is by far exceeding the computational capabilities of our
machines. Moreover, owing to the very low thickness of the layers (case of NigoCr10/Si02/CussNiss and Si02/SixNy,
each sublayer being less than 1um), inherent difficulties occur in the generation of the modeling mesh and it limits
the calculation convergence. For all these reasons, we consider the sub-layers, associated to the thermopile and the
bilayer SiO./SixNy, as a continuous and thermally uniform “equivalent layer”. This essential concept of the
equivalent layer is detailed in the following paragraph.

3.2 Equivalent layer model

Taking into account i/ the symmetry of heat propagation directions across the whole module and its membranes
(Fig. 3(c)), and ii/ the periodicity of the thermopile structure observed in the two transverse directions (x and y),
we define the equivalent layer as shown in Fig. 4. Each membrane, whose constitution is complex, is assimilated
to two continuous layers: the first one corresponds to the Polyimide layer and the second one is defined as the
"thermal equivalent" layer to the other sub-layers constituting the membrane, ie. the NiggCri0/SiO2/CussNiss stripes
and the SiO,/SixNy bilayer. This unique second material will be defined by an equivalent thermal conductivity A,
and its thickness e; (this latter being the sum of the thicknesses of all the sub-layers).

Si I siN, Au Polyimide

Si0, [ Nig,Cryo (15t TE material) B cussNigs (2 TE material) [ Equivalent layer

Fig. 4 : Equivalent layer. (a) Cross-section shows the materials constituting the equivalent layer; (b) Top view of a part
of the thermopile illustrating the periodicity of the thermopile in the two transverse directions x and y; (c) Construction
of the equivalent layer from an elementary cell of the thermopile seen between two consecutive hot and cold junctions.

In order to calculate the temperature distribution along the membrane using COMSOL Multiphysics®, we must
first calculate A.4. Considering an elementary cell made up of the sub-layers constituting the equivalent layer, of
length dx and width [, y; + I, seen between two consecutive hot and cold junctions (Fig. 4(c)), the total thermal
conductance K, of the elementary equivalent layer is given by the sum of the thermal conductance of each
material constituting the multilayer as:

Keq = Ksio, + Ksiony, + Knicr + Keuni (3)
where Kg;o,, Ksl'xzvy’ Kyicr et Kcyni are the elementary thermal conductance of the SiO», SixNy, NigoCrio and
CussNigs layers given respectively by:
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Asio,
L= 22 . r . i 4
2
Ksio dx (esio, t+ €sio,) (Lcuni + D) (4)
Asiyny Esign, (leuni +10) (5)
Ksiyn, = i
Anicr enicr Uvi
KNiCr — NiCr ‘IiV;Cr NiCr (6)
Acuni €cuni Louni
KCuNi — CuNi él;Nl CuNi (7)

where A, e, [ et i are the thermal conductivity, the thickness, the width and the spacing between CussNiss strips
(Fig. 4¢) respectively. On the other hand, the equivalent thermal conductance K, is given by (Fig. 4(c)):

o = Aeq €t (lCuNi + i) (8)
a dx
with er = €sio, + €si,n, + enicr + €510, T €cuni (9)

By identification between the two expressions of K., given by (3) and (8) and taking into account the expressions
given by (4), (5), (6), (7), and (9), the equivalent thermal conductivity can be written as:

. l .
Asio, (esio, + €¢i0.) + Asin-€sin. + Anicrenicr ™5 — + Acuni€cuni T~
SlOz( Si0; SLOZ) SixNy=SixNy NiCr©NiCr lCuNi + i CuNi®CuNi lCuNi + i

Aeq = 7 (10)
€sio, 1 €siny, T enicr + €50, T €cuni

The Table 1 summarizes an example of typical values of the geometrical dimensions and thermal conductivities
of the materials constituting the equivalent layer. Using such values, the calculated equivalent thermal conductivity

is deg = 8.58 W.m K"\,

Parameter Value Unite
€si0, 800 nm

es'ioz 150 nm
ESixNy 600 nm

enicr 150 nm

ecuni 450 nm

Inicr 200 pum

Leun: 150 pm

i 55 pm

Asio, 1.25 [46] W.m!.K!
Asiyn,, 12 [47] W.m K"
Anicr 17 [48] W.mL.K!
Acuni 23 [48] W.m LK

Table 1 : Typical geometrical dimensions and thermal
conductivities of the materials constituting the equivalent layer.

3.3 Modeling analysis

In practical conditions, the u'TEG performance will be evaluated experimentally using a calibrated injected heat
flux. To be able to do so, a gold-based heater, meander shaped, is realized on the top surface of the concentrator
(will be presented in section 4.1). In order to simplify the calculation, this heater is modeled as a heat source
uniformly distributed over the concentrator surface (Neumann boundary condition). As the uTEG is also exposed
to the ambient, a part of the heat dissipated in the heater will be exchanged by convection and radiation with the
outside environment. Boundary conditions were applied between the top surface of the concentrator and the
ambient environment to take into account of all these exchanges. The heat transfer coefficient is set to be
25 W.m2.K™! (which corresponds to natural convection), the emissivity is set at 1 (ie. very conservative case; in
reality it is likely around 0,5 to account for both large emissive nature of SiO coated Si, and quasi-zero emissivity
of the area covered by the Au heater), and the ambient temperature is 298 K. On the other hand, the bottom surface
of the substrate, in contact with the heat sink, is also set to the ambient temperature (Dirichlet boundary condition).
Moreover, the u'TEG structure has a symmetry plane introduced by the equivalent layer model, which allows us
to consider just one half of the module by adding an extra symmetry boundary condition as shown in Fig. 5. This
consideration reduces the calculation time and the computer memory requirements.

Finally, the two thermal contacts i/ between the concentrator pillars (and bosses) and the part of the thermopile
held on membranes (see Fig. 4.a) and ii/ between the thermopile template (ie. etched Si substrate) with the heat
sink, are not perfect and cannot be neglected. Henceforth, in the modelling, a thermal contact boundary condition
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— //
A // Boundaries of application of the
= symmetry boundary condition

Fig. 5 : Symmetry plane and half of the uTEG structure with the symmetry boundary condition.

Symmetry plane A

is applied to both those contact boundaries. The experimental results from the characterizations of u'TEGs allow
estimating the range of the thermal contact resistance, and this by confronting the experimental results with those
of simulation. For instance, this one is estimated to be around 3.7 K.cm?*/W for a uyTEG with 3 membranes.

In Fig. 6 is given the COMSOL® calculated temperature distribution on a half module, in the case of pTEGs
with 2 and 3 membranes when a heat input power of 1 W is applied on the concentrator surface (which corresponds
to a flux density of 3.3 W/cm?). So one can see how this heat flux injected is canalized through the membranes by
the concentrator pillars, and creates periodic temperature gradients between the concentrator and substrate pillars.
A part of the heat flux is canalized to the heat sink through the bosses (heat losses).

2-membranes UTEG 3-membranes pTEG

440 420
420

400
400

380
380

360
360

340

320

300
Fig. 6 : Temperature distribution calculated for 2 and 3-membranes uTEGs. 1 W input power is injected into the
concentrator and the temperature of the bottom side of the substrate is fixed at 298 K.

() asnjesadway

() @1mesadwa)

w
N
=

The simulated results corresponding to the applied boundary conditions, allow o anticipate by calculation that
the temperature difference generated between the hot and cold junctions, noted ATy, (see Fig. 7(b)), are
ATy = 137 K and 120 K (ie. decrease with the membrane number), and that those between the surface of the
concentrator and the heat sink (noted ATy ) are obviously higher: 142 K and 126 K, respectively for the 2- and 3-
membranes WTEGs. The gap between ATy, and ATy, values is mainly due to the thermal contact resistances
between the concentrator pillars and the membranes, and the heat losses across the bosses. To be precise, the
percentages of the fluxes exchanged by convection, radiation and through the bosses are respectively evaluated to
be of 11 %, 5 % and 37 % for the 2-membranes p'TEG and of 9 %, 4 % and 33% for the 3-membranes pTEG. If
the two first fluxes can be considered small (especially radiation and this would be even lower if we considered
an emissivity €<1), this is clearly not the case of the heat flow lost through the bosses.

Fig. 7(a) illustrates the isothermal distribution of the temperature field obtained on the half structure of a 2-
membranes W TEG. The isothermal line distribution across the membranes, determined by simulation, shows that
the planar temperature profile (x and y directions) depends only on the x direction. In contrast, at the proximity of
the concentrator pillars and the edge of the membranes, there is naturally a slight deformation of the isothermal
temperature profile along the y axis. Fig. 7(b) displays the transverse temperature profile (x and z directions), seen
along two adjacent cold/hot junctions. We notice an homogeneous mapping of the temperature at the level of the
concentrator and of the substrate (heat sink) due to the high thermal conductivity of the major material used, ie.
Silicon (~ 140 W.m'L.K™"). This mapping shows the important role of the air cavities located on both sides of each
membrane, which allow an efficient insulation of the hot and cold junctions of the thermopile.

(a) (b)
2-membranes YTEG cross-section zoom around one membrane

43425
42417
414.09
404.01
393.92
383.84
373.76
363.68
3536

343.52
333.44
32335
313.27
303.19

Heat concentrator

Pillar

() ainyesadwsa]

= Equivalent layer

Bottom air cavity

Heat sink

Fig. 7 : (a) Isothermal field distribution obtained on the half structure of the 2-membranes uTEG; (D)
Symmetrical 2D cross-section seen between consecutive hot-cold junctions of one TC.
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.So, this numerical calculation of the temperature distribution across the 2.5D uTEG, permits to predict the
relation between the two gradients ATy, and ATy, this latter being experimentally difficult to measure while only
ATy is accessible, as by definition it is related to the experimental output voltage, Vs = NgapcATh,.

The knowledge of ATy, allows to deduce analytically the predicted maximum output power, Py, generated by
the uTEG. This is the key quantity to study and to optimize and P4 = NZa%:AT?,/4Rin; as seen in section 2.
For the two uTEGs configurations studied in this work, the theoretical P,;,,, values are 177.5 and 326.6 uyW/cm?
respectively for the 2- and 3-membranes modules, if the Seebeck coefficient and electrical conductivities of the
Chromel and Constantan are optimum (ie. g = 63 uV/K and R, resp. equals to 190.6 or 79.9 Q).

Finally, one can underline that P,,,, depends on the geometrical dimensions of the thermoelements (length,
width and thickness) and their number, because these are all involved in both the thermal and electrical aspects of
the WTEG. So, a priori, with this modeling, we can vary all the geometric dimensions and look for one or several
optimum output power as a function of several parameters, as membrane number. This will be presented in a future
work, as for this first study we directly focused on technological fabrication of the new module.

4. Fabrication and characterization

4.1  Fabrication of uTEGs

The 2.5D uTEG realization is based on the silicon technology starting with 3-inch, 380 pm thick, double-sided
polished (100) Silicon wafers, to fabricate the two parts of the device, the folded thermopile on suspended
membranes and the top concentrator. Several modules can be fabricated on each wafer. The flow chart of the
microfabrication processes is given in Fig. 8 for the implementation of a thermopile suspended onto 2 membranes.
For simplicity of the drawing, 32 TCs are displayed. In reality, for the 2- or 3-membranes uTEGs, the thermopile
cumulates respectively 100 TCs (on 4 branches) or 150 TCs (on 6 branches), for identical footprint A7 and
identical number of TCs per parallel branch (Ng = 25 TCs).

The process is started by the deposition of SiO»/SiNy (800/600 nm) bilayer on both sides of the substrate
(Fig. 8(b)) by LPCVD (Low Pressure Chemical Vapor Deposition) using a TEMPRESS® furnace. The thicknesses
of the SiO- and SiNy layers are adjusted to compensate their respective stresses and allow the mechanical stability
of the membranes (tensile stress less than 100 MPa [44]). Moreover, this bilayer is also used as a physical mask
on the backside during the etching of the Silicon substrate to liberate the membrane areas.

(a) (b) (c)

PN
_— N

Si sio, [ Si;N, [l NigCrqo (15 TE material) Au [ CussNiys (27 TE material) Polyimide
Fig. 8 : Flow chart of the suspended membrane fabrication process. (a) Double-sided polished Si substrate;
(b) LPCVD growth of SiO»/Si:N, on both sides of the substrate; (c) Sputtering deposition and patterning of NiooCrio;
(d) PECVD of SiO: and patterning; (e) Metallization of the contacts with Ti/Au layer; (f) Sputtering deposition and
patterning of CussNiys via lift-off; (g) Passivation deposition of a thick Polyimide layer; (h) Backside DRIE etching
Jfor opening the cavities and release the membranes; (i) Optical photograph of the suspended membranes seen from
the backside after the Silicon deep etching.

Then a 150 nm thick NigCrio layer is deposited onto the SiO»/SixNy bilayer by Radio-Frequency magnetron
sputtering at room temperature, using an Alliance Concept DP 650 machine. A much thicker layer could have been

Metal-based folded-thermopile for 2.5D micro-thermoelectric generators
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better but this will require further complementary technological developments to solve a delamination problem
that ultimately occurs during thermopile fabrication. A mixture of hydrochloric acid and nitric acid, known as
"aqua regia", was used to etch the NigCrjo in order to make the TE strips (Fig. 8(c)). The chemical etching has
been optimized to control the etching rate and reduce the under-etching phenomena. A thin SiO; layer (150nm)
was then deposited by PECVD (Plasma Enhanced Chemical Vapor Deposition) using an Oxford Plasmalab 80
Plus system at 300°C. The RIE (Reactive Ionic Etching) process employing a CF4+/CHF3 gas mixture was used to
etch the SiO» layer in order to get access to the thermopile contact pads, and to the areas of the NigyCrg strips that
will be in contact with the second thermoelement as illustrated in Fig. 8(d). A layer of metals Ti:10 nm/Au:100
nm, is deposited by evaporation and lift-off process, used at the contacts level (Fig. 8(e)) to ensure a good electrical
contact between the junctions of the thermoelements.

The CussNiss strips (450 nm thick), representing the second thermoelement, are then periodically deposited by
sputtering and lift-off on NiggCryo strips as shown in Fig. 8(f). Here the thickness of Constantan was less an issue
for the technology, opposite to the first thermoelement case (Chromel). A 12 pm thick layer of photosensitive
Polyimide HD4110 is deposited by spin-coating all over the thermopile and then is opened on the contact pads by
photolithography means (Fig. 8(g)). Finally, a backside DRIE (Deep Reactive lonic Etching) of the Si substrate,
based on Bosch process [49], was implemented to dig completely the substrate until the multilayer encapsulating
the thermopile (Fig. 8(h)) on the front-side of the wafer: the suspended membranes are realized and well visible
(Fig. 8(1)).

The second part of the module (concentrator) is made from another Si wafer (Fig. 9(a)). First, a 2um thick SiO»
passivation layer is grown by LPCVD on both sides of the wafer (Fig. 9(b)). This layer is used as a physical mask
on the backside during the etching of the Si substrate to build up the concentrator pillars and the mechanical
holding bosses. A meander-shaped metallic heater (Ti:20 nm/Au:250 nm) is first deposited by evaporation and
lift-off process on the front-side of the wafer (Fig. 9(c)). Finally, the pillars and bosses were made in backside of
the wafer by DRIE of Si as shown in Fig. 9(d), (e) and (f): the etching is 230 um deep and corresponds to the
aimed height of the pillars. The resistance of the heater varies between 10 and 14.5 Q.

@ ®) (©)

Si Sio, Au
Fig. 9 : Flow chart of the main steps of the heat concentrator fabrication process. (a) Double-sided polished Silicon
wafer; (b) LPCVD SiO; growth on both sides of the wafer; (c) Realization of the metallic (Ti/Au) heater on the wafer
front-side; (d) and (e) Fabrication of the pillars and bosses on the backside of the wafer by DRIE etching; (f) Image of
the backside of a 2-pillars concentrator that will serve for the 2-membranes uTEG.

Fig. 10 illustrates the 2.5D uTEG module after the assembly of the concentrator on the folded thermopile.
Considering the surface chosen for each module (~1/3 cm?) it is possible to accommodate 44 modules per 3-inch
Si wafer, to which are added some test patterns for the electrical and Seebeck measurements of the TE layers.

uTEG

Fig. 10 : Final images of the uTEG after assembly of the concentrator and the suspended membranes.

The transfer of the concentrator onto the suspended membranes has, in the past, exploited the implementation of
a sealing technique by thermocompression [42]. However, this technique is expensive and technologically
complicated, and can lead to mechanical rupture of the membranes. For practical reasons, the alignments between
the concentrator and the suspended membranes are performed, in this work, under optical microscopy using
alignment wedges. In addition, some thermal grease is used to ensure a good wet contact between concentrator
pillars and membranes (and substrate on heat sink) in order to minimize thermal contact resistances.

Metal-based folded-thermopile for 2.5D micro-thermoelectric generators
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4.2 Properties of thermoelectric materials

As mentioned in the previous section, we have integrated, in our manufacturing masks, test patterns adapted to
our characterization setups (electrical resistivity and Seebeck coefficient). These test patterns are thus issued from
the same wafer and the same layers of Chromel and Constantan as those used in the pTEGs.

The Seebeck coefficients of NigoCrio and CussNiss are measured as a function of temperature (range 20 -100°C)
using a homemade set-up and a measurement protocol described in detail in [50]. Fig. 11 shows the variation of
Seebeck coefficient of NigyCrio and CussNiss as a function of the average temperature (the lowest value of average
temperature, 35°C, was imposed by the experimental real ambient temperature).

For each material, several measurements have been performed on several patterns located in different areas, in
order to deduce the range of variation of the Seebeck coefficient over the 3-inch wafer.
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Fig. 11 : Seebeck coefficient of NiogCrioand CussNiss versus average temperature.

In the working temperature range, we measured an almost constant value of the Seebeck coefficient for the
150nm thick NigCrio layer (with an average deviation lower than 1uV/K). On the other hand, the Seebeck
coefficient of the 450nm thick CussNiys layer increases slightly (in absolute value) as a function of the average
temperature with a deviation lower than 3 uV/K.

So, the average values of the Seebeck coefficients at room temperature, extrapolated from measurements in
Fig. 11, are about +15 pV/K for NigoCrip and —33 uV/K for CussNiss (Table 2). This results in an equivalent
Seebeck coefficient of a thermocouple of about drc = 48 uV/K. In a separate optimization work, carried out on
calibration wafers that cannot yet be transferred into the 2.5D uTEG microfabrication process, because of
delamination and cracking issues (not shown here), we found higher values of the thermopower and electrical
conductivity for both thermoelements, when using a higher deposition temperature (for Constantan) or using an
annealing stage at high temperature (for Chromel). The TC Seebeck coefficient would have been 64 uV/K if both
optimized layers could be used in the folded TCs.

The characterization of the electrical resistivity of NigCrio and CussNiss is carried out using a four-probe
Accent® probing station HL5500 PC. This allows semi-automatic measurements of the electrical resistivity using
the Van Der Pauw configuration (clover-leaf-shaped samples). The electrical resistivities of NiggCro and CussNigs
measured at room temperature and the calculated values of power factor, a?/p, are summarized in Table 2. These
obtained TE properties show that the quality of the deposited layers is moderate compared to the published values
of the state of the art [51-56] and compared to our own optimum layers as stated earlier. Obviously, in future work
we will have to implement an adaptation of our technological process of “folded thermopile” to be compatible
with the required high temperature extra steps needed to have high quality Constantan and Chromel.

TE material Thickness Seebeck coefficient  Electrical resistivity ~ Power Factor a/p

(nm) o (uV/K) p (uQ.cm) (uW.cm'LK??)
NigoCrio 150 15 100.3 2.24
CussNigs 450 -33 59.8 18.21

Table 2 : Thermoelectric properties of NiooCrioand CussNigs at 298K.

4.3 Performance of the uTEGs

In this work, each fabricated 2.5D uTEG based on Constantan/Chromel thermopile was characterized using the
four-probe set-up shown in Fig. 12. The measurement principle consists in injecting a thermal power by Joule
effect in the heater with two probes, and measuring with two other probes the Seebeck voltage generated by the
thermopile. The module under characterization is mounted on a large Aluminum block used as a heat sink to
evacuate heat and keep the backside of the uTEG at room temperature. The thermal power dissipated in the
concentrator is deduced from the direct measurements of the current flowing through the heater and the voltage at
its terminals. The injected current is adjusted between 0 and 290 mA, which corresponds to a thermal power
dissipated ranging from O to 1.2 W. At the output of the uTEG, the Seebeck voltage generated is measured (using
a high impedance voltmeter) as a function of the thermal power injected into the concentrator.

Metal-based folded-thermopile for 2.5D micro-thermoelectric generators
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(a) (b)

L

Fig. 12 : (a) Photos of the four-probe set-up used for the uTEG characterization; (b) Zoom on
4 probes (2 are used to inject the current in the heater and the 2 others for the Seebeck voltage measurement).

a-,u TEG positioned under

The characteristics of both pyTEG configurations realized and characterized in this work are presented in the
Table 3. As stated earlier, the 2- or 3-membranes based modules have respectively 100 or 150 TCs with a
series/parallel assembly. The thermoelement length and the strip width are also given in the table.

Module Number of TC length Strip width (um) Number of Internal electrical
configuration membranes (um) NiooCrio CussNiss TCs resistance (Q)
2m-uTEG 2 1060 200 150 100 305
3m-uTEG 3 670 200 150 150 140

Table 3 : Main parameters of the 2 fabricated and characterized uTEG configurations.

We note that as expected, the internal electrical resistance of these new metal-based pTEGs, is clearly lower
than the one of our first generation of uTEGs, based on a polySilicon/metal thermopiles: in this former case,
resistances were of the order of a hundred kQ to a few MQ for modules with 2 membranes [33, 43], while for the
new family it is one to three hundred €. This drastic reduction of resistances results from the use of TE metals
(NigoCrio and CussNigs) with very low electrical resistivity, as well as from the new topology of the thermopile in
which one part of the TCs are associated in parallel.

Fig. 13 shows the measured output Seebeck voltage (V,,,;) that was generated, as a function of the Joule input

power (¢;) injected into the concentrator. Each module is characterized several times to reduce the error related to
any possible misalignment of the concentrator. Only the best reproducible results are presented in this figure. To
avoid overheating of the modules, we have limited the maximum input power to harvest to about 1.2 W. For each
characterization, the temperature of the heat sink is measured with a probe placed close to the uTEG: it shows a
quasi-no heating over the duration of the measurement thanks to the efficient heat sink dissipator. We assumed
that for each characterization, ¢; was fully injected into the concentrator and was dissipated to the heat sink
through the pTEG (neglected the part exchanged with the ambient air).
The experimental V. (¢;) characteristics are almost linear and this linear characteristic of the output voltage as a
function of ¢; are consistent with the Seebeck effect. Indeed, i/ on one hand, V,,; = NgarcATj., where Ng=25
for a stripe width of 200um, arc = (Ayicr — Acuni) = 48 WV/K, and ii/ on the other hand, if R" is the internal
thermal resistance of the uTEG, then the effective temperature difference between the hot and cold junctions of
each thermocouple is given by ATy, = th(;bi. At the end: Vs = NsaTcRithgbi, so finding linearity is obvious
(R is independent of the flux).

T T T T T T T T T T T T

—=— 2m-uTEG
3m-pTEG

2001
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% o0z 04 08 08 1 12
Input power (W)
Fig. 13 : Seebeck voltage generated in 2- and 3-membranes uTEGs versus input power injected into the concentrator.
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Incidentally, one can deduce the internal thermal resistance from this relation: R is 137 K/W and 120 K/W
respectively for the 2- and 3-membranes pTEGs. So the thermal resistance of the novel uTEG is pretty high,
nevertheless it depends on the number of membranes (ie. fixed by the TCs length) so Rith is likely to decrease if
we fabricate modules with even more membranes (ie. much shorter TCs).

The highest V,,,; delivered (about 201.6 mV) is obtained for the UTEG with 2 membranes for a maximum injected
thermal power of 1.2 W while it is some 11% lower for the 3-membranes uTEG (consistent with a lower ATy, for
the same ¢;, due to shorter TCs).

The maximum output power generated by the uTEG, PB,,,, can be calculated as stated earlier, using the
measured Seebeck voltage V,,; and the experimental internal electrical resistance R;,; (305 Q and 140 Q
respectively for 2- and 3-membranes uTEGs, Table 3): Ppax = VZ,t/4Rint. The evolution of P, generated as a
function of ¢; injected into the concentrator is presented in Fig. 14 for the two uTEG configurations.

T T T T T T T T T T T T

125 = 2m-puTEG
3m-uTEG

100

75k

50

Prmax (MW/cm?)

251

0 0.2 0.4 0.6 0.8 1 1.2
Input power (W)
Fig. 14 : Maximum output power density generated versus input power injected into the concentrator.

These results show that the 3-membranes uTEG configuration has the best performance as was expected from

our modelling. Its highest experimental value is about 125 pW/cm? for ¢; ~1.07 W. Normalized to 1W of injected
heat, this corresponds to an output power of 108.3 pW/cm?. For the 2-membranes based uTEG, Py, is as expected
smaller: it is about 64 uW/cm?. This is still higher than the best P, obtained for the 2-membranes polySi-based
UTEGs, with a standard thermopile (50 - 62 pW/cm? [43]) which is encouraging.
However, these both experimental performances are lower than the predicted values (see section 3.3, it is 50%
lower for the 3-membranes uTEG) in part because the experimental Seebeck and electrical properties of the
Chromel and Constantan layers used in the fabricated modules, are not the optimized ones. Anyway, as the
thermogeneration gets better with the increase of membrane number (ie with the shortening of TCs), we expect, as
for our former uTEG geometry (polySi based), to obtain an optimum value of P,,,, for an even higher number of
membranes. This will be explored in a forthcoming work.

The above-mentioned best experimental uTEG performance has been compared to the ones of the state-of-the-
art modules also based on metallic thermoelectrics: these are listed in Table 4. In this table we reported a factor
used in the literature for comparing the performance of uTEGs, regardless of their topology or configuration: it is
defined by the ratio F, = Ppax/(Aurec ATZ.,), where Ayrig 18 the area of the u'TEG and AT, is the temperature
difference between the external surfaces of W“TEG (ATy( in our work). This factor F, is often called "efficiency
factor" (see for instance [33,57]). The use of this factor was first proposed by Strasser et al. [58] almost two
decades ago.

TE Area of y/TEG  Number Rine ATere  Vour Pax F, (uWW.em Ref
material (mm?) of TCs Q) (K) V) (uW/cm?) 2.K?)
NiCr/CuNi 34 150 140 126 0.143 108.3 6.82 x 1073 This work
NiCr/CuNi 900 33 - 22.7 0.3 0.41 8 x 10* [59]
NiCr/CuNi 768 40 392 250 0.53 19.53 3.12x 10* [60]
Cu/CuNi 250 50 56000 70 2.18 8.5 1.73 x 1073 [61]
Cu/Ni 1118 10 741 69 0.013 0.51 1.07 x 10* [62]
Ag/Ni 383 216 - 127 - 80.4 498 x 103 [63]

Table 4 : Comparison of the performance obtained in this work with the state-of-the-art metallic based uTEGs.

In this comparison, our 3-membranes uTEG is the one that integrates the largest number of TCs despite its very
small area, compared to other W'TEGs. This is one of the main advantages of the proposed folded thermopile
topology, that presents a high integration density of TCs. This results into better values for P,,,, and for the
efficiency factor: F, is about 6.82x107 uW.cm™? K2 (AT, =ATyc= 126 K, deduced from the experimental AT},.=
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120 K and using our simulation presented in section 3.3). This factor is pretty good when compared to the other
literature values (modules with metal TCs) and even compared to our own former uTEG topology (polySi-based
standard thermopile), where F, was ranging from 1.3x107 to 9x107 yW.cm™?.K? in 2-membrane based modules.

Of course, one can find in literature larger values if considering pTEGs that integrate other kind of TE
compounds (not metals) in bulk, thin or thick layer form, as shown in Selvan er al. [57] who proposed a
methodological survey on efficiency factors published from 1989 to 2017. If one assumes this study is still valid
today, our 3-membrane metal-based pTEG would be in the average. Indeed owing to this survey: “44.1% of thick
and thin film thermoelectric generators are realizing in between 0.001 and 4 uW.cm™2. K2, while 43.1% of thick
and thin films are earning among 107 to 0.001 uW.cm™2.K2” [57]. In addition, another comprehensive review
has been proposed very recently by Yang et al [64], however it is focused on polySi-based miniature modules.

Anyway, those first performance results of our new 2.5D uTEG validate the interest of our folded series/parallel
planar architecture. It also deserves to be improved further by i/ on one hand, optimizing the quality of the two
TEs (Chromel and Constantan) as stated before, and ii/ on the other hand, by looking for the optimum dimension
in terms of membrane number (ie TC length and number). We already know from our studies on our former U”TEG
geometry (polySi/metal series thermopile) that the best efficiency factor we could experimentally obtain (F.=0.117
uW.cm2.K? [43]) was when using shorter TCs, in a 10-membranes based module. All these points constitute the
next steps in our technological roadmap.

5. Conclusions

We report on a novel 2.5D uTEG integrating a planar thermopile with periodically folded NigoCrio
/CussNigs thermocouples and distributed on 2- or 3-membranes. Our new topology has an increased TC integration
density and a reduced module internal electrical resistance, due to the electrical association in “series and parallel”
of the TCs and the use of metallic thermoelectrics. The two uTEG configurations, with 2 and 3 membranes, have
been successfully modeled, manufactured, and characterized. The best maximum output power density is about
108.3 uW/cm? for 1W heat injected on the concentrator and as predicted is delivered by the 3-membranes uTEG.
This corresponds to a 126 K temperature difference between the external surfaces of the module and so to an
efficiency factor of 6.82x10 uW.cm™.K2. This performance is better than in the state-of-the-art modules using
metallic thermoelectrics. Also, the new modules thermal resistance are pretty high: 120 to 137 K/W. In upcoming
work the focus will be on improving the performances of the novel pnTEG by i/ optimizing the geometrical
parameters as the membrane number and ii/ by solving technical issues as thermal budget in order to be able to
employ NigyCrip and CussNiss layers with optimum thicknesses and TE properties.
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Highlights
- Multi-membrane-based 2.5D uTEGs integrating a new kind of metal-based
thermopile are modeled, fabricated and characterized.

- The novel thermopile topology is periodically folded and is based on
NigoCrio and CussNiys thermoelectric layers.

- The thermopile integrates a high density of thermocouples with a combined
series and parallel electrical association.

- In the 3-membranes based unTEG, a maximum output power density of
108.3 uW/cm? is generated from 1 W heat to harvest.

- Those 2.5D uTEGs have higher efficiency and thermal resistance than in
the state of the art of metal based modules.
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