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Fully Screen-Printed, Flexible, and Scalable Organic
Monolithic Thermoelectric Generators

Irene Brunetti,* Federico Ferrari, Nathan James Pataki, Sina Abdolhosseinzadeh,
Jakob Heier, L. Jan Anton Koster, Ulrich Lemmer, Martijn Kemerink, and Mario Caironi*

Energy-harvesting technologies offer a sustainable, maintenance-free
alternative to conventional energy-storage solutions in distributed low-power
applications. Flexible thermoelectric generators (TEGs) can generate electric
power from a temperature gradient, even on complex surfaces. Organic
materials are ideal candidates for flexible TEGs due to their good solution-
processability, natural abundance, low weight, and flexibility. Electronic and
thermoelectric properties of organic materials have steadily progressed, while
device architectures leveraging their advantages are largely missing. Here, a
design and fabrication method are proposed for producing fully screen-printed,
flexible monolithic organic TEGs scalable up to m?, compatible with any
screen-printable ink. This approach is validated, along with its scalability, by
printing TEGs composed of two different active inks, in three configurations,
with up to 800 thermoelements, with performances well matching simulations
based on materials parameters. It is demonstrated that by using an
additive-free graphene ink, a remarkable power density of 15 n\W cm~2 at AT =
29.5 K can be achieved, with an estimated weight-normalized power output of
1 uW g, highlighting a strong potential in portability. Owing to such power
density, only limited areas are required to generate microwatts, sufficient

for operating low-power electronic devices such as sensors, and wearables.

1. Introduction

In recent years, the escalating global energy demand has catal-
ysed extensive research into innovative energy sources, with
a marked emphasis on renewables.['?] Advances in low-power

electronic components, specifically sen-
sors and microelectronics within the do-
main of the Internet of Things (IoT), have
led to a substantial reduction in power re-
quirements for applications, now reach-
ing the microwatt range.’] This reduc-
tion in power consumption has facilitated
the utilization of diverse energy harvest-
ing sources across various use cases, in-
cluding wearables, smart industry appli-
cations and smart grid monitoring.[*-°]

Among these alternative energy
sources, low-grade thermal energy
harvesting is gaining recognition as a
viable and sustainable option.”! Ther-
moelectric generators (TEGs), capable
of directly converting thermal energy
into electrical energy, offer significant
promise for powering distributed nodes
in the IoT in a sustainable way.®°] Tra-
ditionally, inorganic semiconductors
and their alloys such as Sb,Te;, Bi,Te;
and PbTe have been the predominant
materials in commercial thermoelec-
tric applications.')  However, these
materials are not without limitations,
including high cost-per-watt,'!l scarcity, toxicity, and the require-
ment for energy-intensive processing.[1213]

In contrast, organic thermoelectric materials offer a non-toxic,
earth-abundant alternative,!’* and, additionally, enable the de-
velopment of more lightweight and flexible TEGs. Moreover,
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Table 1. Number of thermocouples integrated in a fully printed organic
TEGs, along with the corresponding printing technique used.

References Number of Printing technique
thermocouples

[37] 10 3D print

[32] 6 Dispenser print

[33] 60 Drop cast

[34] 4 Inkjet print

[35] 20 Inkjet print

18] 1 3D print

[36] 9 Spray coat

This work 800 Screen print

traditional inorganic TEGs often involve capital-intensive and
environmentally impactful manufacturing techniques.'>3] In-
stead, solution-processible, organic materials compatible with
large-area printing techniques present a more cost-effective and
sustainable manufacturing alternative.l’ These printing tech-
niques, such as 3D printing, inkjet printing, screen printing and
roll-to-roll printing, facilitate the scalability of TEG production,
thereby reducing the time and cost of production.[1617]

However, to date, only a few works in the field of organic ther-
moelectrics have presented studies on architectures and fabrica-
tion methods of truly scalable printed devices.['*-23] The majority
of organic TEGs presented in the literature primarily focus on ex-
hibiting the thermoelectric properties of organic materials by fab-
ricating simple, proof-of-concept TEGs with approaches that are
unsuitable for scaling.[?#?] These proof-of-concept devices usu-
ally exhibit power outputs significantly below the expected perfor-
mance based on the figures of merit (zT) of the constituent ma-
terials. Furthermore, the majority of high-density organic TEGs
are limited to small-area devices (Apc << cm?), due to the lim-
ited scalability of the fabrication techniques, and demonstrate a
low absolute power output.[262 So far, the reported fully printed
organic TEGs presented a limited number of thermocouples, up
to a maximum of 60 (Table 1).

This work presents a scalable methodology for TEG fabrication
utilizing an entirely screen-printing process while demonstrating
the reliability and adaptability of the fabrication method. The de-
vices presented are the first large-area, fully printed TEGs with a
structure that can be easily scaled up to m?-areas. By exploiting
a recently reported additive-free graphene ink,*%! a fully screen-
printed 1x1 cm? TEG is demonstrated. The graphene-based TEG
exhibits a power output of 15 nW at AT = 29.5 K, in good agree-
ment with numerical simulations and expectations based on the
zTs of the constituent materials. Following the initial 1x1 cm?
demonstration, the architecture was scaled up to 10x10 cm? de-
vices consisting of 800 thermocouples.

The fully printed TEG architecture not only meets the power
requirements of low-power sensors and IoT devices but also
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demonstrates the scalability and versatility of the fabrication
method that can produce improved TEGs when more efficient
inks are developed. Importantly, the TEG fabrication process is
executed using an industrial-scale manufacturing process under
ambient conditions, enabling the concurrent printing of multi-
ple TEGs. This substantially reduces both production time and
expense, representing a significant step forward in the develop-
ment of organic TEGs.

2. Results and Discussion

2.1. Design of the TEG Structure

In the construction of the TEG, a vertical configuration was
selected to maximize the number of thermocouples per unit
of area, thereby increasing the power density and favoring
good thermal contact with the heat source and sink. The de-
sign adopted is based on the Il-shape structure, where the
legs of the devices are positioned perpendicular to the heat
flow.’”] This architecture was replicated using an exclusively
screen-printed fabrication process (Figure 1a), resulting in a
monolithic thermoelectric generator. Given the limited avail-
ability of air-stable, screen-printable organic n-type materials,*®]
an organic unipolar TEG was produced by replacing the n-
type legs in a typical II-shape structure with conductive Ag
interconnections.

The screen-printing process for fabricating the TEG struc-
ture involves the deposition of five distinct layers, as shown in
Figure 1b—d. Each layer is defined by a different screen with a
different mesh layout that allows the ink to pass only through a
defined area. A silver bottom contact layer (3 um thick), required
to interconnect the thermocouples, was first screen-printed onto
a flexible, 25 um thin Kapton polyimide substrate (Figure 1b),
followed by an insulating layer (15 pm) with circular wells corre-
sponding to each leg (Figure 1c). The wells were filled by screen-
printing the p-type material to define the p-legs (Figure 1d), fol-
lowed by a silver material to define the interconnecting legs
(Figure 1e). Last, silver contacts (3 pm) were screen-printed to
complete the TEG (Figure 1f). The geometrical fill factor (FF)
of the TEG architecture, an important design parameter repre-
senting the ratio of the area covered by the thermoelectric mate-
rials to the total device area,’?! was determined to be 0.28. For
devices with interconnecting silver legs, FF is effectively halved
(FF = 0.14) since the silver does not contribute to the power
output.

The exact dimensions of the layout are reported in the Sup-
porting Information (Figure S1, Supporting Information). Addi-
tionally, a thin film of parylene (1 um) was deposited as a final
step to provide electrical insulation to the TEGs. Employing this
methodology, TEGs comprising of n =4, n = 8, and n = 800 ver-
tical thermocouples with areas of 0.5 cm?, 1 cm? and 100 cm?
respectively, were fabricated.

2.2. Validation of the TEG Architecture and Fabrication Process

The design of the TEG architecture and the described fabrica-
tion methodology were initially validated using a screen-printable
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Figure 1. a) sketch drawing of the screen-printed technique. b) printed bottom silver contact layer c) printed insulator layer d) printed p-type material
(Graphene, PEDOT:PSS) legs layer. €) printed silver legs layer. f) printed top silver contact layer.

formulation (Clevios SV4, Heraeus) of a widely used p-type or-
ganic thermoelectric material, poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS), to print the p-type legs,
while a commercially available screen-printable Ag ink was
adopted for the interconnections. The Seebeck coefficient, S,
of the screen-printed PEDOT:PSS film was measured using a
custom-built setup!*’! and was found to be S = +12 pv K-1. Ad-
ditionally, the thermal conductivity, k, and electrical conductiv-
ity, o, of the films were characterized resulting in values of k¥ =
0.5W m™ K and o = 37 S cm™!. Detailed information can be
found in the Supporting information (Figure S2, Supporting In-
formation).

Two variants of PEDOT:PSS TEGs were fabricated, with n =
4 (P4) and n = 8 (P8) thermocouples, as shown in Figure 2a,b,
respectively. These variants exhibit in 14 um thick Ag and PE-
DOT:PSS legs. The P4 devices were found to have an internal de-
vice resistance of Ry = 10 Q while the P8 devices had an inter-
nal resistance of Ry = 19 Q, indicating the predictable scaling
of the internal resistance with the doubling of the number of ther-
moelements. The power output of these TEGs was characterized
using a previously described measurement setup.*!l The open
circuit voltage, V., was measured as a function of the applied
temperature difference, AT, between the bottom and the top of
the device, including the substrate. Small-to-moderate tempera-
ture gradients, ranging from AT =5 Kto AT =25 K, were selected
to align with realistic conditions for an IoT scenario. Figure 2c
and d show the V. at varying temperature gradients for both
the P4 and P8 TEGs. As anticipated, V,, exhibits a linear depen-
dence with respect to AT, according to:(*?!

Voc o 1+ S, - AT (1)

where the S, is the difference of Seebeck coefficients of the ther-
moelectric materials.

Additionally, the power output, Py 1, was measured as a func-
tion of the applied load resistance, R, , for varying AT values.
Figure 2e,f show the output power over varying load resistances
for both P4 and P8 TEGs. The measured power outputs exhibit
an ideal behaviour with maximum power output (Pyyrymax) Ob-

Adv. Mater. Technol. 2024, 2302058 2302058 (3 of 9)

tained when the load resistance is matched to the internal resis-
tance following the equation:[*’!

R
Pour = (Voc)2 # ()
(RTEG + RLOAD)

The ideal behaviour was further confirmed as the Py yax
(Table 2) obtained from the P4 TEG is exactly half of the Py r
obtained by the P8 TEG for every AT, demonstrating the appro-
priate scaling of the P of the TEGs. The reproducibility of the
ideal behaviour of this new architecture has been demonstrated
in at least two different devices fabricated in two separate runs
(Figure S3, Supporting Information).

2.3. TEG Based on an Additive-Free Graphene Ink

Following the successful validation of the fully screen-printed ar-
chitecture with PEDOT:PSS-based p-type legs, a screen-printable
p-type semiconductor with improved thermoelectric perfor-
mance over PEDOT:PSS was incorporated into the architecture.
A recently reported additive-free graphene ink formulation,*%!
not previously assessed for thermoelectric applications, was se-
lected. In this graphene ink formulation, van der Waals interac-
tions replace the role of the additives in overcoming the process-
ing challenges, thereby largely preserving the electronic proper-
ties of the material.3%!

The screen-printable graphene ink demonstrated a room-
temperature Seebeck coefficient of S =48 uV K1, a thermal con-

Table 2. Comparison of the Poyt wax of the P4 TEG and the P8 TEG for
varying AT values. The Poyt yax Of the P4 was measured at 9.3 K and 22.7
K, while the Poyt pmax of the P8 TEG was measured at 9 K and 25 K.

TEG Pour max AT 9 K [nW] Pour max AT 22 =25 K
[nW]

P4 0.15 0.93

P8 0.24 1.75
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Figure 2. a) Photograph of the P4 TEG. b) Photograph of the P8 TEG. Open circuit voltage of the c¢) P4 TEG and of the d) P8 TEG as a function of the
AT. Power output of the e) P4 TEG and of the f) P8 TEG as a function of the resistive load for different AT. The fittings (lines) in panels e) and f) are

rational polynomials.

ductivity of x = 0.3 W m™" K~! and an electrical conductivity of
6 =41 S cm™!. Comprehensive details can be found in the Sup-
porting information (Figures S4,S5, and S6, Supporting Infor-
mation). To compare the overall thermoelectric properties of the
screen-printed graphene films to the screen-printed PEDOT:PSS
films, the thermoelectric figure of merit, zT, can be used, defined
as:

_ Sc*T
K

zT

G)

where S is the Seebeck coefficient, o is the electrical conductivity,
T is the absolute temperature, and « is the thermal conductivity.
The graphene films exhibited a zT = 8x1073, versus zT = 3x10~*
for the PEDOT:PSS screen-printed films.

A 1x1 cm? TEG consisting of 8 thermocouples and mirror-
ing the architecture of the PEDOT:PSS device (Figure 2b), but
with 9 um thick graphene legs, was fabricated. The 8 thermocou-
ples device (G8) was found to have an internal resistance of 14 Q.
The V¢ as a function of AT, and Pqyy as a function of R ,p
are reported in Figure 3a,b, respectively. In both cases, the data

Adv. Mater. Technol. 2024, 2302058 2302058 (4 of 9)

recorded exhibit an ideal behaviour, in alignment with Equation
(1) and (2). This ideal and reproducible behaviour underscores
the consistency of the performance of the additive-free graphene
ink and the screen-printing fabrication method.

The device demonstrated a maximum power output of
15 nW at AT = 29.5 K, establishing a new benchmark among
fully printed organic TEGs for normalized power output (1.7 X
107> uW cm~2 K~2), which considers the output power as a func-
tion of the square of the applied AT and the area of the TEG
(Figure S7, Supporting Information).®®! The use of additive-free
graphene significantly enhanced the power output of the device,
exhibiting a 5.5-fold increase at AT = 25 K compared to the
PEDOT:PSS-based device (Figure 3c).

Additionally, the power output of the TEGs per gram was
evaluated, a crucial factor in applications emphasizing porta-
bility, such as wearable electronics. The 8G monolithic device
not only proved to be remarkably lightweight, achieving an es-
timated power output of 1 pW g~!, including the substrate, but
also demonstrated a high level of flexibility, an essential charac-
teristic in applications where conformability and durability are
required. The internal resistance of the device was observed to

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 3. a) Vo of the G8 TEG as a function of the AT (measure green
dots and linear fittings). b) Pyt of the G8 TEG as a function of the resis-
tive load for different AT. The fittings (lines, Fit) in the graph are rational
polynomials. c¢) Comparison between the maximum Pout of the 8G TEG
(green, dots) and the maximum Pg 1 of the P8 TEG (blue dots), as a func-
tion of the AT. The fittings (lines, Fit) in the graph are exponential.
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remain constant even when rolled into a cylinder with a bending
radius of 1 cm (Figure S8, Supporting Information).

2.4. Predictability of TEGs Performance through Finite-Element
Method Simulations

The predictability of the performance of the TEGs, critical for fu-
ture scaling and engineering design, was assessed using finite-
element method simulations based on COMSOL Multiphysics
(for more details see Note S1, Figure S9, Supporting Informa-
tion). The open circuit voltages of the PEDOT:PSS-based TEGs
and the additive-free graphene-based devices were simulated us-
ing nominal material parameters as input. Simulation results
closely match the experimental values, as illustrated in Figure 4
(simulation details of the P4 device are available in the Support-
ing Information, Figure S10, Supporting Information).

The simulations for the V. were carried out with nominal
thicknesses of 14 ym and 9 um for PEDOT:PSS and graphene, re-
spectively (black dots in Figure 4). However, analyzing the surface
profiles of the materials, it is observed that the two printed materi-
als have different surface roughness. Considering the increased
complexity associated with simulations involving roughness an
approximation is made by evaluating the effective thickness sub-
tracting half of the average peak-to-valley height (Rc) from the
measured nominal thickness. Considering that the profile of PE-
DOT:PSS has Rc = 0.5 pm, and the profile of the graphene has Rc
= 2 um, effective thicknesses of 13.75 um and 8 um were evalu-
ated, respectively. The Voc simulations were repeated using these
effective thicknesses (grey dots in Figure 4).

The measured V. generated by the PEDOT:PSS-based and
the graphene-based devices show excellent agreement with the
simulations, with a maximum error of 6.1% and 10.2%, respec-
tively. Such good matching further demonstrates the possibility
of reliably predicting the performance of the TEGs manufactured
using the proposed fully screen-printed fabrication process.

Finite-element method simulations were employed to further
investigate and identify the current limitations of thermoelec-
tric conversion with the devices. Temperature profile along the
frontal plane of the G8 TEG at AT = 25 °C with substrate thick-
nesses of 25 ym and 5 um (Figure 5a) were simulated. Addition-
ally, temperature profiles along the central axis of the graphene
and the silver-based legs with varying substrate thicknesses, from
3 um to 50 um, are presented in Figure S11 (Supporting Infor-
mation) (the temperature profiles of the P8 TEG are shown in
Figure S12, Supporting Information). These simulations demon-
strate the significant influence of the substrate thickness on TEG
performance, as it acts as a thermal barrier affecting the effec-
tive temperature difference, AT, across the thermoelectric legs
(note that the influence of the layer of parylene is demonstrated
to be negligible, see Note S1, Supporting Information). In com-
parison, the high thermal conductivity of the silver vertical in-
terconnections plays a reduced impact on the Voc since the heat
transfer through different legs is essentially independent of each
other (details in the Supporting Information, Figure S13).

The effect of substrate thickness on AT, is defined as:

AT, = (AT -AT,,) = L OC=sim (4)

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. a) Comparison between the V¢ of the P8 TEG as a function of AT (blue dot) and simulated with a leg thickness of 14 um (black dot), and a
leg thickness of 13.75 um (grey dot). b) Comparison between the V¢ of the 8G TEG as a function of the AT measured (green dot) and simulated with

a leg thickness of 9 um (black dot), and a leg thickness of 8 um (grey dot).

where AT, is the temperature drop across the substrate, and the
Voc.sim 18 the open circuit voltage obtained from the simulations.
Various combinations of substrate and leg thicknesses were sim-
ulated (Figure 5b), revealing that increasing the leg thickness re-
duces the impact of the substrate on AT,4. This effect tends to be
more pronounced with thinner substrates and thicker legs, where
AT,sapproaches AT. Consequently, reducing substrate thickness
emerges as a viable strategy to increase the TEG performance.

Another approach to increase the AT is to utilize substrate
material with higher thermal conductivity. For instance, using a
substrate with a thickness of 25 um and thermal conductivity of
0.8 W m~! K~!*] could yield a power output 15 times higher
than that obtained with the Kapton substrates used in the pre-
sented devices. In the case of the presented 1x1 cm? graphene
device, the power output would reach 250 nW at AT = 29.5 K.
The power generated by the device also increases as the thickness
of the active material increases, since the V. rises, until the leg
resistance becomes dominant, and the power begins to decrease.
However, this effect is only observed at thicknesses above 50 um,
a range not easily achievable with screen printing, as shown in
Figure S14 of the Supporting Information.

Ag Gr

0.12%AT 13%AT

Ag Gr

0.04%AT 42%AT

Silver contacts

Substrate

2.5. Scaling up of Printed TEGs

To demonstrate the scalability of the TEGs realized according
to the presented fabrication process, additive-free graphene
based-TEGs were fabricated, consisting of n = 800 thermo-
couples with leg thicknesses of 10 pm and 20 um, each
10 X 10 cm? in size (G800, Figure S15, Supporting Infor-
mation). For comparison, new TEGs with 8 thermocouples
were also screen-printed with identical leg thicknesses (G8
TEG 10 pm, G8 TEG 20 um). As anticipated, the internal
resistances of the G800 TEGs increased linearly with both
the number of thermocouples and the thickness of the legs,
as shown in Figure 6. Specifically, the G8 TEG 10 um had
an internal resistance of 3.4 Q and the G8 TEG 20 ym had an
internal resistance of 7.5 Q, while the G800 TEG 10 um and G800
TEG 20 pum exhibited internal resistances of 325 Q and 735 Q, re-
spectively. This resulted in a percent error of 5% and 2% with re-
spect to the values obtained by multiplying the resistances values
of the G8 TEG 10 um and G8 TEG 20 pum by a factor of 100, thus
demonstrating a high degree of consistency as the devices are
scaled.

T (K) T
318 10k leg thickness : E
——5um
313 === 12.5um
0.8F 25um
308 y 50um
4= 100um
203 ~ o6} * Experimental |
- Y parameters
208 L8
o
293 ';] 04}
0.2}
0.0F X

1 10 100
Substrate thickness (um)

Figure 5. a) Temperature distribution along the cross-section of 2 graphene-based devices with a substrate thickness of 25 um (left) and 5 um (right).
The temperature drops along the silver and graphene legs are independent of each other. On top of the leg is reported the AT g drop across the leg.
b) Simulated AT.g difference for different combinations of additive-free graphene leg thicknesses and substrate thicknesses. The AT g is normalized to
the AT applied between the top and the bottom of the device, including the substrate.
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Figure 6. a) Internal resistance of the G800 TEG 10 um (blue squares, blue linear fit) and the G800 TEG 20 um (green squares, green linear fit) as
a function of the number of thermocouples, and internal resistance of the G8 TEG 10 um (light blue star) and of the G8 TEG 20 um (black star)b)
Comparison between the Vo of the G800 TEG 10 um (blue triangle, blue linear fit), the Vo of the G8 TEG 10 um (light blue rhombus, light blue linear
fit) multiplied by a factor 100, the V¢ of the G800 TEG 20 um (green triangle, green linear fit), and the V¢ of the G8 TEG 20 um (black rhombus, black

linear fit) multiplied by a factor 100 as a function of AT.

The V. of the G800 TEG 10 um and the G800 TEG 20 um
devices were measured as a function of AT (Figure 6b). Here too,
alinear dependence between V. and AT was observed. Notably,
the V. of the G800 TEG 10 pm was half that of the G800 TEG
20 um at the same AT, consistent with predictions. This is be-
cause the thickness of the legs of the former is half that of the
latter, consequently halving the AT, affecting the device. For ex-
ample, at AT =40 K, the V- values were measured to be 3.9 mV
and 6.9 mV, respectively.

The G8 TEG 10 um, and the G8 TEG 20 um were similarly
characterized to verify the process scalability (Figure 6b). The
Vo of G8 TEGs proved to be 100 times lower than those pro-
duced by the G800 TEGs, at the same AT. At a AT = 40 K, the
Voc of the G8 TEG 10 um multiplied by a factor of 100 was
3.7 mV, with an error of 5.1% compared to the V. of the G800
TEG 10 pm, while the V. of the G8 TEG 20 pm multiplied by
a factor of 100 was 6.8 mV, with a percent error of 1.5% com-
pared to the V- of the G800 TEG 10 pm, showcasing remarkable
scalability.

The scalability was also demonstrated in the case of the max-
imum power output provided by the devices. In detail, the
Pourmax Of the G800 TEG 20 pm device was 16 nW, 106 times
the Pyt yax Of the G8 TEG 20 pm device (0.15 nW). In the case
of the G800 TEG 10 pm and the G8 TEG 10 pym the ratio be-
tween the two powers was 102, as the Py yax Were 10.2 nW and
0.1 nW, respectively.

The scalability and the reproducibility of the structure were
demonstrated over two months in at least two different devices
fabricated during two separate printing runs (Figures S16 and
S17, Supporting Information).

These findings indicate that the presented fabrication pro-
cess is highly scalable to tens of cm?-areas. Using the same
screen printer and the same screen typology, it is possible
to easily produce the same devices with an area up to m?.
This offers significant opportunities for scaling as well as am-
ple parallelization in the fabrication of multiple smaller-area
TEGs.

Adv. Mater. Technol. 2024, 2302058 2302058 (7 of 9)

3. Conclusion

This work has established a fabrication method for producing
robust, large area, fully printed vertical organic TEGs. Utilizing
a straightforward, cost-effective process, it is possible to design
and fabricate flexible, lightweight TEGs scalable up to m? dimen-
sions. These TEGs exhibit consistent performance aligning with
simulated results based on the figures of merit of the constituent
materials and maintain stability over extended months.

The TEG structure was first validated with a widely used p-type
thermoelectric material, PEDOT:PSS, and a conductive silver ink,
producing vertical TEGs consisting of 4 or 8 thermocouples with
an area of 0.5x1 cm? or 1x1 cm?, respectively.

Upon validating the reliability of the fabrication method, an
8-thermocouple TEG incorporating additive-free graphene as a
p-type leg was realized. This flexible, lightweight additive-free
graphene-based device achieved a significant maximum normal-
ized power output of 1.7 X 107> uW cm™2 K72, setting a new
benchmark among the fully printed organic TEGs.

However, opportunities for further enhancing the power den-
sity exist. For example, using a thinner substrate or one with
higher thermal conductivity, such as employing a metal foil with
a passivation layer on top, could lead to a notable increase in
AT,y across the thermoelectric legs. Moreover, the TEGs cur-
rently employ short-circuited n-type legs using silver ink due to
the absence of a suitable n-type material. Therefore, the introduc-
tion of an organic, screen-printable n-type ink with performance
matching the additive-free graphene would potentially double the
maximum power output of a TEG fabricated using the same
methodology. Additionally, the versatility of the fabrication pro-
cess enables the use of any screen-printable ink, including inor-
ganic materials known for their superior thermoelectric perfor-
mance. For instance, a 1 X 1 cm? TEG with legs 14 um thick on a
25 um thick Kapton foil using the n-type material g-Ag, Sel*! and
the p-type material BijsSb, sTe;[*] could theoretically generate
a power output of 10 uW at AT = 30 K, sufficient to power low-
power electronic devices or sensors.[*’] Furthermore, the ability to
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manufacture TEGs with 800 thermocouples has been demon-
strated, opening up the possibility to significantly increase the
power output.

In summary, the versatility of the proposed TEG architecture
and fabrication process has been demonstrated with two different
active inks and three configurations, incorporating up to 800 in-
tegrated thermoelements, providing evidence of the predictable
customization of the device, with respect to size, materials, and
power output to fit the intended application. The approach en-
ables the engineering of TEGs that, by leveraging enhanced ther-
mal coupling and exploiting next-generation thermoelectric inks,
could meet the power needs of various distributed sensors and
IoT devices operating under modest thermal gradients. This de-
velopment offers a promising outlook in terms of sustainable en-
ergy harvesting.

4. Experimental Section

Screen Printable Inks:  The p-type CleviousTM SV4 PEDOT:PSS was a
commercial formulation supplied by Heraeus. The Ag ink (LOCTITE® EClI
1010 E&C) was purchased from Sigma-Aldrich. The Bectron DP 8446 insu-
lator was purchased from Elantas. The additive-free graphene ink (2 vol.%
pristine graphene in Terpineol) was prepared according to the procedure
presented in the article.[3]

Printing Process:  All the devices were screen printed on a flexible Kap-
ton substrate, 25 pm thick, provided by DuPont Teijin Films. The devices
were printed using the industrial Thieme 30710S Vision screen-print ma-
chine. All the layers were screen-printed at room temperature. After print-
ing the silver layers (the bottom contact, the silver leg, and the top contact)
the samples were annealed for 60 minutes at 90 °C in an oven. After print-
ing the graphene leg and the PEDOT:PSS leg the devices were annealed
at 100 degrees for 15 minutes on a hot plate, while after printing the in-
sulator the samples were cured with the UV light for 10 seconds. At last,
to electrically insulate the devices was used a thin layer of parylene (1 um)
deposited using the commercially available SCS PDS 2010 Labcoter® 3.

TEG Characterizations: 1t was worth noting that the measurement
setup used to measure the devices presented in the section Validation
of the TEG architecture and fabrication process and TEG based on an
additive-free graphene ink and the one used to characterize the devices
presented in the section Scaling up of printed TEGs were different.

The first one was the setup presented in the article,[*!] which allowed
voltage and power measurements under vacuum in a steady state mode.
After setting the temperature of the two copper blocks using the water-
based cooling system and the heater-based heating system, the two tem-
peratures reached equilibrium and stabilized at a certain value, depending
on the thickness of the device and its thermal mass. The V5 reported were
measured 5 minutes after reaching the equilibrium. In the second case, a
simple hot press with temperature-controlled plates was used to charac-
terize the G800 10 um, G800 20 pm, G8 10 um and G820 um TEGs by vary-
ing the AT between the plates and measuring the V. In addition, in the
second case, the devices were not passivated with the parylene layer, but
a passivation paper was used for electrical insulation, reducing the AT ¢
However, if the devices were considered measured using the same metﬁ-
ods, the performance was perfectly scalable in all the cases studied.[*1]

The bending measurements were made using cylinders with different
diameters, and the inner resistances were measured with a Keithley 2010
multimeter.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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