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Abstract

Geometry, design, and processing in addition to the thermoelectric material
properties have a significant influence on the economic efficiency and perfor-
mance of thermoelectric generators (TEGs). While conventional BULK TEGs are
elaborate to manufacture and allow only limited variations in geometry, printed
TEGs are often restricted in their application and processing temperature due to
the use of organic materials. In this work, a proof-of-concept for fabricating mod-
ular, customizable, and temperature-stable TEGs is demonstrated by applying
an alternative laser process. For this purpose, low temperature cofired ceram-
ics substrates were coated over a large area, freely structured and cut without
masks by a laser and sintered to a solid structure in a single optimized thermal
post-processing. A scalable design with complex geometry and large cooling sur-
face for application on a hot shaft was realized to prove feasibility. Investigations
on sintering characteristics up to a peak temperature of 1173 K, thermoelec-
tric material properties and temperature distribution were carried out for a
Ca;Co0409/Ag-based prototype and evaluated using profilometer, XRD, and IR
measurements. For a combined post-processing, an optimal sintering profile
could be determined at 1073 K peak temperature with a 20 min holding time.
Temperature gradients of up to 100 K could be achieved along a thermocouple. A
single TEG module consisting of 12 thermocouples achieved a maximum power
0f 0.224 pW and open-circuit voltage of 134.41 mV at an average hot-side temper-
ature of 413.6 K and temperature difference of 106.7 K. Three of these modules
combined into a common TEG with a total of 36 thermocouples reached a maxi-
mum power of 0.58 K and open-circuit voltage of 319.28 mV with a lesser average
hot-side temperature of 387.8 K and temperature difference of 83.4 K.
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1 | INTRODUCTION
1.1 | Application of thermoelectric generators

The supply of energy from nonfossil sources, its effective use and recovery are essential in the transformation to a
low-emission economy while energy consumption is constantly rising at the same time.! According to the International
Energy Agency, photovoltaics or wind energy are providing an increasing share of primary energy worldwide,? while ther-
moelectrics successfully fill niches in the field of energy harvesting. Energy harvesting is the conversion of small amounts
of abundant into electrical useful energy. In the case of thermoelectrics, thermal energy from the environment is used,
which is exchanged between objects of different temperatures.

Compared to other supply technologies, thermoelectric generators (TEGs) generally can only provide small amounts
of electrical power.®> Depending on the material and ambient conditions the technically realizable efficiency in prac-
tice is below 5%.*° By using finite element method (FEM) optimized geometry and improved material values over
10% have already been reached under operational conditions.®” Despite these advances, TEGs are not often used to
independently supply larger electrical loads except for some special applications like the powering of space explo-
ration missions using radioisotope heat sources.® One focus of their application is the partial recovery of waste heat
where it already occurs in large flows, such as in energy-intensive industrial processes or combustion engines.!*!!
According to estimates over 50% of global primary energy production could be lost in the form of waste hea
The second main application of TEGs is to provide minimal amounts of energy for autonomous powering of small
electrical loads. An increasing number of studies have investigated the application of TEGs, for example to supply
energy-autonomous wireless sensor networks (WSN)!*4 or body sensors.!>1® At present, sensor nodes are still usually
limited by their battery capacity and maintenance requirements, hence a lot of effort is spent on minimizing their energy
consumption.!”!8

TEGs have no moving parts, require no maintenance and can replace batteries in many applications and environments
that are difficult to access.!*?° However, they are not suitable for every environment. TEGSs require a permanent heat
source and heat sink which are accessible by the generator.

t.12

1.2 | Processing of TEGs

The structure and geometry of conventional TEGs limit the choice of suitable application environments. The processing
of thermoelectric materials such as bismuth telluride include their bonding and assembly to the TEG are complex and
cost-intensive.?! Generators fabricated in this way have sufficiently high efficiencies for most applications—but they are
restricted in geometry, rigid, and planar.?>?3 Although they cover a wide range of applications conventional TEGs are not
suitable for many environments or surfaces due to these limitations.

This is one of the reasons why alternative manufacturing processes and TEG designs are the focus of research. Depend-
ing on the approach they ensure better processability, simple scalability, alternative geometries, and other materials.
Printing processes in particular are discussed in this context. They allow depositing thermoelectric structures additively
on a substrate. Several different technologies such as dispense printing,**?> ink-jetting,®*” aerosol printing,*® or screen
printing®>3° have been investigated for the manufacturing of film-based TEG. By using printing technologies new TEG
designs could be established especially in combination with flexible polymer substrates. These include radial genera-
tors,3132 roll-to-roll generators,** or foldable designs.>*** Although in many cases these approaches allow more flexibility
in geometry and material selection and provide a more targeted design,®® they have not yet established themselves
on the market. A major reason for this is the high difference in reachable electrical power outputs between conven-
tional and printed TEGs.?*3%37 On the material level, this is characterized by the power factor PF of the thermoelectric
materials:

PF =c¢*a? (1)

The power factor is defined by the electrical conductivity ¢ and the Seebeck coefficient a. The material properties of
printed thermoelectric films are, as a result of the process, below those of bulk materials as used in conventional TEGs.?’
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In special, the electrical conductivity is degraded by the porosity of the films and the additives and binders required in
the inks.?%-38

Although many studies have demonstrated that printed TEGs can in principle be suitable for a variety of low-power
applications, the development of printing inks can be a big challenge. Depending on the specific process, the inks must be
customized to many parameters such as particle size distribution, viscosity, thixotropy, surface tension, oxidation stability,
and dispersion stability.>>3° The additives and binders required for this not only reduce the thermoelectric properties. But
the formulation of ink systems is also a time-consuming and challenging process which affects the availability and the
costs of the inks.

Furthermore, the choice of substrate has a great influence on the processing and properties of thermoelectric films.
If flexible polymer substrates are used, thermal post-processing for debinding and sintering of the films is very limited
because of the low thermal stability.">?* An interesting and underestimated alternative for this can be low temperature
cofired ceramics (LTCC) substrates. These substrates are flexible films of ceramic particles embedded in a polymer matrix.
During thermal post-processing, ceramic particles are debinded and then sintered into a temperature resistant and solid
structure. The laser material processing of LTCC substrates is an established technology in special PCB manufacturing
and has already been investigated.*’ Independent of TEG manufacturing some work has also addressed laser structur-
ing of electronic thick films on LTCC substrates in general*! or for applications, such as to generate microwave circuits*?
or microstructured low-pass filter.**> An adaptation of LTCC technology and laser processing to TEG manufacturing has
significant potential for several reasons. First, it is possible to cut the substrate to any shape and to generate the thermo-
electric structures freely and maskless at high processing speed. Second, the substrate is flexible at the beginning and can
tolerate a thermal post-processing with temperatures above 1000 K in comparison to polymer substrates. Third, as demon-
strated by Gutzeit et al., very small structures of up to 25 pm widths can be theoretically realized by laser structuring
with suitable equipment,*! which is comparable to or smaller than the resolution of practically available screen-printing
processes (~ 100 pm**),

Some studies have already successfully demonstrated the capability of LTCC substrates for the manufacturing of TEG
by using existing printing technologies. Jaziri et al. presented one Ag/PdAg and one Ag/Ni-based TEG with 104 thermo-
couples on a LTCC substrate, which was fabricated by screen printing.** The first one achieved an electrical power output
of 81 pW at a temperature gradient of 114 K, while the AgNi-based one achieved an electrical power of 4.6 pW at 62 K dif-
ference. Markowski also demonstrated a screen-printed Ag/PdAg-based TEG. This was made of up to three LTCC layers
with 30 thermocouples each.® A laminate of three layers and 90 thermocouples achieved an electrical power of 0.46 mW
at a temperature difference of 193 K.

1.3 | Laser-structured TEG

In previous work, the authors presented an alternative process to established printing technologies for the manufacturing
of film-based TEG.***® It combines large scale spray-coating with selective laser structuring on LTCC substrate and is
illustrated in Figure 1.

As a subtractive process the method presented here is different from additive printing methods, particularly in the
application of thermoelectric materials. The material application by spray-coating (Figure 1A) and the generating of ther-
moelectric structures by laser structuring (Figure 1B) are executed independently of each other. Printing processes usually
have to use significant amounts of organic additives and binders to adjust viscosity and thixotropy in order to prevent the
structures from bleeding.** This is not necessary for large-scale spray coating, so the inks used can have lower viscosi-
ties, material loadings, and amounts of additives and binders. The spray-coating process is continuous at high feed rates,
which has benefits for film homogeneity and process stability.® The lower requirements of spray-coating also simplify
the formulation of new inks with other material systems.

The thermoelectric material system used includes calcium cobalt oxides (CCO) on the front side and silver on the back
side. Although CCO achieves only moderate performance in the addressed temperature range below 500 K,>! the combi-
nation is well suited for demonstrating the technology and enables comparison to the traditional TEG design. Both CCO
and silver are nontoxic and can therefore be applied with basic equipment via spray-coating. For example, the Ni-based
systems presented by Jaziri et al. have high requirements for the equipment due to their toxicity in a spray process. In
addition, thermal post-processing of CCO, Ag, and LTCC substrate can be realized in the single common processing step
due to overlapping sintering ranges.*!

25UB017 SUOLLILIOD SA1IE8.0 3|1 jdde ) A paueAcb a2 SO YO 88N J0 S9N 10} ARIGIT8U1IUO AB|IM UO (SUONIPUOD-PUE-SULEYW0D™A3 |1 ATRIG1PUIIUO//ST1IL) SUONIPUOD) PUE LB | 841 39S *[£202/80/02] U0 AIq1TaUIluO 811 *ALBWISD aUeIR0D Ad 06GZT ZBUS/Z00T 0T/10p/w00 /3 1A ARRIq1RUIUO// STy LUOJ| Popeo|umoq ‘0 ‘96T8LLSZ



dof1s | WILE Y- BRI ABT ET AL.

pre-Processing processing post-processing

(B) (©) (D)

™

>

‘ contacting and
spray-coating laser structering laser cutting sintering

FIGURE 1 Combined spray-coating and laser structuring by Abt and Wolf*7#® (A): Large-scale spray-coating of an unsintered LTTC
substrate (blue) on both sides with different thermoelectric materials (gray, black). (B): Selective ablation of the films by laser structuring to
create the thermoelectric structures. (C): Free cutting of the substrate by a laser process. (D): Thermal sintering of substrate and structured
films. Contacting of thermoelectric structures on front and back side by using vertical interconnects (VIAS) or edge dipping.

The geometry of the previously presented TEG was based on traditional TEG designs and did not utilize the flex-
ibility of the process.*® With suitable parameterization, the combination of LTCC technology and laser processing
enables the fabrication of almost any 2D geometry without the use of masks. Neither in our own preliminary work
nor in other studies was this potential utilized. A generator manufactured in this way can be designed with min-
imal effort and without being thermally limited in its application by a flexible polymer substrate. This high level
of flexibility allows TEGs to be individually designed for their specific application environment. This is in direct
contrast to conventional BULK-TEGs, which place high requirements on their contact areas due to their rigid and
planar shape.

Here we present a proof-of-concept which shows how laser material processing and LTCC technology can be used to
design thermoelectric generators which are modular, scalable and customizable to the application environment and sur-
face. The presented TEG uses a modular design. Multiple TEG modules can be combined in an electrical series connection
to increase the power output. At the same time the modularization of the TEG allows to minimize the manufacturing
risk since in case of a partial defect only one module has to be discarded and not the whole generator. The structure of a
single module is shown in Figure 2.

The chosen application scenario contains thermoelectric energy harvesting on a hot pipe or shaft, as it is often the
case in production plants or combustion processes. A heat flow is absorbed by the inner tube via brass rings and flows
outwards via the module, where it is emitted into the ambient air. This creates a temperature gradient along the straight
CCO structures on the front side and generates a thermoelectric potential. Via vertical interconnects (VIAS) and silver
structures on the backside, the electric current is returned to the center of the module. Cross bracing stabilizes the module
and enables the series connection of the thermocouples.

The geometry of the modules is inspired by the design of heatsinks. Conventional TEGs use massive metallic cooling
structures to dissipate heat to the environment and create a temperature gradient.>? LeBlanc et al. analyzed that up to
two-thirds of the total system cost of a conventional TEG is spent on isolating ceramic plates and heatsink.>* In contrast,
the modules presented here do not require any of these components and integrate the function of a heatsink through
their design and a maximized surface. This demonstrates how the flexibility of the manufacturing process can be used
for innovative and individualized TEG geometries.

A module includes 12 thermocouples (Figure 2). Each thermocouple generates a voltage along its length, which is
dependent on the Seebeck coefficients « of the materials on the front and back side and increases with the temperature
difference. Multiple modules can be combined to build a stacked TEG as needed. Figure 3 shows the assembly of 3 single
modules with 36 thermocouples, which are combined into one stacked TEG (3-Stack).

In the current set-up, the electrical contact between two modules is established via the rings between them. To
reduce the resistances, the contact surfaces of the rings and modules were coated with a conductive silver layer before
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FIGURE 2 Symmetrical TEG module with 12 thermocouples: The electric flow along the numbered couples is shown by red arrows.
The electrical contact is realized via a brass ring in the center of the front side (A) of the module to the first thermocouple. VIAS inside and
outside contact through the LTCC substrate to the backside of the TEG module (B). On the back side, a contact is set up to a brass ring at the
12th thermocouple in the center of the module.

FIGURE 3 Stacked TEG with 3 modules (3-Stack): The shaft (4) is heated by a heating element (1). This is coated with a
temperature-resistant thin ceramic coating (3) (Cemera DIP 528-N, ca. 150 pm). Brass rings (7) at the front side and back side connect the
modules (6) electrically and transfer the heat via their inner surfaces. SmCo17- ring magnets (8) work as spacers, keep the modules in
position and transfer heat to the brass rings. A thermal gap filler (3) minimizes the thermal resistance between the shaft and the inside of the
rings. Within a module, the front side and back side thermocouples are contacted by vertical interconnects (VIAS) (5) (cf. Figure 2).

assembly. The magnets create a high contact pressure and hold all components securely in place. As shown in Figure 4,
the electrical current flows along the modules and the rings and the voltage is measured at the front and rear ring of
the stack.

2 | EXPERIMENTAL SECTION
2.1 | Materials and components
Unless otherwise mentioned, all reagents obtained from commercial vendors were reagent grade or higher and used

without further purification. CCO from CerPoTech (Tiller, Norway) was used. For the spray-coating the powder was
dispersed with 30 w% into isopropanol under stirring and with ultrasonic treatment before application. The silver coating
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FIGURE 4 Electric current flow inside a TEG stack of three modules. On the front side of each thermocouple, a potential is generated
by p-type CCO, over which the current flows in a closed circuit (red lines). On the back, silver is used to conduct to the next thermocouple
(bright dotted line). Two modules are connected to each other via the back side of the 12th thermocouple and the front side of the first
thermocouple. In between, the metallic rings provide the electrical contact.

was applied using silver spray from MARAWE, bonding via VIAS with 2200 MTP silver ink from CircuitWorks. The LTCC
substrate was a 2-layer laminate of Dupont 951 PX. The shaft had a diameter of 8 mm and was made of copper or brass.
For electrical isolation, this was coated with a high-temperature stable ceramic coating (Cemera DIP 538-N from aremco
with 10 w% dist. H,0). The coating thickness was below 150 pm. A silicone-free thermal gap filler, which is specified up
to 623 K, was applied between the TEG and the shaft. The rings on the front and back sides of the modules are made of
brass according to DIN 125 M8. Temperature stable SmCo17 ring magnets with an inner diameter of 8.5 mm were placed
between the modules. The shaft was heated by a 40 W element with a diameter of 6.5mm and a length of 45mm. The
power was controlled by a Hotset C 448/2. A type K thermocouple was mounted in a hole on the face in the shaft and
measured the core temperature.

2.2 | Processing

The substrate was tempered to 373 K and spray-coated in a previously presented method.*” The coated LTCC substrates
can be processed immediately. Structuring and cutting were performed with a ZING 16 CO, laser from Epilog with 40 W
nominal power and active air assist. The spot diameter was 120 pm. The parameters are based on the findings from pre-
liminary work*”*® and other studies on laser processing of LTCC.40-43-34-56 In particular, when CO, lasers are used, a high
amount of thermal energy is dissipated into the surrounding areas of the LTCC substrate due to the large wavelength
and long pulse durations.** When cutting the LTCC substrate, the binder matrix is thermally removed and ceramic par-
ticles are deposited.*>>> To minimize the heat input into the surrounding substrate, high speeds (max. 200 mm/s) and
frequencies (max. 5000 Hz) are preferred.*> A second cycle can be used to couple in additional energy to ensure that the
substrate is reliably cut off. Exposed ceramic particles are removed by the air assist. However, when structuring, only a
few micrometers of the CCO and silver films are ablated. For this reason, the speed is at a maximum and the laser power is
significantly lower. In order to avoid damaging the substrate below, only the minimum necessary laser power is used.**->*
Metallic particles have significantly lower absorption rates with CO, lasers,>” therefore the laser power must be chosen
higher than CCO. The process parameters used for laser structuring and laser cutting are listed in Table 1.

TABLE 1 Process parameters for film structuring and laser cutting of the substrate

Average speed Average Frequency
Material Mode [mm*s™1] power [W] [Hz] Cycles
LTCC: DuPont 951 PX, 2-layer Cutting 150 36 5000 2
Calcium cobalt oxide: CerPoTech CCO (Tiller, Norway) Structuring 200 1.8 500 1
Silver: Marawe silver spray Structuring 200 3.6 500 1
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FIGURE 5 (A) Sintering profiles with different maximum temperature T,.,. (B) Sintering profiles with different duration at constant
maximum temperature Ty, = 1073 K. The profiles are based on the design rules of the LTCC substrate.™

Thermal post-processing of LTCC substrate, CCO, and silver films were performed in a single process. The cut
and structured TEG modules were each placed between two Al,O; plates with dimensions 100 mm X 100 mm X 6 mm
(Schuba AP-92).The sintering profiles follow the manufacturer’s design rules, but maximum temperature and
duration at maximum temperature were varied.”® The sintering profiles considered in the following are shown
in Figure 5.

2.3 | Characterization

The geometry of the TEG modules was measured before and after thermal post-processing using a VR-5000 profilometer
from KEYENCE and a micrometer gage (Mitutoyo 0-25mm 1,204,565). By using a thermocouple type K the ambi-
ent temperature was documented during the experimental procedure. Thermographic measurements on the TEG were
made with a VarioCAM HD from InfraTEC at a resolution of 640 x 480 pixels. CCO films were applied to alumina
slides by spray coating to investigate the influence of sintering temperature and holding time (cf. Figure 5). These
films were characterized by x-ray diffraction (XRD, Bruker D8 Advance with Cu-Ka radiation). The Seebeck coeffi-
cient a and the power factor PF of the CCO were measured as a function of temperature using a ProboStat A setup
of NorECs with ELITE thermal system and KEITHLEY 2100 digit multimeters. The isothermal electrical conductivity
o of CCO was investigated with a home-built modified van-der-Paul measuring cell with a horizontal carbolite tube
furnace and KEITHLEY 2100 digit multimeters. Current and voltage of the assembled TEG were measured for dif-
ferent load resistors via a resistor cascade (R1-1000 Mini from cmt) and already above-mentioned multimeters. All
thermography and power measurements were carried out in steady state conditions after 45 min and under free con-
vection. For the U-Ig and power output curves Figure 10 linear fits and second-degree polynomial fits were used,
respectively.

3 | RESULTS AND DISCUSSION

Figure 3 illustrates that each TEG module has two contact surfaces to the brass rings and one to the shaft. Their dimensions
and tolerances must be known so that the modules can be combined into a single TEG stack. However, LTCC substrates
have a characteristic shrinkage during debinding and sintering, which strongly depends on the parameters of the sintering
profile used. Because LTCC substrate, CCO film and silver film are processed in a single thermal post-processing there
are several conditions that must be fulfilled:

« Binders and additives from the LTCC substrate and silver film must be removed completely.
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« LTCC substrate, CCO, and silver film must be sintered into solid structures.
« Both films must stay thermally stable.

« The electrical conductivity ¢ and the power factor PF of the CCO film should be optimized in accordance with the
previous conditions.

The evaporation and decomposition of the organic components from the LTCC substrate and silver film occurs up
to a temperature of approx. 650 K. This is significantly below the temperatures known for sintering of the LTCC sub-
strate and the CCO. For the LTCC substrate, the manufacturer provides a maximum temperature of approx. 1123 K
for a duration of 20 min (Figure 5A).°® Tahashi et al. investigated the temperature dependence of CCO sintering
and determined the range from 1073 to 1193K as the optimum for the maximum temperature with the great-
est possible power factor.>® They also showed that a decomposition reaction to CazCo,04 begins at above 1193 K.
Although an oxidation reaction does not occur in silver above 423K, silver films can lose stability in dependence
on the layer thickness above approx. 873K with increasing temperature and duration of the sintering process due
to agglomeration processes.®! A combined sintering profile must therefore choose a sufficiently high maximum tem-
perature and duration for the CCO so that the thermoelectric material properties are sufficiently developed, while
at the same time keeping the range above approx. 873K as short as possible to minimize the risk of damage to the
silver film.

Figure 5 shows sintering profiles varying in maximum temperature (5A) and duration (5B), which were investigated
for CCO. CCO films were applied to Al,Oj; slides and processed according to the sintering profiles. The films were analyzed
by XRD and are shown in Figure 6.

The measurements show that diffraction peaks corresponding to CCO can be detected an increase in the inten-
sity of the characteristic 0020 and 0040 reflections with increasing sintering temperature starting at 1073 K (Figure 6A)
and also with rising sintering duration (Figure 6B). Over all measurements, no signals could be identified that indi-
cate contamination or decomposition of the CCO. The results are confirmed by the previously mentioned literature
values. However, the thermoelectric properties of the CCO cannot be inferred directly from the dimension of the
CCO platelets.

Figure 7 presents the resulting electrical conductivity o, Seebeck coefficient @« and power factor PF as a func-
tion of temperature for the different maximum sintering temperatures and durations. Both the electrical conductivity
(Figure 7A) and the resulting power factor (Figure 7B) collapse below 1023 K. This can be explained by the miss-
ing sintering and corresponding increase of CCO platelet size observed in the XRD measurements. In particular, the
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FIGURE 6 XRD measurement of the sintering characteristics of CCO. (A) For varying maximum sintering temperatures and (B) for
varying sintering durations. Compare also sintering profiles shown in Figure 5. Dashed lines show the literature reflections and indices of
Ca;Co409 (PDF: 00-062-0692) and Al,O; (PDF: 01-075-1865). Reflections of CCO correspond to the superspace group Cm (0 1 -p 0).°? The
characteristic 0020 and 0040 reflections that showcase the sintering of the CCO plates with strongly increasing intensity are marked.
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FIGURE 7 Thermoelectric material properties for different maximum temperatures and durations during post-processing. (A-C)
Electrical conductivity o (A), Seebeck coefficient « (B), and power factor PF (C) for different maximum temperatures. The sinter profiles
correspond to the graphs in Figure 5A. (D-F) Electrical conductivity ¢ (D), Seebeck coefficient « (E), and power factor PF (F) for different
duration at a maximum temperature of 1073 K. The sintering profiles correspond to the graphs in Figure 5B.

power factor PF increases strongly up to a maximum temperature of 1073 K and then grows moderately. On the other
hand, a comparison of different durations at a maximum temperature of 1073 K shows that a longer duration at maxi-
mum temperature does not have a positive effect on the electrical conductivity ¢ (Figure 7D) and the power factor PF
(Figure 7F). As the XRD measurement shows increased platelet growth, this may indicate increased cracking of the
film. However, a profiliometer measurement could not confirm the existence of cracks in a pm scale. It is also possible
that the sintering of the CCO platelets is overlaid with a temperature- and time-dependent degenerative effect, which
is caused by organic residues of the substrate or a changed atmosphere composition. This should be investigated in a
future study.

Furthermore, a reduction of the layer thickness from 15 pm (20 min) to 12 pm (60 min), to 10 pm (120 min) could
be measured for the samples from Figure 7C-F, while at different maximum temperatures (Figure 7A-C) the layer
thicknesses of the samples were constant at 15 pm. Based on the measurements the sintering profile with a maximum
temperature of 1073 K for 20 min was chosen for a combined thermal post-processing of LTCC substrate, CCO film, and
silver film.

Using the selected sinter profile, the relevant parameters for the design of the laser process were defined. Ten samples
of 25 mm X 20 mm were coated with a CCO film and structured with a stripe pattern by a laser. Post-processing was carried
out with the chosen sintering profile. The samples were measured before and after sintering using a profilometer. From
the comparison of the given pattern, the unsintered and the sintered samples, the cutting loss, the structuring width, and
the characteristic shrinkage were calculated (Table 2).

The shrinkage of the substrate with a factor of 0.89 is slightly lower than specified by the manufacturer’s value of
0.87.%8 This can be explained by the fact that the maximum temperature of the selected sintering profile remains below
the manufacturer’s specification. Considering the cutting losses and the tolerances, a cutting pattern for the TEG modules
was generated based on the scaling factor. The modules manufactured in this way and the TEGs which are assembled
from them are shown in Figure 8.

A measurement of the dimensions of the module presented in Figure 8A shows that the shrinkage due to the thermal
post-processing of the module is reproducible for the sintering profile within the specified tolerances. Compared to the
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TABLE 2 Parameters for laser pattern design based on investigations of simplified TEG structures with the sintering profile
T'max = 1073 K from Figure 5A. Ten samples with 12 measuring points each were examined

Parameter Unsintered Sintered Scaling factor

Value [mm] Rel. error (26) [%] Value [mm] Rel. error (26) [%] Value [mm] Rel. error (2¢) [%]

Cutting loss 0.24 22.6 - - - -
Structuring width  0.31 14 0.15 28.6 0.49 42.6
Shrinkage - - - - 0.89 2
VIAS diameter 0.58 4.5 1.00 6 1.72 10.5

FIGURE 8 (A)Manufactured module after post-processing with reduced dimensions. To characterize the shrinkage, the lengths of the
thermolegs (2-12) between the VIAS and the total radius of the module (r) were measured (see Table 3). (B) Fully assembled stack-TEG of 3
modules on a shaft

unsintered state, the size of the module is reduced by 10% after post-processing according to the measured values shown
in Table 3.

The generated voltage and achievable power of a TEG increases with the temperature gradient across the thermo-
couple. The concept presented is based on modules that dissipate heat to the environment themselves due to their high
surface area and do not use an additional heat sink. The geometry of the modules determines the size of this gradient.
Numerous studies have already shown how the performance and efficiency of TEGs can be significantly increased by
optimizing their geometry.%3-% If the temperature distribution of the presented TEG can be modeled adequately, this will
prospectively allow an individual optimization. Figure 9 shows a comparison of the expected temperature distribution of
an FEM simulation (Figure 9A) and the real temperature distribution measured by IR-Cam (Figure 9B) for steady state
conditions under free convection.

It is obvious that there is a clear shift in the temperature distribution along the vertical axis between model and mea-
surement. While the thermocouples 12, 1 and 2 show higher temperatures in the center and larger gradients in total, the
thermocouples 6-8 have an opposite distribution. Since the TEG module is symmetrical around the heat source, a similar
temperature distribution for each of the 12 thermocouples would be expected. The reason for this shift is a nonuniform
heat transfer caused by different thermal resistances between the shaft and the modules. Because of the required tol-
erances, there is a gap of several 100 pm between the module and the shaft, which is closed by a thermal gap filler (cf.
Figure 3). As aresult of the module’s own weight, the thickness of this layer is not constant in all directions, it is smallest at
the upper pairs 12, 1, and 2 and largest at the lower thermocouples 6-8. To confirm this, temperature distributions of one
TEG in different rotation positions were measured and analyzed. The results are attached in the Supporting Information
(Appendix S1). Table 4 summarizes the temperature distribution for each thermocouple and selected zones. Calculated
from the mean value of all thermocouples, the gradients are 22% higher at the top and 25% lower at the bottom of the TEG
module. On the other hand, if all remaining thermocouples that are located on or around the horizontal axis are combined
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TABLE 3 Characteristic dimensions before and after post-processing and the resulting shrinkage of the TEG geometry for the
module presented in Figure 8A

Thermocouple Nr. Unsintered [mm] Sintered [mm] Scaling factor
2 25.42 23.00 0.9

3 25.37 22.84 0.9

4 25.56 22.99 0.9

5 25.48 22.78 0.89

6 25.36 23.04 0.91

7 25.39 22.92 0.9

8 25.54 22.76 0.89

9 25.39 22.63 0.89

10 25.50 22.79 0.89

11 25.53 22.84 0.89

12 25.54 22.80 0.89

r 81.4 72.55 0.89
2-12,r - - 0.9+1.5%

- 450 -

FIGURE 9 (A)FEM modeling of a temperature distribution inside a module in steady state with free convection. (B) Temperature
distribution of a module in steady state after 45 min recorded by IR camera. The gradients for the thermocouples 1-12 are shown in Table 4
and were measured above and below the contact areas.

(3-5,9-11), it can be seen that they have approximately the same mean value but only half as much variance. Across all
thermocouples the hot side temperatures and the temperature gradients of the IR measurement are higher than the model.
The average gradient of 86.9 K is about 6 K higher than the model predicted (80.4 K). In addition to the nonuniform heat
transfer and convective effects, this could also be partially caused by a change in the thermal conductivity of the LTCC
substrate. Because the sinter profile has a 50 K lower maximum temperature compared to the specification and the deter-
mined shrinkage is lower, the material value could be less than the manufacturer’s specification. Despite the described
differences, the temperature distribution can be adequately explained by the model. The averaged gradients deviate from
the measured values by approx. 7%. By validating the thermal conductivity coefficients and considering the different
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TABLE 4 Comparison of temperature gradients from FEM simulation and IR measurement. The gradients were measured for each
thermocouple above and below the contact area. For combined measurements, the variances (s) are listed

Thermocouple Nr. To1q (inside) [K] Thot (outside) [K] AT [K]
IR-measurement 1 308.7 426.8 118

2 302.1 401.3 99.3

3 306.6 398.7 92.1

4 303.2 382 78.8

5 305.6 373.5 67.9

6 302.1 366.8 64.7

7 302.2 368.3 66.1

8 302.6 382.7 80.1

9 302.5 387.2 84.6

10 303.5 395.7 92.2

11 308.7 409.2 100.6

12 364.1 462.8 98.6

1-12 309.3 s=17.4 396.3 §s=27.3 86.9 s=16.2

1,2,12 327.2 s=32 432.9 §s=27.3 105.8 s =10.7

3-5,9-11 303.4 s=1.6 391.30 s=8.4 87.8 s=8

6-8 303.3 s=0.3 369.5 s=28.8 66.2 s=8.5
FEM 1-12 (symmetrical) 301.2 381.6 80.4

contact resistances between the shaft and the module, this value can be improved. These findings could be used to further
increase the power electrical output or to use the material more efficiently. A rough calculation illustrates this. Based on
the temperature distribution from the model in Figure 9, a temperature gradient of approx. 62 K is built up on average over
the first 7 mm of the length of the thermoleg. If an average Seebeck coefficient of 80 uV*K~! is assumed for this range based
on the measurement in Figure 7, about 5 mV voltage is generated per thermocouple. On the remaining approx. 13 mm of
the thermoleg only 18 K difference is realized and with an estimated Seebeck coefficient of 75 pyV*K~! about 1.35 mV ther-
moelectric voltage is generated. If the low temperature dependence of the electrical conductivity in this range is neglected
(cf. Figure 7), this means that approx. 3.5 times the thermoelectric voltage is generated at only about one third of the length
and the electrical line resistance. Due to the very low electrical conductivity of the CCO, its line resistance dominates the
total internal resistance and thus the power output of the TEG. An effective approach to optimize the power outputs would
therefore be to successively reduce the length of the legs. The advantage of the manufacturing process used here is that
such adaptations can be directly implemented without changes to equipment, using only modified laser patterns. In addi-
tion, the length of each thermoleg could be individually adjusted to the asymmetric temperature distribution. Because
the TEG also has the function of a heat sink, it is important to consider that every change in geometry interacts directly
with the temperature distribution. The parameterization of the used model can be applied to estimate these effects in
the future.

A single module, a 2-Stack-TEG and a 3-Stack-TEG were manufactured, assembled and measured in a final step.
The power of the heating element was increased successively. The temperature gradients of the thermocouples were
measured by a thermographic camera in steady state after 45 min. Figure 10A,B shows the voltage-current curves
and resulting power curves for the single module TEG at increasing heating power. At a maximum hot-side temper-
ature of 413K and a temperature gradient of 106 K a maximum electrical power of 0.224 pyW was generated over the
12 thermocouples. Figure 10C,D present a comparison of three TEGs, one with a single module, a second TEG with
two modules (2-Stack) and a third TEG consisting of three modules (3-Stack). All TEGs are in a comparable state with
regard to hot side temperature and temperature gradient. The single module reached a maximum power of 0.12 pyW
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FIGURE 10 (A, B) Voltage-current curves and electrical power curves of a TEG from a single module for different hot side
temperatures and temperature gradients. (C, D): Voltage—-current curves and power curves of a single module TEG, a 2-Stack, and a 3-Stack
TEG at comparable temperature gradients

(AT = 86K, Thot = 390K), the 2-Stack 0.301 pW (AT = 85K, Thot = 395K), and the 3-Stack 0.582pW (AT = 83K,
Thot = 387K).

As a result, it was shown that the process presented is qualified to produce functional TEGs that are
highly customizable to their application. Furthermore, the results demonstrate how TEGs manufactured in
this way can be scaled through a modular approach. Together, the high level of customization, its sim-
ple realization and the modular design open the possibility to combine TEGs with locally different optimized
geometries.

Table 5 summarizes the measurement results for the different TEGs. The characteristic values of the graphs
from Figure 10A,B corresponding to the entries of the table with module quantity 1. The measurements of the
three TEGs shown in Figure 10C,D are highlighted. A comparative analysis of the maximum power of the TEG
stack of three modules with the generator presented by Jaziri et al. shows that the output achieved by the gen-
erator manufactured here is relatively low.* The Ag/PdAg TEG reached a performance more than two orders of
magnitude higher than the CCO/Ag generator shown in this work, but at nearly three times the number of ther-
mocouples and a 37% higher gradient. The second Ag/Ni-based TEG presented by Jaziri et al. also produced about
eight times the power outputs, but with three times the number of thermocouples by 75% of the temperature gra-
dient. Figure 7A,D show that the main reason for this is the low electrical conductivity of the CCO film. This
could possibly be improved by mechanical compression of the film after spray-coating or an optimization of the
sintering process. In general, the evaluation of other materials for the process presented here seems useful. With
the goal of maximizing the power output, metallic material systems and half-Heusler alloys can be highly interest-
ing options.®® Pulsed nanosecond lasers or ultrashort pulse lasers would be attractive due to their finer structuring,
lower heat input and more substrate-friendly processing and should be considered in the further development of the
process.
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TABLE 5 Characteristics of the TEGs for different temperature profiles and module quantities. Measured data for module quantity
1 correspond to the graphs in Figure 10A,B. The values used to compare the TEGs in Figure 10C,D are highlighted bold

Modules Thot [K] Teqa [K] AT [K] Uoc [mV] Isc [mA] Pet, max [AW]
1 330.8 298.9 32 45.879 0.0014 0.0169
350.7 300.6 50.1 67.923 0.002 0.0359
370.4 304.3 66.1 74.996 0.0038 0.0741
378.2 302.9 75.4 81.951 0.0045 0.0965
390.2 304.3 85.9 98.145 0.0047 0.1201
398.2 304.8 93.5 112.23 0.0054 0.1561
413.6 307 106.7 135.41 0.0064 0.224
2 325.3 296.6 28.7 68.777 0.0012 0.0209
349 301 48 78.827 0.0026 0.0562
379.9 302.6 77.3 253.54 0.0034 0.1947
395.3 306.7 88.6 319.28 0.0041 0.3068
409.1 308.7 100.6 344.36 0.0047 0.3864
3 321.8 295.9 25.9 130.53 0.0013 0.0414
346.3 300.6 45.8 205.17 0.0023 0.125
363.9 301.2 63 316.2 0.0032 0.2396
368.1 300 68.2 349.52 0.0036 0.2635
387.8 304.4 83.4 454.88 0.0057 0.5819

4 | CONCLUSION

A concept for the manufacturing of modular and stack-TEGs on LTCC substrates specifically designed for thermoelectric
energy conversion of wasted heat on a shaft was presented. The process allows free design of the TEG geometry with high
reproducibility of the dimensions after thermal post-processing. Suitable sintering profiles for combined post-processing
of LTCC substrate and the thermoelectric films were identified. Symmetrical TEG modules were adapted to their applica-
tion environment and combined to form a single generator. This is fully scalable by the number of modules. A stacked TEG
of three modules with 12 thermocouples each reached a maximum electrical power of 0.5819 pW at Ty = 387.8K and
a temperature gradient of AT = 83.4K. A comparison of the temperature distribution from the FEM model and IR mea-
surement shows that the heat transfer from the shaft to the TEG is not fully consistent due to manufacturing tolerances
but can be described adequately well. Transferring the process approach to other material systems with higher electri-
cal conductivities and laser sources with lower pulse widths has significant potential to greatly increase thermocouple
density and improve generator performance.

The study shows that LTCC technology and laser structuring are well suited to producing temperature-resistant TEG
with almost any geometry. As a maskless process, this offers the possibility of adapting TEG individually and specifi-
cally to different application environments and nonplanar connection surfaces with minimal effort. The modeling of the
temperature distribution can be used in future to maximize the power output already during the design phase.
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