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Abstract

Solid state devices called thermoelectric generators (TEGs) can convert waste heat from production
into electrical power. For emerging devices like thermally integrated energy-autonomous devices,
medicinal equipmeént, and Internet of things, u-TEGs are essential because they can produce power
even from minor temperature gradients. An review of the history and state-of-the-art of u-TEGs is
provided in this article. In addition, it concentrates on highly effective approaches for achieving high-
performance miniature vertical thermoelectric (TE) devices. Design and optimizing methodologies
for vertical u-TEGs are also investigated since their output power, efficiency and integrity are critical
to the architecture. Improving electrical and mechanical performance may be achieved via
optimization methods, including multi-objective and finite-dimensional optimization in three
dimensions (3D). Additionally, the idea and latest advancements of employing the 3D micro-additive
manufacturing (micro-AM) technique for producing W-TEGs are discussed, along with their
advantages and disadvantages. The concept of “micro architected TEGs” as opposed to “u -TEGs” is
provided by the new paradigm of digital additive manufacturing and architected material concept,
which also broadens the scope of material adaptability and innovative structural design. The
difficulties experienced are summed up when increasing the output power of U-TEG and the
prediction of future.trends is the final step.

GA: This review'explores the significance of micro thermoelectric generators (L-TEGs) in harnessing
waste heat formpower. in emerging applications like energy-autonomous devices, medical
equipment, and4loT.xFocusing on high-performance miniature vertical thermoelectric devices, it
delves into design, optimization methodologies, and 3D micro-additive manufacturing. Micro-
architected TEGs. are introduced, highlighting challenges in enhancing output power and predicting
future trends in u-TEG development.

Key Words: microarchitected vertical TEGs, multi-objective optimization, finite element method, 3D
micro-AM technique

1-Introduction

Miniaturized systems' . growing desire for ubiquitous power generation on a worldwide scale, drives
the creation of novel materials and technologies that can capture environmental energy and offer
wire- and battery-free, long-lasting autonomy. Energy harvesting or scavenging technology, which
takes advantage of the abundant energy found in nature, can be used to run low-power equipment.
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It appears that the power density (tens of microwatts to milliwatts per cubic centimeter), which
might be needed by microelectronic devices, wireless sensor network nodes, and remote actuators
can all be powered by ambient energy sources like vibrational, solar, and thermal. [1, 2]. A small-
power revolution in energy harvesters could be led by thermoelectric generators (TEGs), which can
convert heat gradients that naturally exist into electricity. In proper circumstances, such solid-state
devices may become a long-term power source for low-power miniaturized system configurations
due to their excellent reliability, scalable size, comparably inexpensive, zero operating noise, zero
pollution, and a wide working temperature range [1, 3-6]. The efficiency of converting current in
thermoelectric (TE) devices, however, is significantly lower than in other mechanical systems. So,
geometry and material optimization have been widely investigated recently, maintaining low
material costsmand=enhancing the performance and TEs output. In these sectors, improving TE
equipment conversion efficiency represents a considerable difficulty. Hicks and Dresselhaus
demonstrated inithe1990s that low-dimensional TE materials, such as quantum wires and quantum
wells, display exceptionally large ZT values, where ZT is dimensionless figure of merit. [7, 8]. Low-
dimensional nanestructures were shown to be a novel method to precisely modify the transmission
and scatteringifeatures of electrons and phonons in TE materials, thereby improving their TE
properties [9-11]. By adding Pt nano-inclusions through pulsed laser deposition, Sun et al. improved
the TE properties™of n-type Bi2Te2.7Seo.3 thin films [12]. Sumithra et al. improved the ZT of Bi:Tes
specimens by™Wintroducing semimetal nano inclusions [13]. From a material perspective,
microgenerators are switching from pellet-like macrostructures to nanostructures such as thin films,
superlattices, and nanowires, which provide a base for greater material efficiencies and reduced
prices. Althoughresearchers successfully achieved TE materials using high ZT and PF (power factor)
via the utilizationgefsdlow dimensions and nanostructures, the functionality of the majority of such
materials was evaluated, and they seemed not to be implemented in practice.

Another exciting“strategy for boosting TE efficiency and power output is to optimize the design of
U-TEGs deviceswThis is because small devices may accommodate a variety of material pairs,
producing high voltages even at extremely small temperature fluctuations. Despite recent advances
in TE material efficiency, the geometry of u-TEGs remains behind, and n- and p-type TE materials
can only be arranged in a standard planar manner, resulting in inadequate power output. To evolve
high-performance| TE' devices, appropriate design, contacts, thermal interfaces, mechanical
characteristics, interconnects, packaging methods, and TE materials possessing an excellent figure
of merit are required. But unlike conventional ones, u-TEGs have a distinct structure. First, it appears
that the operatingstemperature of u-TEG is normally low, and second, the effect of semiconductor
and metal contact resistance is noticeable [14]. Third, the contact thermal resistance must be
considered [15].uDepending on the device's heat flow direction, the suggested designs could be
classified into two-groups: in-plane (lateral) or cross-plane (vertical) arrangements. The substrate
chosen in the'in-plane design seems to have a heat flux that is parallel to it and preferentially has a
low thermal conductivity to reduce parasitic heat fluxes. Heat flows perpendicular to the substrates,
which are anticipated to be superior heat conductors, in the cross-plane configuration. In terms of
physical construction, cross-plane (vertical) design permits more pair packing and hence more
power per unit area. However, TE materials for vertical configurations must be deposited in more
extensive layers to limit heat transfer between the hot and cold sides. In-plane (horizontal
arrangement), planar deposition enables the manufacture of couplings with a higher aspect ratio
(length versus thickness) but at a reduced packing density and power density per unit area (Table 1)
[16-19].
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Tablel. Design, material, performance factor (), the literature's figure of merit (Z) of TEGs [19].

P(LWcm-2) d(HWem-2K-2) material AT TC Layout/heat flow Z(K1)
0.13 mW 1.7 BiTe(p-n) 98 Radial/hot gas
755.5 0.29 BiTe(p-n) 51.2 Vertical/Vertical 2*105
30.3 0.075 Si-n/Al 20 Lateral/Lateral
4.2 2.3*%103 Cu/Ni 40 Vertical/Vertical 1.5*%10-5
1.3 0.052 Si (p-n) 5" Lateral/Lateral 4*10-5

*Considering ATg across the generator calculates in software ANSYS and not the real temperature difference (130K) between hot

plate and cooler

So, to power;micro-systems, smart selection of the innovative u-TEGs design is required in addition
to material seléction..The power production, efficiency, and structural integrity of vertical TEGs are
therefore being optimized by architectural designs and geometric structural modification.
Techniques for'design and geometry optimization, such as three-dimensional (3D) finite elements
modeling, multi-objective optimization techniques, or combinations of those, are investigated.
Software programs, such as COMSOL and ANASYS, which enable simultaneous integration of all TE
influences and may provide great forecast accuracy for TEG optimization, make 3DFEM accessible.
After conducting a theoretical analysis, Sahin and Yilbas developed a formula for TEGs' output power
and efficiency using different leg shapes by FEM [20]. The shape parameter benefits efficiency for
various tested hot.side temperatures and external load resistances. Thimont and LeBlanc studied
TEGs' output power and thermal resistance using varied leg designs. Rectangular, triangular, and
circular hollow/cross-section geometries were considered [21]. When creating novel TE materials
and devices through FEM, one of the difficulties, which should be considered, is the structural
durability of TEGs. Erturun et al. established the significance of leg geometry in influencing leg
stresses and stated that leg geometry might be a factor in reducing total module stresses [22, 23].
Yilbas et al. investigatedrectangular and tapered pin designs while running thermal and stress finite
element simulations ‘en a horizontal TEG. The results indicate that von Mises stress is greatest at
hot and cold side| intersections. Furthermore, it was discovered that a design with tapered pins
reduces thermal.stress in comparison to a setup with rectangular pins [24]. Since all the TE devices’
characteristics are totally connected and thus have coupled impacts on its performance, achieving
meaningful performance improvement by focusing on one parameter is impossible. Various
researchers have utilized distinct optimization strategies. Artificial bee colonies (ABC), harmony
search (HS), particle swarm optimization (PSO), and genetic algorithms (GA) are examples of nature-
inspired multi-parameter and multi-objective optimization techniques [25]. There is a possibility to
use FEM and optimization approaches simultaneously. For instance, a 3D ANASYS TEG model has
been linked using the multi-objective genetic algorithm (MOGA) by Chen et al. [26, 27], showing
strong correlations with experimental data. In order to facilitate the multi-objective optimization of
a TE energy conversion system, Meng et al. [28] develop a TEG model in COMSOL. Aside from that,
artificial neural networks (ANNs) have drawn a lot of interest due to their effectiveness in processing
huge datasets and their revolutionary effects on the fields of computer vision and voice recognition
[29, 30]. Trained ANNs could cooperate to optimize the leg height, leg width, fill factor, and
connection height of the TEG. Yuxiao Zhu [32] describes the first forward modeling of TEG utilizing
fully connected ANNs relying on deep learning, which displays good accuracy and efficiency. The
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novel ANN can be used to predict TEG performance in various operational conditions without any
prior knowledge of the TE device (such as constant temperature differences and constant heat flux).
The ANN seems capable of learning the complicated underlying interactions in the dataset and
undertaking assumptions in a clear and precise way after training utilizing a dataset obtained from
a 3D TEG model using COMSOL simulations. It takes into account the nonlinear TE effects, electrical
contact resistance, temperature-dependent TE material properties, and heat transfer with the
environment.

The currenttrendimnmany industries, including TEG, is to make products smaller. This calls for better micro-
and nano-fabrication technologies, as well as an analysis of how the shape of amodule's legs affectsitsability

to convert energy. These 3D structures play a crucial role in creating a high-temperature differential
over a TE leg and obtaining high powerin a u-TEG [33-39]. Various micro-fabrication methods, such
as micro-electro-mechanical-system (MEMS) methods based on traditional lithography, deposition,
etching, and release, are used to create miniature TEG. However, current techniques are limited to
the fabrication of patterned, planar two-dimensional (2D) TE legs, and it is too expensive to create
unique micro geods with complicated 3D microstructures and high aspect ratios [40]. As was already
indicated, these 3D _structures seem to be particularly important for generating high power and a
significant temperature gradient over a u-TEG. Additionally, traditional TEG fabrication involves the
well-known buttime-consuming steps of (a) powder synthesis, (b) pressing, (c) dicing and polishing,
(d) metallization, (e).leg dicing, (f) soldering, and (g) module assembly [41-44]. To improve the
capabilities of microfabrication technology in the real 3D micro component manufacturing arena,
creative approaches. like micro additive manufacturing (micro-AM) may be taken into consideration.
The rise in the AM market during the previous eight years has been remarkable, with an estimated
annual increase of 27% and an estimated value of almost $7 billion. Although macroscale AM tools
and devices have experienced the majority of such expansion, attention to the innovation of
microscale AMtechnologies has expanded due to the ongoing need for miniature device in the
electronics, biotechnology, medical, automotive, and optical industries [39, 45-47]. However, while
reducing traditionalsAM to the microscale, there are substantial obstacles, such as restricted build
rates, component complexity, and available materials. The use of AM for TE materials and devices
still seems comparatively novel, even though AM has grown widespread. The viability of the
production strategy far such semiconductor materials must have been proven utilizing AM methods
on a range of lowsand high temperature TE materials, such as bismuth telluride, higher manganese
silicide (HMS), half Heusler, and skutterudite. Because of such improvements in production capacity,
wide ranges of TE.leg geometries that seem to be formerly unfeasible are now viable [48-58]. TE
materials werefproduced using various methods, including stereolithography, extrusion-based
printing, and selective laser sintering [58-65]. Recent advancements in AM (or 3D printing) have
represented a novelage crucial to creating intricate, multiscale structures and gave rise to
previously unmattainable structural, mechanical, chemical, thermal, and functional mixtures. By
integrating AM technologies with advanced materials and digital freeform design, AM is
transforming the u-TEG. Architecture has always had a significant effect on material characteristics
and structural efficiency. Architected materials (i.e., materials with architectures added to them)
allow material scientists to customize the physical characteristics [66—68]. Architected materials
with ideally planned topologies (cellular or completely dense, single or multiphase, periodic or
functionally graded) exhibit several distinguishing characteristics. Specifically, they make it possible
to decouple features conventionally associated with monolithic materials that compete with one
another, such as decoupling thermal conductivity and the Seebeck coefficient [69].
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Given the architected materials and the digital design used for AM in micro-TE technology, the name
"W -TEG" is no longer suitable and must be replaced by the name "microarchitected TEG". This
review presents a comprehensive examination of the existing research on u-TEGs as well as
numerous developments in improving u-TEGs' performance from the viewpoints of design,
geometry optimization, and p-TEG manufacturing technology. Along with improving electrical
performance, modifying TE design and structure may also increase mechanical functioning and
structural integrity (efficiency and output power). Finally, suggestions for future study in the u-TEGs
geometry-structure optimization and micro-fabrication approaches are presented as a reference to
involved investigators.

2- Classificationof u-TEGs

The last decade hasuseen the investment of many efforts in the development of u -TEG. Many of
these initiatives will be briefly reviewed. One method to classify W -TEG is in accordance with their
structures aswoutlinesbelow:

2.1- Vertical structure

Micro-thermoelectric/ generators feature both vertical heat and current flow (refer to Figure 1a)
[43]. The typical p=TEG structure, sometimes referred to the vertical or sandwich structure, is what
is employed in mosticommercial TE products. The huge output power, high conversion efficiency,
and straightforward“construction of these type of u-TEGs are generally considered to be their
advantages. Nonetheless, their major drawbacks compared to other types are their high
technological requirements and difficult fabrication. Considering their “out-of-the-plane” (vertical)
architecture, the replication of such geometry using the microelectronics technology like MEMS is
difficult. The reason for such a limitation is merely related to the process because, historically, the
manufacturing of lateral structures on silicon wafers has been made possible by microelectronics
methods, and typically, the vertical distances between layers have been kept to a minimum. The
combination of/IMEMS and thick film technologies is regularly employed for the fabrication of pu-
TEGs with a vertical'structure. The thermopile length is determined by the film thickness, which, in
turn, determines_thé'thermal resistance of the u-TEG. Generally speaking, thicker films will resultin
better performance because the package has a higher thermal resistance. Nonetheless, the film
thickness is constrained by cost limitations and the level of fabrication technology. As far as we are
aware, the first business to adopt a vertical structure
U-TEGs to supply the power forits wristwatches was the Japanese company Seiko [70]. The watches
featured 1 W energy consumption with a driving voltage of 1.5 V. The wristwatch is shown
schematically, and the u-TEGs’s scanning electron microscopy (SEM) image is shown in Figure 1 b.
The 104 thermocouples made up the u-TEGs, which had overall dimensions of 2 mm x 2 mm x 1.3
mm. The dimensions of a single thermocouple were 80 umx80 umx600 um. Given the superb
thermoelectric efficiency of The Bi-Te compounds at around room temperate, they were selected
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as the TE material. Electrical output power at its highest estimate was 22.5 W. Jet Propulsion
Laboratory's G. J. Snyder et al. (2003) introduced a TE micro-device made using a MEMS-like
electrochemical process [71]. The cited device included 126 N-type and P-type (Bi, Sb).Tes TE
elements (60 um in diameter and 20 umtall). Metal interconnects were created using a 3-um-thick
Au and Ni layer to lower the contact resistance.
J. F. Li et al. (2003), integrated materials processing and MEMS technology into a new process to
manufacture a high aspect-ratio ui-TEG and densely aligned fine-scale thermocouples [72]. They
filled a silicon mold with TE materials after micromachining the silicon mold. Ultimately, the P-type
and N-type legs were coupled in sequence to create a thermopile. The SEM image of the pu-TEGs is
shown in Figuredc..Although the authors could successfully fabricate TE elements of 40 um cross -
sectional widthmand=300 um height, they did not report the performance of those elements. H.
Bottner et al. (2004) proposed the first TE apparatus based on the V-VI compounds (Bi, Sb)>Tes and
Bi2Tes, which issyproducible by fusing the traditional thin film and microsystem technologies [73].
Initially, co-sputteringswas used to create n- and p- materials on two wafers up to around 20 m of
layer thickness, respectively. Subsequently, through chip-to-wafer, wafer-to-wafer, or chip-to-chip
soldering, the itwo-wafer procedure eventually resulted in the manufacture of devices. At a
temperature differential of 5°K and matched load resistance, the
H-TEGs's maximum power output was 0.67 W. This concept was taken by the Micropelt technology
as the technicalanswer for highly dense u-TEGs. H. Bottner et al. delivered a report on the most
recent state of Micropelt -TEG development TE [73]. At that time, devices with up to ~8000 p-n-
couples per cm? were supported by the Micropelt platform technology. The obtained open circuit
voltage was about 2.3V at a 10 K temperature difference. The low-power wireless sensor networks
(WSNs) power supply could be powered by the system's maximum power output, which was 2.8
mW.

Flexible and completely integrated TEGs were presented by Glatz et al. (2009) [74]. Using BiTes-
and Ni-Cu- basedmp=TEGs, the overall system optimization was verified. The created devices
produced up te®216, x 103 uWcm?K? and 0.29 pWcm=2K? for the equipment with Ni-Cu
thermocouples ‘and Bi2Te3-based generators in the planar state, respectively. Elyamny et al. [75]
suggested a chip-level vertical u-TEGs on the basis of a high-density SINW array developed through
metal assisted chemical etching (MACE) technique, as depicted in Figure 1d. The thermopile
featuring a height“of 100um was composed of doped SiNW bundles. The 1xlcm? sample was
capable of generating 1 pWcm2K? across the SiNW. According to Li et al. [76], who employed
polyimide as thexfiller material, their u-TEGs’s efficiency dramatically increased. It now has a
maximum power output of 0.47 W and operates with an experimental setup temperature
differential of 70:Ksln order to create TE devices compatible with mass production methods and the
most advanced semiconductor industry, a sputtering technique based on integrated Bi 2+x Te 3« at
the wafer level was presented by Bottner et al. [77]. This team created a high voltage thin-film
thermogenerator thatucan deliver 0.14 VK and is currently available for purchase (refer to Figure
le). A revolutionary technology was also created by Venkatasubramanian, who created a high-
voltage u-TEG with an output power of 1.5 mW at a temperature of 10 K (0.025 VK1) and an open
circuit voltage of 0.25 V [78]. This generator was based on a Bi2Tes-Sh2Tes superlattice.

Li et al. also developed a top-down CMOS (complementary metal-oxide-semiconductor)-
compatible high-density silicon nanowire-based TEG [79]. Referring to Figure 1f-h, the 25 mm? TEG
is made up of tightly packed bundles of alternating p- and n-type silicon nanowires (Si NW), each of
which has a height of 1 um and a diameter of 80 nm (each bundle functions as a single TE component
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with 540 x 540 wires). The constructed TEG has an evaluated temperature gradient of 0.12 Kelvin
across the apparatus, and is capable of providing a short circuit current of 3.79 yA and an open-
circuit voltage of 1.5 mV . Given thatssiliconis the second most common material in the Earth's crust
and that it has a developed and established technology, it is regarded as an ideal material used to
develop all CMOS devices. If silicon is nanostructured into nanomeshes, porous membranes, or
nanowires, it can improve the bulk TE performance of this material with a ZT = 0.01. For the unique
situation of single silicon nanowires, Hochbaum et al. and Boukai et al.’s separate investigations
revealed a startling improvement in the TE properties (Refer to Figure 1i) associated with the low
material dimensionality [80, 81]. According to the study conducted by Boukai et al., one can achieve
ZT values representing an approximate enhancement of 100-fold, such as ZT =1 at 200 K, over bulk
Si and a broadrangerof temperatures through variation of impurity doping levels and the nanowire
size. Additionally, Hochbaum et al. demonstrated that ZT = 0.6 could be attained in a rough Si NW
with a diameterief.around 50 nm. They explained this improvement in ZT as the result of effective
scattering overstheswhole phonon spectrum brought about by the introduction of nanostructures
at diverse length,scales. Lindeberg demonstrated a small thermopile construction with up to 224
thermocouple legs placed vertically in a polyimide flexible material (Figure 1j). The thermopile is
produced using PCB-like (printed circuit board) fabrication and goes through optimization for the
detection of IR heat radiation. A few hundred nickel/antimony electrodeposited sub-micrometer-
sized strands make up each TE leg, and the interconnections with a dog-bone shape continue within
the foil plane laterally [82]. As a result, the heat moves perpendicular to the foil's surface plane. The
best thermopile exhibited a 3.6 mV response, which corresponds to a response to the irradiance of
4.3V mm? W?tor0.88.V W1 The PbTe nanocrystal-coated glass fibers are capable of application for
TE purposes. Toistudy such a remarkable possibility, representative results from a study by Daxin
Liang et al. [83)sare presented in Fig. 1k, including the temperature dependence of their electrical
conductivity, thermal/conductivity between 300 and 400 K along the axial direction of the fibers,
and Seebeck coefficient. The electrical conductivity of the glass fibers coated with PbTe nanocrystals
is enhanced from 104.4 S-m~ at 300 Kelvin to 172.4 S‘m™ at 400 Kelvin. Figure 1l illustrates the
temperature dependency of the Seebeck coefficient of the glass fibers covered in PbTe nanocrystals.
The p-type conductionsis'shown by the Seebeck coefficient's positive values. The measurement of
the Seebeck coefficient indicates an ascending trend from 1201.7 uV-K™! at 300 Kelvin to 1542.4
uV-K? at 400 Kelvin/ The measured thermal conductivity at 300 Kelvin is 0.228 W-m™ -K™! that
increases to 0.234 W-m™ -K™! around 350 Kelvin, and subsequently declines to 0.226 W-m™-K? at
400 Kelvin. For'the glass fibers coated with PbTe nanocrystals, the estimated ZT and power factor
are raised from 0.20,and 0.15 mW-m™ -K=2 at 300 Kelvin to 0.73 and 0.41 W-m™ -K=2 at 400 Kelvin,
respectively. To create an all-silicon nanostructured TEG, D DAdvila et al. combined top-down
microfabrication techniques with bottom-up intrinsic crystalline silicon nanowire arrays. They also
proposed a verti€al device architecture (refer to Fig.1m, n). In order to fabricate such a device, by
bonding bottom“and top silicon structures via nanowires, silicon nanowires were appropriately
integrated vertically on hexagonal patterned microstructures, defining the TE legs of the generator.
Onfree silicon surfaces, high-density epitaxial growth of nanowires was made possible by using gold
catalytic nanoparticles as mediators [84].
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Fig. 1. (a) Schematic view of atypical vertical u-TEG [43]. (b) Overview of the thermoelectric wristwatch [70]. (c) SEM photograph of p-TEG by
silicon moldingprocess[72]:(d) High-density SINW arrayservesasthe foundationforthe chip-level vertical p-TEGstructure [775].[e] Micropelt
created ahigh voltage thin-film thermogenerator[77]. aSiNW array'sSEM pictures [f] as etched, [g] after heat oxidationto shrinkthe diameter
of the SiNW and (h) after.SiO2:has been removed in order to confirm that the SiNWs' diameter has decreased [79]. (i) EE Si nanowire array in
cross-sectional SEM picture [81]. (j) Surface interconnections (or "dog-bone" structures) are visible in the close-upview of amicroscope, anda
SEM image revealsbundlesofsub-micronstrandsthatare coupledtothe surface interconnectionsofone thermocouple viathe MW -via. The tiny
isshown inthe up-close inset picture [82]. glassstrands that are bendable and have thermoelectric nanocrystals onthem. (k) SEM image ofthe
glass fiberscoated withPbTeto create aflexible thermoelectric material. () zZTvaluesover the temperature range of300-400K [83].(m)Before
connecting the topandbottomstructures, the SEM picture ofthe device showsthe hexagonal design ofthe thermoelectricelem ents. (n)SiNWs
have been deliberately produced in highly ordered arrays on specific Si structures [84].

2.2- Lateral structure

A p-TEGs featuring both lateral heat and current flow, as depicted in Figure 2a [43]. In lateral
structure due to,its interoperability with IC planar technology, the fabrication of u-TEGs is simple.
The vertical scheme has a simpler fabrication technique since the interconnections between the
thermocouple legs in this planar configuration are made on the same surface level as the substrate,
but it takes up more space. Silicon-based thermopiles are frequently made using this "in-the-plane"
or horizontal construction for almost all commercial IR or temperature sensors. However, the lateral
construction u-TEGs’ drawbacks include packaging challenges, enabling the chip-like device to be
exposed to an in-plane temperature difference, and large parasitic heat flux going through the
membrane, which results in its generally poor efficiency. Because of this, the lateral structure is
rarely utilized to generate electricity and is usually used for other types of sensing, such as IR
sensors, power sensors, or flow sensors. Leonov et al. (2011) from the IMEC/Holst Center suggesta
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bulk-micromachined membraneless in-plane thermopile, as depicted in Figure 2c [85, 86]. Its output
power on a matched external load was 2.34*10 3 uWK?, although its open-circuit output voltage
could reach up to 95.0 mVK™. In addition, two plausible assembly schemes were presented by the
authors, as depicted in Figure 2b. Nevertheless, it was challenging to realize efficient assembly of
the in-plane pu-TEG. A lateral structure u-TEG was presented by X. Yu et al. (2012) based on CMOS
MEMS, which was equipped with an efficient path of heat dissipation [87] presented in Figure 2d.
To efficiently dissipate the heat from the in-plane thermopile and lower the thermal contact
resistance, the silicon substrate was etched into two comb-shaped blocks that served as the cold
and hot sides of.thin:film-based legs, respectively. These blocks were thermally insulated from one
another. A single 3 mmx3 mm p-TEG exhibited an open-circuit output voltage of 146 mVK™. This
design of lateral structure u-TEG can pave the way for an almost easy assembly, and through system
analysis, its performance can be enhanced further [88]. CMOS or MEMS technologies, however, are
incompatible with practically all current high-performance TE materials. By utilizing common
microfabrication®methods based on photolithography and dry-etching processes, Ohkubo et al.
concentrate lonitherconstruction of miniaturized TE devices based on contemporary TE materials.
This study used micrefabrication techniques to create anin-plane p-type TE device made of epitaxial
p-type Mg25Sn o8Ge 0.2 and n-type bismuth (Bi) layers. At a temperature differential of 110 K, the
microfabricated device demonstrated a fairly high output voltage of 0.58 V and an output power of
0.6 uW, translating to an output power density of 21 mWcm™ [89].

Wearable wireless medical devices could be powered by thermal energy using application-tailored
devices, such as those described by van Andel et al. [90] and Su et al. [91] to scavenge energy from
the human body, for instance, a thermal/solar-hybrid powered electro-encephalogram (EEG)
equipped with hybrid energy scavenger or an electrocardiogram (ECG) installed within a shirt. In
addition, they have wrist TEGs that allow powering a variety of wireless sensors [92]. Their main
business is makingvertical and planar micromachined modules using poly-SiGe thermocouples (See
Figure 2e). Bottom-up Si NW (nano wire) arrays must be monolithically integrated into the
structures in ordersfor this to happen, Davila et al. have presented a "in-the-plane" or planar
approach [93-95]. This research group has created TE microgenerators using multiple electrically
connected dense arrays of silicon nanowires (Si NWs) integrated into microfabricated structures.
Planar micro-thermoelements can produce temperature gradients naturally thanks to the
fabrication and“design of suspended silicon structures created by silicon micromachining. The
exposed (111)-oriented vertical trenches were seeded with Au nanoparticles before the horizontal
arrays of silicongnanowires were formed using the Vapour-Liquid-Solid (VLS) bottom-up method.
Notable is the guasi=epitaxial attachment of Vapour-Liquid-Solid silicon nanowires to both silicon
surfaces. Very low electric contact and heat resistances are so anticipated. By gradually connecting
additional Si NW _arrays, raising the thermoelement "height" to create larger temperature
differences while| maintaining the internal thermoelement resistances low, the thermal
performance of thissequipment as an energy harvester has been increased [96]. The developed
thermoelements have generated power output densities of up to 1.44 mWcm™ for a AT of 300 °C
and a power density of 9 p Wem for a AT of 27 °C (across the nanowires) in a single thermoelement
when serving as energy harvesters. Perez-Marn et al. have created ultrathin single-crystalline Si
membranes with a thickness of 100 nm [97]. Having embedded p- and n-type doped areas that are
electrically and thermally coupled in series as the driving force behind a p-TEG (See Figure 2f). Fora
AT of 5.5 K, A 4.5 uWcm™ output power density is possible with the proof-of-concept planar device.
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Maksymuk et al. [98] employed the flash evaporation technique in order to make high-performance
n- and p-type semiconductor Bi;Tes-based TE thin films. The TE properties of the designed TE films
have significantly improved thanks to improved technological conditions for film preparation and
subsequent annealing, which are ultramodern in comparison with bulk materials. Additionally, a
novel sandwich-layered design for a flexible film thermoelectric micro-converter (FTEM) is given in
this study by utilizing perforation cuts between the n- and p-legs and a flexible polyimide substrate
(see Figure 2g). This unique design paves the way for preventing a rise in electrical resistance as a
result of an increased number of elements in the micro-converter. The dimensionless effective
figure of merit ZT 0.6 (includes substrate, conversion, and radiation losses, as well as parasite heat
flux losses) andTE efficiency [Tmax=3.4% were obtained for the flexible film thermoelectric micro-
converter (FFEM)=prototype at temperature difference of 100 Kelvin (Tc=300 K). As a result, the
adoption of thesflashievaporation technique makes it possible to manufacture massive, extremely
effective film TE.devices. Additionally, the usefulness of the flexible FTEM is demonstrated for a
thermal detectonthatuses a high output voltage to identify a weak heat flux up to ~107 W. A more
effective and. fundamental technique would be to integrate TE elements alongside metal
interconnects and transistor blocks at the circuit and device levels. A good instance of this scheme
has been presented by Aktakka et al., in which low-temperature high-quality Sb2Tes and Bi,Tes thin-
film TE instruments were integrated with SOI FinFETs in order to harvest the power of ~0.7 uW from
a ~21-C thermahgradient [99]. By embedding poly (3-hexylthiophene) (P3HT) and polyaniline (PANI)
within an Au-doped carbon nanotubes (CNTs) matrix, a foldable TE device was created [100, 101]
(Refer to Fig. 2h). The instrument displayed a power generation of 1.74uW and ZT=0.2 in a seven p-
n junction module running at room temperature with a 20 Kelvin temperature differential. Even
though such an‘achievement is promising, for practical usage, the maximum power density of 0.4
UW cm? is around two orders of magnitude too low. Carbon nanotube-based flexible TE has been
approved by employing n-type Ag.Te NPs . After the synthesis of the composite nanoparticle/
carbon nanotube, thnough thermal annealing at 400 °C, the thiolcapping ligands found on the
sample surfaces were eliminated. The observed reduced electrical conductivity may be due to
Ag>Te's phase change from a monoclinic structure (phase) to a face-centered cubic (FCC, phase)
one. Samples exhibited"an electrical conductivity of 100-200 S cm™, total thermal conductivity as
low as 0.7 Wm#K?, ‘and a Seebeck coefficient within the 30 to 228 uV K1 over the temperature
range of 325-525 K [101]. Also, the n-type 800 nm Bi 2Te3/ (Pt, Au) multilayers featuring p-type
Sb,Tes legs developed by Yang Liu et al. [3] were employed for the fabrication of ultrathin MEMS TE
devices (see Fig. 2i-1). For the annealed Bi,Tes/Pt multilayer, the power factor is 46.5 uW cm™ K2 at
303 K, which is an improvement of more than 350% over pure Bi>Tes in terms of power factor. The
measured power of the device featuring Bi2Tes/Pt and SboTes multilayers is 20.9 nW at 463 K, as
opposed to the predicted maximum output power of 10.5 nW, which is 39.5% higher than the device
fabricated basedon Bi;Tesz and Sb.Tes. By employing new ultrathin MEMS TE devices and multilayer
structures for a“broad range of purposes, this study is capable of providing an opportunity to
enhance TE characteristics.

It seems that improving nanoscale TE materials using quantum-dot superlattices in thick films,
nanoscale inclusions in bulk materials, and phonon-blocking/electron-transmitting superlattices in
thin films are the most effective strategies to get higher ZT in TE materials. Superlattices are being
designed in a variety of systems via the electron transmission/phonon-blocking concept for different
temperature regimes in order to make power harvesting or thermal management possible at those
respective temperatures. While Bi>Tes based superlattices are useful below a temperature of 175°C,
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PbTe/PbTeSe superlattices and PbTe-QD(quantum-dot) superlattices are useful within the 175-
300°C range. ErAs: InGaAs/InGaAlAs quantum-dot superlattices and Si/Ge superlattices may present
improved ZT in comparison with the bulk materials within the 300-500°C range [102]. If the electric
transport occurs along the thickness of the film, which is across the superlattice interfaces, the
guantum-dot superlattices and thin-film TE superlattices can be easily engineered into useful
devices. Planar semiconductor device technology is applicable in these circumstances and can be
used with conventional microelectronic equipment. The parts that follow will go through the
superlattice TE technologies used in the Bi2Tes material system. Venkatasubramanian [102]
discusses the recent developments in these materials and focuses on how these materials can
be used to c evice prototypes for microscale energy harvesting and active thermal
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levels > 1000 “2)in high-power electronics as well as the entire solid-state micro-cooling down
to 207 K. Thromallorganic chemical vapor deposition (MOCKS), the nanoscale superlattices
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demonstrated.in.Figs=2n. The dimensions of the array are approximately 2.5 mm x 2.5 mm x 0.3 mm.
In the case of applying an external AT of nearly 200 K across both ends of the 0.3 mm thick module,
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Fig. 2. (a) Schematic view of a typical vertical u-TEG [43]. (b) Two potential methods of in-plane thermopile assembly [85] (c) Bulk-
micromachined membraneless in-plane thermopile overview schematic;(d) images from SEM of the suggested lateral structure
TEG. [87]. IMEC research center-developed micromachined thermoelectric energy harvesters. (e) Micromachined in-plane bulk
thermopiles without a membrane for energy harvesting [92]. (f) Optical microscope images the n- and p-regions of the fabricated
device [97]. (g) A schematic showing the primary steps in the creation of the flexible FTEM. FTEM % film thermoelectric micro-
converter [98]. (h) Schematic of the Manufacturing Process and Geometry of the Thermoelectric Module [101]. (i) Image of areal,
manufactured MEMS device; (j) SEM view of the MEMS device's local structure (k) SEM cross-sectional picture of the supporting
structure's cross-plane; (l).Cross-section of a single thermoelectric leg as seen through a scanning electron microscope [3]. (m) TEM
image of a 10 Bi,Tes /50 Sh,Tes superlattice grown by MOCVD (n) 16 p-n couples are used to create a 4x4 module array
[102].

2.3- Hybrid structure

Figure 3a shows a u-TEG with lateral current flow and vertical heat flow [43]. The performance of a
hybrid-structure U-TEG is a compromise between those of the other two u-TEG types; however, it
also integrates.their benefits. In a hybrid-structure pu-TEG, one side of the chip's surface is vertically
pumped with heat from the surrounding area, it subsequently leaves from a different side vertically
after being transported through the thermopile in a planar orientation. Since the heat flux flows in
the vertical direction on the two sides, it enables the fabrication of a u-TEG with a traditional
package-like verticaly structure. As a result, a hybrid-structure p-TEG is favorable when its
performance fulfillssspecial purposes. In order to enhance the output power of hybrid-structure -
TEGs, the key element to design is the heat flux path optimization [4]. To improve thermal coupling
between the ambient'and u-TEG, the most successful approaches initially involve covering a metal
layer on the thermopile's cold/hot side., changing the distribution and shape of the thermopile, and
inserting a cavity above/under the thermopile. The construction of lateral and hybrid p-TEGs
primarily uses techniques like IC technology and MEMS, nanoscale technology and MEMS, and thin-
film technology-and®™MEMS. Particularly, nanoscale technology and MEMS employ high ZT nanoscale
materials with evideAt performance enhancement and a future outlook for their applications [103].
M. Strasser et al. were the first to describe a hybrid u-TEG based on poly-SiGe and poly-Si surface
micromachining{104]. Figure 3b depicts a schematic depiction of the two TE pairs used in the Bi-
COMS implementation. By discarding the oxide barrier, the direction of heat flux within the p-TEGs
was optimized. An air-filled cavity is available under this barrier for extra thermal isolation. The
results of their subsequent research [105] showed that the fabrication of u-TEGs by etching cavities
into silicon substrates produced an electric power output of 1 W and a voltage of 5 V for a matched
consumer with.the generator of 1 cm? at a temperature decrease of approximately 5 K.

Z. Wang et al., fromiIMEC unveiled a fully functional wearable u-TEG designed specifically for use
on the human body [106]. Figure 3c illustrates a photograph of a u-TEGs and a schematic design of
a micromachined poly-SiGe thermocouple. This design maximized the thermal resistance of the
thermocouple's  microstructure by meeting a number of criteria. First, a 2.5
mm deep trench was dug out from under the cold junction. Second, a step with a height of 0.5 mm
was added over the trench. Thirdly, the junction area's width remained relatively large to reduce
contact resistance while the thermocouple leg width was tapered to the technological threshold. In
addition, by deep reactive-ion etching (DRIE) of Si, a rim structure was created. The p-TEG's
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estimated output power and open-circuit output voltage on a matched external load were,
respectively, 0.026 pyWcm2K2 and 12.5 Vem2K™. When worn on the human body, the wearable TEG
delivered an approximate output power of 0.3 nW and an approximate open-circuit output voltage
of 0.15 V on a matched external load. An innovative MEMS TE generator design and manufacturing
process with high-temperature efficiency was described by T. Huesgen et al. [107]. The u-TEG is
shown schematically in Figure 3d with an improved heat flow channel. Using a backside DRIE
procedure via the substrate, the thermal insulation of the hot junction from the substrate was
completed. In order to prevent cavity contamination and realize an appropriate thermal contact, a
second wafer was attached to the rear end. Using the thermopiles fabricated from n-poly-Si and Al
or n-Bio.g7Sbo.13 ‘and«p-Bio.sSb1.5Tes, power factors of 8.14 x 103uWmm2K? and 3.63 x 103pWmm
2K2 are attaimableyrespectively. This investigation presents a new method to manufacture a TEG on
the basis of thin=filmitechnology. One can divide the fabrication procedure into three modules, the
first of which is‘asseciated with the TE structure, deposited in thin-film technology. The second and
third modules dealswith the heat conductive structures needed to provide a strong gradient of in-
plane temperaturewhen the heat flux moves perpendicularly (cross-plane) across the device. In this
method, a highuintegration density of thermocouples is concurrently achieved while the thermal
contact surfaces are optimized.

Yang et al., [108] designed a TE energy harvester through a standard CMOS procedure presented in
Figure 3e. A thermalyisolation cavity was created beneath the thermocouples to preserve the
temperature gradient, improve output power, and stop heat loss. The optimized u-TEG can reach a
voltage factor{@u=Uo/(A AT), where Ugis an open-circuit voltage and A is area) of 2.788 Vcm2K1and
the maximum [performance factor of 0.0473 uWcm2K2. Their follow-up study [109] adopted
stacked polysilicon thermocouples in a u-TEGs with the maximum voltage factor of 3.952 Vecm2K?
and the maximum performance factor of 0.0473 pWcm2K2. Next, a thermocouple resembling a
quantum well was®iised in 2011 [110], with a voltage factor of 0.241 Vem2K?! and a maximum
performance factorof 0.241 pWcm2K2. CMOS and post-CMOS micro-TE power generators made
of 24 thermocoupléesiconnected in series and built from p- and n-type polysilicon strips were shown
by J. Kao et al. Asilicon dioxide layer is used to insulate the cold part from the heat source. In order
to increase the hot part's heat-receiving surface, the thermocouples are fastened to an aluminum
plate [4]. Figure 3f shows the SEM photograph and schematic overview of the suggested TPG. To
achieve a significant temperature difference between the two thermocouple junctions, heat is
transported over the device from its bottom to top side. The output voltage was 67 V for a 1 Kelvin
temperature differential between the two sides. A silicon-based monolithic planar p-TEG through
bonding technique was proposed by Ziouche et al. [111]. The air cavities of the thermopile on top
of the cold junctiensrand below the hot junctions in both Si wafers were made using the back-side
DRIE. The oxidizedsporous-Si functioned as a temporary support to shield the multilayer membranes
from the forces_applied during the bonding procedure. The maximum output power of a p-TEGs
with five membranesawas 12.3 pWcem™ for a 2 Wem input heat.
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Fig. 3. (a) Schematic overview of hybrid structure pu-TEG reprinted with permission from [71]. (b) Diagram of the two
thermoelectric couples used in the Bi-COMS implementation [104]. (c) Full-fledged wearable -TEG apps designed exclusively for
use on the humantbody [106]. (d) The schematic for the u-TEG shows an optimized heat flow path [107]. (e) A thermoelectric
energy harvester employing,the widely used CMOS technology has a thermal isolation cavity underneath the thermocouples [108].
(f) Schematic and microscopic view of the proposed TPG [4].

3- Optimization of micro thermoelectric structure and geometry

Optimization of TE structure and geometry is a crucial research field that has been scrutinized

recently due to noticeable improvements realized in structural integrity and performance. As a

matter of fact, special emphasis is placed on the mechanical and electrical performance

improvements that can be obtained through the optimization of TE structure and geometry. The
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four major parameters, i.e., cross-sectional area, leg height or length, leg shape (asymmetrical,
hollow, and traditional rectangular geometries), and the number of legs, which are considered
during optimization of the TE geometry, are thoroughly explored [112]. This optimization was
carried out on a number of TE structures, including annular, flat plate, concentric, flexible,
segmented, and micro coolers and p-TEGs (in accordance with the heat sink shape and heat source),
however, design and optimizing methodologies for vertical p -TEGs will be investigated since their
output power and efficiency are higher than other types and critical to the architecture.
Additionally, the constant temperature difference (CTD) condition is typically used for conventional
TE device designs However, in practical applications, the constant heat flux (CHF) condition
predominates [113]. As a result, the methods for optimizing the geometry and structure, such as
multi-objective optimization and 3D finite optimization, are thoroughly examined, and the most
striking findings from the literature review are presented:

3.1. 3D finite optimization

Through 3D moedeling, which also presents an improved perception of the heat transfer process and
temperature distribution in systems and thus improves performance predictions, a more precise
simulation is attainable [114]. Using the numerical model of the 3D finite difference method (FDM),
finite element.method (FEM), and finite volume method (FVM), 3D computational fluid dynamics
(CFD), the temperature, voltage, geometric parameters, and stress distributions were optimized for
a TEG device. The software tools used to conduct the numerical study were ABAQUS, COMSOL
Multiphysics, and ANSYS.

3.2. Multi-objective optimization

Multi-objectiveloptimization refers to the optimization procedure simultaneously applied to two or
more inconsistent objective functions under constraints [115]. As several TE geometries must be
optimized at thessame time in order to obtain optimal performance, multi-objective optimization
techniques have'récently attracted much attention for optimization of the TE geometry. Since the
3D finite optimization technique is time-consuming and may not be capable of considering the
entire set of potential variables at the same time, multi-objective optimization techniques present
the most efficient and best results for optimization of TE geometry. Genetic algorithm (GA),
improved Powellalgorithm, NSGA-II, simulated annealing, and particle swarm optimization (PSO)
algorithm have/optimized the TE generator geometry to improve its output power and efficiency.
Volume, material'type, leg length size and shape factor, temperature, and the shape of installation
position were included in the optimization process. The output power, efficiency, and reliability
objective functionsswere optimized.

3.3. Combined optimization

With the FVM, FEM, and the 3D FDM, multi-objective optimisation has been used to fine-tune the
TE geometry for better performance and reliability. Jang et al., [116] combined the simplified
conjugate-gradient method (SCGM) and the 3D finite difference method to find the best thickness
and spacing for the spreaders of the TE (see Figure 4).
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Fig. 4. The flowchart of FDM and SCGM optimization techniques [116].

The authors suggested using multi-objective optimization methods, such as the Taguchi method,
simplified conjugate-gradient method (SCGM), NSGA-II, and GA, to concurrently increase output
power and efficiency while lowering mechanical stress. Software packages, such as MATLAB and
COMSOL, were employed to solve the multi-objective optimization algorithm and three-
dimensional model, respectively.

3.1 Leg height or length

To increase the reliability and efficiency of the TE generator and cooler, itis important to adjust the

leg height or length. Tanwar et al. [117] employed n-type copper telluride (CuTe) and electroplated

p-type bismuth antimony telluride (BiSbTe) materials in their investigation. They used the FEM with

COMSOL Multiphysics to optimize and assess how the leg structure and shape affected the
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maximum efficiency and electrical power production of the u-TEG. Leg height has a considerable
impact on device manufacture and has a direct impact on the thermal conductance and electrical
resistance of devices. To calculate the ideal height of the device, the height of micropillars varied
between 1 and 50 um and underwent a 5 K temperature gradient. The
U-TEG's overall electrical resistance and output power grew as the height of the pillars climbed. Fig.
5a illustrates the contribution of increased pillar height on the thermal conductance, output voltage,
and electrical resistance. As the leg height is extended, the voltage across the leg pairs first increases
steadily. Once the leg height reaches 10 um, the voltage begins to stabilize. To maintain a consistent
temperature gradient and a low  electrical resistance simultaneously, a
U-TEG needs towattain a low thermal conductance. Fig. 5b presents the generated output power
using a varietysofspillar heights. At a height of 3 um, the maximum output power of 3.96 uW was
attained. As a result, ‘it seems that with a pillar height of 10 um without having to drastically reduce
the device's outputpower, their described material properties are suitable for the intended human
body applicationsmimstheir study, Kumar et al. [118] optimized TE components to recover waste heat
in automobiles by.employing the numerical model presented by Hogan and Shih [119]. Skutterudite
TE material was utilized, and a uniform AT = 250°C is considered across TE cold and hot side
junctions. According to the authors, it is possible to get the highest power output while using less
material by carefully choosing the fill fraction and leg height.

In addition, a detailed,parametric optimization was carried out by Tian et al. [120] for a segmented
thermoelectric generator (STEG) to recover energy from exhaust waste heat of diesel engines.
Particularly fersapplications involving high heat source temperatures, the authors recommended
employing a segmented thermoelectric generator (STEG) rather than a traditional TEG. The results
also showed a link between the maximum power output and efficiency of the TEG and the length of
the TE leg, as shown in Figures 5c and 5d, respectively. Zhang et al., [121] improved a STEG's leg
length ratio in order'to increase efficiency and output power. They employed the numerical model
presented by Jiaoretsal. [122]. The user-defined functions (UDFs) for formulation of the numerical
model were added"to the FLUENT commercial software suite. They discovered various ideal leg
length ratios for.maximizing output power and efficiency (see Figure 5e). Also, they discovered that
the best TE leg length ratio is decided in accordance with the TE material characteristics, conditions,
and geometry for/ heat transfer. Ma et al. [123] recently conducted a comprehensive study on
segmented TEG" leg length ratio optimization in order to recover energy from engine exhaust heat.
This investigation introduced the numerical model into the FLUENT software package. Using a
numerical modeljsthe segmented TEG was optimized at both system and component levels. Five
distinct situations were examined in terms of the ratios of the two components in each. While the
first two cases were’non-segmented traditional TEG, the remaining three cases served as STEGs
featuring a variety-of leg length ratios. Figure 5f illustrates the highest output power along with
various lengths. In general, the optimum leg lengths differ for each TEG model, and it reaches the
best performance in'€ase 4. When the length is lower than its optimum value, the output power
declines rapidly. This is attributable to the stronger impact of contact resistance. It seems that STEGs
are of higher capability in the optimization of structure based on similar output power
requirements.

Shen et al. [124] investigated the performance (efficiency and power output) of an annular TEG

using a constant heat flux and a FEM. Additionally, the relationship between TE materials and

temperature was covered, and the effect of the shape parameter (Sr) on the annular thermoelectric

generator (ATEG)'s output power was examined. They witnessed that as TE leg length increased,
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the power output also increased (Figure 5g). Nonetheless, under constant temperature conditions,
a reverse trend was detected. Shen et al. also conducted a theoretical analysis of a segmented
annular thermoelectric generator (SATEG) and comparison with an ATEG [125]. They found that the
SATEG's efficiency grew initially until it reached a maximum value, after which it decreased. Shittu
et al. [126] studied the electrical and mechanical performances of a SATEG by employing a FEM
technique and compared them with those of an ATEG. They witnessed that the performance of the
SATEG surpassed that of the ATEG. Additionally, as shown by the data, the TEG’s electrical
performance declined as leg length increased. This study analyzes the numerical simulation of a
SATEG by employing a 3D finite element analysis. Using the COMSOL 5.3 Multiphysics program, the
effects of leg angle.and TE leg length on the mechanical and electrical performances of segmented
and non-segmented=ATEGs were investigated. The geometries of segmented/non-segmented
ATEGs are presgnted'in Figure 5h, i, which are constituted of copper, alumina ceramics, TE legs, and
the welding layer..According to Figure 5j-m, when the temperature difference exceeds 100 K, the
efficiency ofwa \SATEG surpasses that of an ATEG with Bismuth telluride material. The electrical
performance is significantly impacted by the TE leg length, and it is well known that shorter TE leg
lengths result in greater electrical performance than longer TE leg lengths. Eventually, the results
(see Figure 5n) indicate that increased TE leg length can decrease the electrical performance and
thermal stress_of'the segmented/non-segmented TEGs. For both the ATEG and SATEG, when the leg
length is lengthya(l = 5), the von Mises stress is at its lowest.
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Fig. 5. a) Electrical resistance, the thermal conductance and output voltage b) power output against leg height at 5K
temperature gradient [117]. Effect of leg length on (c) output power and (d) a comparison of three thermoelectric generators'
efficiency [120]. (e) Thermal boundary condition at constant surface temperature, output power, and thermoelectric
conversion efficiency of segmented TEGs with various length ratios (the length of the p1-type divided by the total length).(T1
=580 K; T4 = 500 K) [121]. (f) Maximum output power with length in all cases [122]. (g) Variations of P and P/Pmin with Srunder
different H/Ho [123]. The schematic geometry of h) ATEG i) SATEG. Different leg lengths with (j) Efficiency and (k) Output
power of Bismuth telluride' ATEG and (l) Efficiency and (m) Output power of SATEG when 61 = 3,02 = 3, and RL = 0.001 Q. (n)
Effect of the thermoelectric leg length of bismuth telluride in SATEG and ATEG when 61 = 6 and 62 = 2 [126].

By employing the GA'with constraints and metaheuristic optimization techniques, Yusuf et al. [127]
tried to determine.the optimal geometric parameters of a TEG. They improved the maximum power
output and energysconversion efficiency for Skutterudites TE materials operating at a maximum
temperature differential of 500 K. Fig. 6a depicts the concerned flowchart. The best energy
conversion efficiency or the highest power output are often the two goals of GA optimization. This
is because they cannot reach their maximum values simultaneously. As Fig. 6b depicts, as the length
of the thermo-element lengthens, the power output decreases, whereas the efficiency of energy
conversion increases until reaching a maximum point at the optimal thermo-element length. Fig. 6b
is simply interpreted as follows. The thermo-element length should be roughly 0.5 mm if an effort
is made to create power outputs of about 80 W. However, given the corresponding energy
conversion efficiency,of about 4.4%, the TE module must be capable of absorbing a heat input of
1818 W, and givensthe current performance of the TE materials, this is impossible. But, when the
module is functioning, at its ideal length, it only needs to absorb about 300 W of heat in order to
produce 30 W of power. As a result, this is both economically wise and practicable to use the module
at the optimal geometry, which is an objective of this investigation.

The use of artificialwneural network (ANN), a deep learning technique, in forward modeling the
maximum efficiency and power generation of a TEG and its use in the generator optimization and
design, was demonstrated by Zhu et al. [128]. After training by employing a dataset containing 5000
3D FEM-based simulations (through COMSOL Multiphysics® software), the ANNs with five layers
and 400 neurons in‘each layer indicate a very high prediction accuracy (>98%) and can function both
when there is @ steady heat flux and when there is a temperature differential while taking the
surficial heat transfer into account, contact electrical resistance, and other TE effects (Figure 6c).
Investigating the effectiveness of the TEG in relation to changing geometrical characteristics,
including the height«of the TEG leg (HTE), the filling factor (FF), the widths of the p-type and n-type
legs (Wp and Whp),.and the height of the connection (HIC). Combined with the genetic algorithm, the
trained ANNs can optimize the leg width, leg height, interconnect height, and fill factor of the TEG
for various contact“resistance and operating conditions. The TE materials employed in this
investigation are p-type Bio.sSb1.5Tes and n-type Bi>Tez.7Seq.3 for the legs, respectively. The cold-side
temperature (Tc) is set to 300 Kelvin as the constant value for the thermal boundary conditions.
Figure 6d illustrates the optimization flowchart. In Figure 6e, f, the dashed lines indicate the n and
PDmax(maximum power density) values predicted by the artificial neural network as a function of
filling factor and Hte, whereas the values of Wn, Wp, and HIC were fixed at 2.5 mm, 2.5 mm, and 1.5
mm, respectively. As soon as the network training and verification are completed, it is applicable
for optimization of the design. Figures 6g, i depict the GA convergence curves for efficiency and
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power optimizations, respectively. After ca. 100 generations, both procedures show a good
convergence. While a maximum power density of 70 mWcm™2 was obtained (see Figure 6g), the
maximum efficiency was 3.2% (Figure 16i). For a constant T of 400 K, the optimized Hte will be 1.3
mm to obtain the highest PDmax. As shown in Figure 6h, this is authorized by increasing its value
from 0.5 mm to 5 mm and assessing the TEG performance using simulation and an ANN. From
another viewpoint, the maximum efficiency n necessitates the optimized Hte to achieve the
predetermined range's upper limit (5 mm) (Figure 6j). Both the simulation's (blue dots by COMSOL)
and ANN's (black lines) outcomes are very consistent with one another.

In both power generation and heating/cooling purposes, the temperature difference in TE legs leads
to thermal stress because different materials show different thermal expansions. As a result,
conducting thermal stress optimization and analysis is important in order to get informed about the
high-stress locations in the legs. The primary goal of the study of thermal stress optimization is to
significantly reduce the thermal stress on TE legs, which will lengthen the device’s useful life. The
largest observed stress of the legs occurred in the module corners, which had a longer distance from
the center, according to Turenne et al analysis‘s of the stress level in a TE module [129]. Under
steady-state conditions, the numerical study was completed using finite element analysis. The
impact of geometrical'features on the thermal stress of TEG was also studied by Gao et al. [130]. As
the length ofithe TE leg grew, they discovered that the von Mises stress and shear stress were
initially decreased."The ANSYS simulation software was utilized to carry out the numerical study
along with the finite element analysis, and the stress analysis was completed on the assumption
that the materialsshad anisotropic mechanical properties.
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Fig. 6. a) Flowchart ofthe genetic algorithm. b) Effect of thermo-element length variation onpower production and conversion effeciency
[127]. c)The design of the forward modeling neural network used to forecast the TEG model'spower performance . (d) Processflowdiagram
for the genetic algorithm. For the purpose of calculating fitness functions, both COMSOL simulation and neural networks have been used
separately (e) PDmax and (f) efficiency n obtained from ANN (dashed lines) and COMSOL simulation (dots) as a function of HTE and FF. The
operatingconditionchosenisThof400 Kand pCof10-2Q-m2.The Hic, W,and W, valueswere fixedat 1.5 mm, 2.5 mmand 2.5 mm, respectively

g) Convergence curve of genetic algorithm for (h) PDmax and (b) n (i, j) Comparison of PDma and efficiency as a function of H from ANN and
COMSOL simulation [128].

3.2 Leg cross=sectional area

Another important characteristic that can be optimized to raise the TEG and cooler's performance
is the cross-sectionalsarea of the legs. It is recommended to use the output power per area and
power density to_estimate the TEG performance instead of efficiency and output power. The
experimentalfanalysis of the impact of the TE leg area on module performance was the focus of
Cheng et al. [131]"sawork on the structural optimization of TE modules. A polycrystalline bismuth
telluride TE material was used. According to their findings, the highest power production is attained
at an ideal legscross-sectional area (Figure7a). The ideal TE leg area for a TEG's improved power
production was identified by Fan et al. [132]. They concluded that while the TE conversion efficiency
was nearly constant at constant surface temperature boundary conditions (case 4), it was inversely
proportional to/the cross-sectional area of the leg at constant heat transfer coefficient boundary
conditions (casess5mand 6) (Refer to Figure 7b). He et al. [133] created a thorough one-dimensional
model to improverthe'TEG module geometry based on the Hill-climbing technique to increase power
output. Numerical"simulations were carried out in MATLAB, which were then validated in the
COMSOL software package. As shown in Figure 7d, the maximum power output always rises as the
leg area rises for.any given leg length.

When Cui et al.\[134])/looked into the possibility of a porous ATEG for using waste heat, they found
that it performed better than a bulk TEG. They came to the conclusion that, as the cross-sectional
area is optimized, the maximum power output grows to a peak value and subsequently drops, as
illustrated in Figure Ze. Understanding how the area ratio of the thermoelements affects power
output, Yusuf et al. [127] employed the GA. In Fig. 7f, the n-type thermoelement area varies,
whereas the other parameters retain their optimal values. As the An/A; ratio is increased from 0 to
approximately«3; the power output is constantly increased, whereas the efficiency of energy
conversion is inéreased until reaching a maximum point, which is then decreased regularly. The
optimal ratio of the regions as determined by GA corresponds to the location where energy
conversion is most efficient.

By employing the Ap/Anratio of a u-TEG, Tanwar et al. [117] used COMSOL Multiphysics to optimize
the device’s performance. The n-type leg's cross-sectional area was kept constant while the p-type
leg's area changed. After modeling a number of different Ap/Anratio combinations ranging between
0.5 and 4, the results were plotted in Figs. 7g and h. The electrical resistance of the p-type leg
decreased as the cross-sectional area increased, but the device's thermal conductivity increased
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(Fig. 7g). The power of the single-leg pair TEG gradually rose as the Ap/An ratio grew (see Fig. 7h),
and the output power increased from 1.1 to 4.78 uW; however, the efficiency experienced a decline
of 17.5%. As a result, the cross-sectional area of the legs must be balanced to deliver a high output
of power and optimum efficiency. In order to optimize the u-TEG device featuring many pillars, two
devices with various Ap/An ratios were considered, which are shown in Fig. 7i. The device featuring
a constant footprint of 3.5x4.5 mm? was composed of 240 TE leg pairs with Ap/An =2 and 312 TE leg
pairs with Ap/An = 1. As Fig. 7j indicates, the output power of both devices was plotted versus varying
load resistances at the 5 Kelvin temperature gradient. For the individual device, the maximum
output power occurred at Ri= Rreg. Additionally, as shown in Fig. 7k, estimates of both ratios'
contributions towthefdevice's output power were made at a variety of temperature gradients
between 2 and:10:K=At low-temperature gradients, both ratios resulted in the same power outputs.
Nonetheless, an"A,/As ratio of 2 at higher temperature gradients across the device resulted in higher
power outputs in,comparison with Ap/An = 1, despite the fact that the device with the higher ratio
had fewer TEscouplesaThis is explained by the fact that the device's overall resistance lowers when
the p-type TE leg's.cross-sectional area increases, even though it has poorer electrical conductivity
than n-type material.
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Fig.7.a)Maximum output powerandvarioustemperature variationsundervariousthermoelementcrosssections [131]. b)Variation inconversion
efficiency due to leg cross-sectional areas [132] The maximum output power P versus TE leg area (c) at different leg lengths D and that in
comparison toTEleg length(d)atvarious legareasA [133]. (e) Distribution of maximum powerproductionin relationtothe crosssection'sideal
size [133]. (f)Impact ofthermoelementareavariation on power productionand conversion efficiency [117].g)Ap/Anratio asafunction ofelectrica
resistance and thermal conductivity of a single-leg pair; (h) power production and single-leg pair's effectiveness for various A,/A, ratio. (i)
Schematic of an improved device. (j) For devices with Ay/A, ratios of 1 and 2, output power is shown against load resistance at atemperature
gradient of 5 K. (k) Power output for devices with an A,/A, ratio of 1 and 2 at various temperature gradients [117].

3.3 Thermoelectric leg shape

When optimizing the performance of a device, the reliability, performance, and reduction in
fabrication complexity of the device are significantly influenced by the leg shape. Although the
traditional TE legs™ are symmetrical/rectangular, hollow shapes, complex geometries, and
asymmetrical TE"legs are under study in recent years as a technique for enhancing the heat transfer
in the legs andTEwreliability and performance. By using asymmetrical legs, TE legs can have a greater
temperature gradient. This can be attributed to the TEG's overall lower thermal conductivity. In
addition, the asymmetrical TE legs generally feature variable cross-sectional areas, leading to a
trapezoidal shape. Lamba et al. [135] looked into how TE geometry configuration affected TEG
performance (presented in Figure 8a, b). They concluded that the energy and exergy efficiencies of
a trapezoid-shaped TEG were increased by 2.32 percent and 2.31 percent, respectively.
Additionally, they discovered that the point at which the maximum energy and exergy efficiencies
were recorded [differed from the point at which the maximum output power was witnessed. An
experimental and*ntmerical investigation on TEGs featuring asymmetrical legs was carried out by
Fabian-Mijangos [136]. The superiority of the asymmetrical legs over the symmetrical ones has been
demonstrated inyFigures c—f. The application of asymmetrical TE legs to enhance performance was
demonstrated experimentally for the first time in this study. Shittu et al. [137] also gave a thorough
analyzing a TEG..numerically with asymmetrical and segmented legs under steady-state and
transient conditions using the COMSOL 5.3 Multiphysics software, which is shown in Figure 8g-i.
They evaluated the new TEG design against a non-segmented TEG and optimized it to boost
electrical performance. Their results approved the greater performance of the optimized
asymmetrical and;segmented design compared to the conventional TEG.

Tanwar et al. [117] used the FEM to simulate three different kinds of pillar shapes (hexagonal,
circular, and square) in order to get the most power out of a U-TEG, as shown in Fig. 8j. The cross-
sectional size of the| pillars has no effect on the output power acquired for the device when
subjected to a fixédtemperature gradient since each leg pair has the same electrical resistance, as
illustrated in Figes8k. For a single-TEG leg pair with a variety of shapes, the power output was
estimated when, undergoing a 5 Kelvin temperature gradient, and the acquired corresponding
power outputs are illustrated in Fig. 8l for varied load resistances. When the matching internal
resistance of the leg pairs was equal to the applied load resistance (RTEG = RL), the highest output
power was realized for a single leg pair with a varied cross-sectional shape. The square-shaped pillar
in Fig. 8| had the highest output power of 2.32 mW, which was 7.41% and 18.37% greater than the
hexagonal- and circular-shaped pillars, respectively. On the basis of the first and second laws of
thermodynamics, an exoreversible trapezoidal thermoelectric heat pump (TTEHP) was the subject
of a TE model created by Lamba et al. [138] that took into consideration the Thomson effect as well
as the leg geometry's impact on the heating load and coefficient of performance of the apparatus.
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For the investigation of the operational and geometry parameters' effects on the heating load and
thermoelectric heat pump's performance coefficient, including the shape parameter (Ac/An) (Ra),
the MATLAB Simulink environment was used. Using the GA, the optimal parameters concerning the
maximum heating load and the maximum energy efficiency were decided. Fig. 8m depicts the
schematic view of a thermoelectric heat pump made up of trapezoidal-shaped TE legs sandwiched
between the heat sink and heat source, as opposed to a flat-plate thermoelectric heat pump, which
has a constant area. The cold junction's temperature is fixed at 300 Kambient temperature, whereas
the hot junction's temperature ranges from 305 to 370 K. The dimensionless heating load is initially
increased as the shape parameter (Ra) increases until reaching its maximum value at Ra=1. Then, it
declines with further increases in the shape parameter (see Figure 8n). At Ra = 1, the internal
resistance ofstherdevice is at its minimum value, leading to the creation of the maximum current
flow and, as a gesult) the maximum input power. The device's internal resistance rises for both
higher and lower,Radevels, resulting in decreased heating load and input power.

Using a FEM analysis,conducted within the COMSOL Multiphysics software, Thimont et al. [139]
carried out aninvestigation on the effect of the geometry of an individual leg on thermal resistance.
Four basic leg geemetries, i.e., square, triangular, trapezoidal, and circular, were examined with
respect to their nominal shapes, which will be referred to as three geometrical variations: hollow,
layered, and filled./ These leg geometrical variations are presented in Fig. 8o. In all simulations, the
steady-state analysisiis used to explain how the Seebeck effect causes an electrical potential to build
up across the leg and how heat moves through the leg. The two modeled materials were bismuth
telluride (p-typewBiossSbi.sTes and n-type BixTe2.7Seo0.3) and higher manganese silicide (HMS).
Simulations of both 'new and old TE leg geometries show that the cross-sectional area of
complicated geometries (like layered structures where the cross-sectional area changes along the
leg length) may lead to higher output electrical power and thermal resistances than TE modules.
The results show that TE legs with hierarchical topologies and inner voids have a significant
potential. Nonetheless, it is difficult to achieve legs with complicated geometries using
conventional, subtractive manufacturing methods. A resolution for such a technical challenge is
offered by additive_manufacturing because it makes it possible to fabricate customized parts
featuring small, complicated characteristics. A recent study on the possibilities of this fabrication
method for TE materials shows its promise and paves the way for greater adaptability and capability
for TE technologies. The geometry of the leg has a big impact on the electrical potential and
temperature difference across the leg. Layered and hollow geometries have more effective heat
resistance than their filled counterparts. Particularly, layered leg geometries exhibit substantially
larger temperature gradients than do the others. Since the electrical potential and temperature
gradient are closely related, similar thermal trends can be applied to the open circuit voltages
produced throughout each leg geometry. The temperature differential along a triangular leg is
greater than 'that along a traditional square leg and bigger still than the temperature difference
along a cylinder design. A greater temperature gradient results from the trapezoidal orientation
with the small base (smaller cross-section at the hot side) than from the orientation with the large
base. The voltage slope versus currentin Figure 8p, g is displayed as the voltage slope to obtain the
electrical resistance, which is determined by dividing the short circuit current by the open circuit
voltage (Voc). The electrical resistances are the same for the filled cross-section legs because these
legs have similar cross-sectional areas. However, the Voc achieved fora squared-shape leg is lower
than that of a triangular leg, and the lowest Vo is likewise found for a circular leg. Due to the
identical cross-sectional area for current transmission in both filled and hollow geometries, their
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electrical resistances are equivalent. The hollow geometries have slightly higher values of Voc
because of the changes in temperature gradients observed throughout their legs. The related cross -
sectional area dedicated to current conveyance for the layered geometries changes along the leg
length.

Given the availability of regions featuring smaller cross-sectional areas, layered legs are of higher
resistance compared to that of the other geometries. This agrees with the findings of the thermal
resistance test. Compared to the traditional square-filled geometries, the trapezoidal ones are of
higher internal resistances. Although the Voc of the trapezoidal leg with a similar base is the same as
that of the hollow legs (which is noticeably higher than that of the filled legs), the maximum Vo
occurs in layered legs. The theoretical power was estimated as a function of electrical current for
each leg geometry, and the results are shown in Figure 8 r, s. The triangle leg displays a larger
electrical power output despite the thermal radiation between layers in the layered leg geometry,
layered legs have a wider total temperature differential throughout the entire leg than the square
and cylindrical legs, which is caused by the higher temperature difference across the triangular legs
despite the modest changes in electrical resistance. Compared to the filled square legs, the
trapezoidal shapesfeaturing a small base gives larger output power. The filled geometries lead to
lower electrical power compared to the hollow ones, and in terms of the electrical power output,
the layered geometries present the maximum advantage. Besides the advantage of the layered
geometry in collection of legs in a TE module (for higher manganese silicide material), with higher
electrical power output and Voc(in comparison to other geometries) is reapproved. The overall
temperaturepgradients throughout the entire leg is larger in layered legs despite the thermal
radiation between layers in the layered leg geometry.
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distinct pillar shapes; (k) outputpowerfor constant cross-sectional areasofvariouspillar shapes, and (1) Different pillar shapesata5 Ktemperature

gradient with varyingcross-sectional areas: output powervs. load resistance (preservingthe device'seffective surface area)[117]. (m)Trapezoida

thermoelectric heatpump schematic[138]. (n)Ra and the variation ofdimensionlessheating loadsand dimensionlessirreversibility (o) Diagram

ofthe modeledleggeometriesshowingthe geometriesoftriangular (hollow), square (hollow), circular (hollow), trapezoidal (large base), triangular

(filled), square (filled), circular(filled), trapezoidal (small base), triangular (layered), square (layered), and circular (layered). The square (filled)

geometry (of) approximates the conventional leg geometry. Each leg's shape for the open circuit voltage and short circuit current (p) higher

manganese silicide and (q bismuth telluride. Outputelectrical power for legs made of (r) higher manganese silicide (s) bism uth telluride [139].

By employing the COMSOL Multiphysics 5.5 FE software package, Li et al. [140] studied a variety of
shapes of a hollow cross-section leg for TEGs from the mechanical and thermal perspectives
simultaneously. The energy efficiency, Von-Mises stress, and output power/voltage were estimated
for the mentioned structures, and the optimal conditions were determined. At the maximum input
heat flux, the triangular shape, as a sample result, is capable of generating up to 100% more power
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(in comparison with the rectangular one), whereas it is a less reliable design from a mechanical
perspective. Figure 9a presents a schematic view of the TEG along with the entire basic geometry.
To design the TE legs, five different geometric shapes are considered, which include square, circular,
rectangular, triangular, and octagonal shapes depicted in Figure 9b. To improve the accuracy of the
simulations, Bi2Tes is used for the p-type and n-type pins, whose properties are thought to depend
on temperature. Figures 9c, d display the results of the analysis of the effect of leg cross-section on
output power and conversion efficiency at various cold side temperatures (heat flux is constant at
10000 Wm2). Cold side temperature varies within the 25°C-50°C range. The TEG's output power and
DC voltage drop when the cold side temperature rises because there is less of a temperature
differential along,the device's legs. For the entire range of tested cold side temperatures, more
power is generatedsby the triangular cross-section. Figure 9d amply demonstrates how the output
power reduction‘impacts the TEGs' conversion efficiency, and increased cold side temperature leads
to lower efficieney.values. For hollow leg structures, Ra = Ai/Ao defines the ratio of the inner hollow
area to the totalsareasin which Ai and Ao stand for the area of the inner hollow section and the base
area of shapes .infilled conditions, respectively. The effects of Ra on the maximum conversion
efficiency and output power are depicted in Figures 9e and f. It is evident that as the Ra value
increases, the system’s power generation increases. The higher Ra values indicate a lesser volume
of legs and thinner legs. As the Ra value increases, the system’s internal resistance is decreased,
which is due tothe fact that the cross-sectional area of the legs and internal resistance of TE devices
are negatively correlated. As a result, as the Ra value increases, one can expect higher output power
and electric current. The results also show that the TEG with triangular-shaped legs produces more
power, while the usual square-shaped legs produce the least power. Figures 9 g, h illustrate the
maximum Von-Misses stress subject to various cold side temperatures (even as the heat flux
remains constant)and various heat fluxes (even though the cold side's temperature is constant),
respectively. As Figure 9g, h shows, for the entire range of cold side temperatures and heat fluxes,
compared to other cross-sections, triangle cross-sections generate more stress. The stress intensity
in the triangle cross-section increases with the input heat flow. The smallest stress is associated with
the circular cross-section. Thus, the most mechanically reliable designis that of a TEG with circular-
shaped legs.

Doraghi et al. [141] used COMSOL Multiphysics to study the models featuring variable cross-section
legs. The selectedbase material for their design was Bi2Tes. Figs. 9i-k show the entire geometries,
which are of similar dimensions (5 mm x 6 mm x 1.5 mm). The current standard leg geometry is that
of legs featuringwrectangular geometry (see Fig. 9i), which has been selected as a reference. The
temperature distributions are presented in Fig. 9 |-n for different models. A comparison of different
models is presentedsin Fig. 90. According to the results, a relatively smooth course is experienced
by the rectangularsshape leg. The cone- and diamond-shaped geometries experienced different
courses. Thedistribution of thermal stress is depicted in Figure 9p—s. The hot junction side is where
the von Mises stressuis at its highest, as shown in the figure. For the diamond-shaped model, the
maximum von Mises stress was 1.45 x 108 Pa, which was lower than that for cone- and rectangular-
shaped models by 1.74 x 108 Pa. Overall, it can be said that the geometry of the leg has a significant
impact on the thermal stress produced in the TE modules. Thermal stress is primarily produced in
the region near the hot connections. The maximum stress is also formed around the leg edges. The
thermal stress inside the device, which has the potential to reduce the service life of the TEG, limits
the temperature difference in potential application. In addition, material failure as a result of the
cracking induced by high stresses impairs the intended functions of the system. Investigating the
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Output Power (UW)

growth and production of thermal stress in TE systems is therefore essential, especially considering
their long-term operations. Figure 9t-w presents the electric potential analysis. As seen in Fig. 9w,
the new cone and diamond TEG models both generated larger voltage potentials than the
traditional rectangle TEG.
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Fig.9.a)The dimensionsandthermoelectricgenerator'sschematic,b)anumberofexaminedringlegcross-sectionsand theirgeometriesLegcross
section effectson c)outputpowerandd)onthe effectivenessofconversionatvaried cold side temperatures(heatflux=10000 W/m2). The impact
ofthe innerhallow areato.overall area ratio (Ra) on (€) power generation (f)conversion efficiency(heat flux=10000 W/m2). g) Leg crosssection
effects on Von Misses Stress under various heat fluxes and h) Leg cross section effects on Von Misses Stress at various cold side temperatures
[140]. Geometryofthe TEGlegsanalyzed: (i) Rectangularshape, (j)Diamond shape and (k) Cone shape. Analysisof TEG Temperature Distributions
of (I) Rectangular shape, (m) Diamond shape, (n) Cone shape and (o) distributions of temperature for the examined geometries. The electric
potential produced in (p) Rectangular fotm, (a) diamond form, (r) Cone form and (s)
Voltage Comparison. The Stress analysis in (t) Rectangular shape, (u) Diamond shape, (v) Cone shape and (w) Von Mises Comparison [ 141].

Al-Merbati et al. investigated how the thermoelectric leg's geometry affected the thermal stress in
TEG [142]. Three different leg geometries were examined, and it was discovered that the
optimization of TE geometry was capable of lowering the stress formed in the TE legs to a large
extent. The design of the TE leg shown in Figure 10 a, b was discovered to have the lowest thermal
stress. Additionally;sMu et al. [143] investigated the extent to which geometric dimensions had an
impact on the.stress. distribution in an Mg2Si-based TEG and found that the maximum first principal
stress of the TE legs.increased as the length and width of the legs increased. By employing ANSYS
software and @ 3D /FEM, a numerical study was conducted. As the leg width grows, the
thermoelectric Tegs" maximum first primary stress increases nonlinearly. (See Figure 10c).

A number of studies on the relationship between the geometry of the TE legs and the mechanical
performance of the TEG were conducted by Erturun et al. [144]. According to their findings (shown
in Figure 10d—g), at a temperature difference of 100 °C, the rectangular legs had a thermal stress of
49.9 MPa and the cylindrical legs had a thermal stress of 43.3 MPa . Additionally, they discovered
that using coaxial-leg configuration lowered the maximum stress of TE legs by 10% [145].
Additionally, they discovered that increasing the leg spacing and width and decreasing the leg height
all resulted in_increased thermal stress [146]. Bakhtiaryfard et al. [147] carried out numerical
simulations forwa,variety of TE module geometries in order to study its mechanical performance
under similar operating conditions and discovered that, compared to the traditional rectangular
TEG, the circular shape resulted in a 13% reduction in stress. The thermal stress assessment was
carried out using the finite element programme ABAQUS. Ibeagwu [148] conducted a thorough
investigation on the stress on TEGs caused by varied leg shapes. The author concluded that the
thermal stress in the new geometry was lower than that in the conventional geometries after
studying four different leg shapes (see Figure 10e-j).
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KARRI et al. [149] used the commercial FEA software ANSYS to carry out numerical simulations in
order to model the thermo-mechanical stresses produced by the TE effect and the accompanying
temperature distribution. In all investigations, an n- and p-type bismuth-telluride constant property
couple is taken into account. They created a procedure to assess the reliability of brittle TE materials
in line with standard procedure in the ceramics sector. By employing the Weibull analysis, the
probabilistic thermo-mechanical reliability of TEG modules and couples was estimated. At shorter
lengths, the cross-sectional geometry had a significant effect, and as the length increased, the effect
declined. The performance optimization strategies could be combined with the structural integrity
assessment methad to produce reliable and perfect TEG. The reliability and stresses of TEG with a
variety of typicaheress-sectional geometries were explored, as well as the effect of the leg length to
cross-sectionmarea=ratios. The contours of von Mises stress in the modules featuring 4 MPa
compressive load and\.constant hot-side conditions are illustrated in Fig. 10-o0. As the picture again
shows, the cold=side’ interface's furthest corners were where the von Mises stresses were the
highest, producing:238 MPa, 272 MPa, 154 MPa, and 169 MPa for the square, hexagonal, octagonal,
and circular Jlegs;.respectively. The reliability evaluation results from the two pair module
simulations with fixed hot-side interface circumstances are summarized in Table 2. With the
constant hot-side conditions, TE legs with circular and square cross sections produced the lowest
(4.5%) and highest (0%), respectively, reliability levels. While in both cases, the external
compression enhanced the reliability, In the case of the fixed hot side situation, the effect is
confirmed, in which an absolute 5-75% enhancement was witnessed in module reliabilities for
squared- and cylindrical-shaped legs, respectively.

Table. 2. Summary of reliability evaluation results from two couple module simulations [149].

Fixed hot-side

%R with no load %R with 4 MPa compression
Square 0 4.5
Hexagon 0 44.0
Octagon 2.5 70.5
Circle 4.5 78.0

The results also show that, in contrast to cross-sectional shapes, leg length is a geometrical
parameter that governs the overall stresses. Legs' length and boundary conditions both affect how
their cross-section geometry behaves. The concentration of local stresses reduces the durability of
TEG couples with.legs fixed (connected to a rigid substrate) at both ends; hence, cylinder-shaped
legs with smooth crass sections are preferable.
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the maximum von/Mlises'stress (Pa) in two couple modules with (k) square, () hexagon, (m) octagon, and (n) legs with
around cross-section and a fixed hot-side condition(o) Peak von Mises stresses in the presence of fixed hot-side hot-
side contact conditions: Effect of leg cross-section geometry [149].

3.4 Number of(TE legs and configuration

A numerical and experimental examination of the optimization of the TE module geometry to
increase the power output at a reduced cost was conducted by Dongxu et al. [150]. It was looked
into how the TE'module coupling number affected the module's effectiveness and power output.
According to the obtained results (depicted in Figure 11 a, b), as the number of legs increases, the
power output is increased monotonically. This is attributable to the decreased electrical and thermal
contact resistances. The effect of the TE module couple number on the module's efficiency and
power output was looked into.

A two-stage TEG that was optimized by Liang etal. [151] and compared to a single TEG. They found
that the output power and heat absorbed increased with the total number of TE legs; nonetheless,
the conversion efficiency declined. Additionally, they found that, in compared to the cold source
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temperature, the heat source temperature had a greater impact on the TEG performance. The
efficiency and output power of a two-stage TEG are shown to be correlated with the number of TE
legs in the bottom stage (n), the total number of TE legs (M), and the overall number of TE legs. The
findings demonstrated that as M was increased, conversion efficiency declined, and maximum
optimum output power increased (depicted in Figure 11 c, d). Lately, Luo et al. [152] recommended
employing more TE legs to increase the TEG's output of power. Additionally, they found that the
maximum efficiency and maximum power output of the TE module increased by 1.2 percent and 1
percent, respectively, as the number of TE legs grew (see Figures 11 e, f). The mechanical stability
and reliability of TE modules were adjusted and examined by Miao et al. [153]. They concluded that
optimizing the number of TE legs can reduce the internal stresses created in the module and
improve its operational stability (see Fig. 11g).

Using the FVM, Meng et al. [154] simulated the typical performances of a 3D helical thermoelectric
module and compared them to those of a traditional straight module (see Figure 11h). After looking
at the relationship between the geometric parameters of the helical thermoelectric module and the
different performances, an ideal helical design was proposed to get better performance. According
to the simulationgresults obtained in the FLUENT environment, the helical module is capable of
harvesting more heat'compared to the straight one and, as a result, produces higher output power.
This is because the two modules have nearly the same conversion efficiencies. The helical module's
increased pitch has“afavourable impact on its distinctive performances, including enhanced output
power, improved heat harvesting, and improved conversion efficiency. In the helical module, the
unit output pewenrsunit heating area, and unit input heat decrease as the module diameter rises,
but the radial expansion of the helical module has an opposite effect on the unit performances,
which is represented by dividing the characteristic performances by the number of p-n pairs. Using
a helical module with'a shorter diameter and a longer pitch, higher performances can be obtained.
At the same temperature difference between the cold and hot sources, Figure 11i demonstrates
that the current:andsvoltage of the helical module are greater than those of the straight module.

Tian et al. [155] scrutinized a hollow cylindrical configuration where the p-type and n-type legs are
situated co-axially‘inside one another. Bi2Tez material is chosen for the p-type and n-type legs. To
study the suggested structure from economic, thermal, mechanical, and exergetic perspectives,
Comsol 5.5 Multi-physics was used. One can prepare the cylindrical ring-shaped co-axial
configurations ima variety of azimuthal angles. The ring-shaped structure can decrease the thermal
stress level without reducing thermal efficiency. The parts of the cylindrical TEGs considered in this
investigation are,shown in Figure 11j by an assumption of a 6=360° azimuthal angle. The cylindrical
TE is shown with other azimuthal angles, namely, 6=45°, 90°, and 180°, in Figure 11j. Figure 11k-m
depicts the voltage, von Mises stress, and temperature distributions of a cylindrical TEG at a hot
side temperature’of 423.15 Kelvin, respectively. It is evident that when 6= 90°, on the heated sides
of the legs, the“contact zone is where the maximum electric potential, von Mises stress, and
temperature gradient all occur. A closer look at the contact points reveals that the parts closest to
the edges are those with the greatest risk of damage. 8 and the hot side temperature vary, whereas
other parameters are maintained at base conditions (¢ =0, W/ PL = 0.5, and T = 298.15K). Figure
11n, o shows that the output power increases together with the hot side temperature for a
cylindrical thermoelectric generator (CTEG) for any given azimuthal angle (8). For azimuthal angles
(6) of 360° and 180°, a CTEG's highest output power at a hot side temperature of 373.15 Kelvin is
0.022 W and 0.011 W, respectively. Figure 11 o makes it abundantly evident that, in a number of
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the case studies, CTEGs' legs experience thermal stress that is greater than their yield stress, which
may shorten the system's lifespan.
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enhance the mechanical durability of TE legs. Honeycomb structures are renowned for having a high
strength-to-weight ratio because of their efficient dispersion of external forces, particularly out-of-
plane stress. They use a cuboid, a hollow hexagonal column, as a basic building block when creating
honeycomb architecture because they have the ability to print them, and a honeycomb is made up
of seven hexagonal columns. Honeycomb and hexagonal modules require lower amounts of heat in
order to reach the same AT in comparison with a cuboid module. This can be attributed to the
electrodes' less efficient heat spread. The enclosed zone on the cold side of the honeycomb and
hexagonal modules is expected to have a negligible steady-state heat flux, as shown by the
simulated heat/flux distribution (see Figures 12a-c). This is because the electrode temperature is
kept uniform (Figures12a). The simulation findings demonstrated that, in comparison to a cuboid,
the recommended=cellular architectures could boost power generation efficiency. They used the
three-dimensional FEM to compare three different topologies, i.e., a hollow hexagonal column, a
honeycomb, andwa.cuboid. One can define generation efficiency as the power output to heat input
ratio. It is anticipated that the honeycomb designs and hexagonal column will demonstrate 7.7
percent and 7.3 percent efficiency, respectively, which is 26 percent and 22 percent higher than the
efficiency of ordinary cuboids, at a hot-side temperature of 873 Kelvin (see Figure 12d).

The new (Bi, Sb).Tes-based multilayer composite structured thermoelectric module (MCTEM)
developed by'Wang et al. [156] is capable of achieving high power outputs. Such a novel design of
MCTEM paves the way for its commercialization and fabrication via the development of a high-
power TE generators. Fig. 12e, f illustrates the schematic views of a traditional TE module (TTEM)
and an n-typeBizTe2:79Se0.21 single-leg MCTEM as examples. Figures 12g, h show the schematic views
of the MCTEM and the classic TE module of the type. For the m-type MCTEM, the above optimized
p-type Bio.sSbisTes single-leg MCTEM and n-type BixTe2.79Se0.21 single-leg MCTEM have been
employed as the legs of the n-type MCTEM. The performance of nt-type MCTEM and TTEM has been
compared in Fig."12i~k. When compared to the TTEM values, the coordinated variation of Pmax and
V of n-type METEMuis enhanced. At T = 35 °C, the maximum value of Pmax is 10.5 mW, which is
around 4.2 times®more powerful than the conventional TE module.

Oualid et alF [16]""made a new design for a flexible W-TEG by using laminated
copper/polyimide/copper plates to deposit wavy-shaped BiTes-based TE materials. The copper
plates helped heat move to and from the heat source and sink (see Figure 12l). They presented a
cutting-edge p-TEGrdesign that successfully blended the benefits of cross-plane and in-plane
systems. Compared to the architectures suggested before, a number of the advantages offered by
this design are:.d) a.high thermal resistance (generally about 1 K W for 1 cm? area of the TE
elements) as a result of the employed specific geometry; ii) use of copper plates, which may be
connected readily to_a heat source and/or a heat sink for dissipation as needed and act as heat
spreaders. A_remarkable electrical power generation of 5.5 uW for each thermocouple during
operation underta, temperature difference of just 5 K, in accordance with computational models
based on finite element studies, is another way they show that high TE performances are attainable
near room temperature. The performances of the two u-TEGs, which were constituted of 120 and
15 thermocouples featuring optimized geometries and produced via an easily scalable procedure
because of current SMD (surface mounted-device ) technology, are closely in line with the
anticipations of finite element analyses, demonstrating the excellent experimental control of
electrical contact resistances.
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The efficiency, thermal stress, and power generation of a two-stage TE module was investigated by
Lee et al. [157]. The ANSYS commercial program was used to calculate the performance parameters
of the TE module using a numerical method. A schematic view of two-stage arrangements of a TE
module is depicted in Fig. 12m. As a reference, a TE module with a single-stage configuration that
consists of three conducting plates and a pair of n- and p-type TE legs was used. For a two-stage TE
module composed of various materials and with various leg geometries, Figure 120 illustrates how
the maximum power fluctuates with temperature difference. The maximum power was noticeably
increased in the two-stage arrangement of the TE module with similar leg geometries when SiGe
material was used inthe first stage and Bi2Tes material was used in the second stage as opposed to
both stages being.built solely of Bi2Tes or SiGe. SiGe+Bi;Tes material demonstrated maximum power
of 0.46 W forsquaresprism legs in a two-stage configuration at a temperature difference of 880 °C,
0.41 W for trapézoidal legs at a temperature difference of 830 °C, and 0.43 W for cylindrical legs.
When using the SiGe‘material with a temperature difference of 980 °C, the trapezoidal and square
prism legs displayedsa maximum power of 0.25 W, while the cylindrical ones displayed a maximum
power of 0.27.\WsThe maximum power for the trapezoidal and square prism legs was 0.12 W for a
temperature differential of 480 °C and the Bi>Tes material, whereas the maximum power for the
cylindrical legs was 0.13 W. while in a single-stage configuration The maximum power displayed by
all leg geometries'made of SiGe material was 0.65 W at a temperature difference of 980 °C, and the
greatest powerdisplayed by all leg geometries made of Bi>Tes material was 0.31 W at a temperature
difference of 480 °C (Fig. 12n).

As depicted jinuFigssd2q, for the two-stage TE module featuring a variety of materials and leg
geometries, the maximum stress varies linearly as a function of temperature. For the trapezoidal
and square prism legs in the context of the Bi,Tes, SiGe+Bi,Tes, and SiGe materials, the maximum
stress variation with temperature difference was nearly identical to and greater than the maximum
stress values forthe"associated cylindrical-shaped legs. With regard to the identical leg geometry,
the SiGe+Bi;Tesmmaterial showed the highest level of stress, followed by the Bi;Tes and SiGe
materials. The shighest stress for the trapezoidal and square prism legs for the temperature
difference of 980 °C and using the SiGe material was 1.62 GPa, whereas the maximum stress for the
cylindrical-shaped.legs was 1.38 GPa. At a temperature difference of 480 °C, the trapezoidal and
square prism legs ‘had a maximum stress of 0.82 GPa, but the cylindrical-shaped legs displayed a
maximum stress of 0.7 GPa under the same circumstances. The maximum stresses for the
trapezoidal and cylindrical legs of the SiGe+Bi2Te3 material were 1.81 GPa and 1.56 GPa,
respectively, at attemperature difference of 830 °C, while the largest stress for the square prism legs
was 1.91 GPa at a temperature difference of 880 °C. The trapezoidal and square prism legs with A

legs, hotside > A legs)coldside and A legs, coldside > A:Icegs,hotside diSplaVed the maximum stress of 0.96 GPaina
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Fig. 12. Distribution of the simulated heat flow on the cold side of(a) cuboid-, (b) hollow hexagonal column-, and (c)
honeycomb-shaped,(d) CuzSe TE legs' generation efficiencies at temperatures between 323 and 873 K on the hot side
[16]. Schematics of the n-type (e) Multilayer Composite Single-Leg Thermoelectric Module (single-leg MCTEM) and
(f) common thermoelectric module with one leg (single-leg TTEM). Schematics of the (g) Multilayer composite
thermoelectric module of the n-type (MCTEM of the nt-type) and (h) n-type traditional thermoelectric module (rt-type
TTEM). i, j) When ATuisi35 °C, the electric potential distribution in an open-circuit MCTEM of the n-type (k) Maximum
output power as asfunction of AT for the MCTEM and TTEM of n-type. [156]. A perspective view of our planar micro-
TEG's design. A wavy route is formed by the n- and p-type Bi:Tes-based materials [16]. (m) Two-stage arrangement.
Maximum power_for (n) a single-stage setup, (o) two-stage arrangement. Maximum stress for (p) single-stage
configuration (q) two-stage configuration [157].

4. Micro-additivesmanufacturing of 3D micro-architected thermoelectric generator

Due to the high thermal barrier resistance and the fact that W-TEGs traditional production
approaches are limited to planar form factors (i.e., only thin, flat devices), effective heat transfer on
non-planar surfacessis made challenging. Additionally, if leg shape significantly impacts u-TEG leg
and device thermal resistances, why are leg geometries and sizes so constrained? The solution relate
to fundamental constraint on TE device advancement. Traditional manufacturing methods, take a
significant amount of time and need the acquisition of pricey equipment High-energy processes,
including ball milling; arc melting, melt spinning and spark plasma sintering, are often utilized in the
conventional manufacturing of TE devices [158]. Legs made from the resulting ingots are then
joined between_metal contacts on ceramic substrates [158]. A significant portion of the TE
material is thrown away at every stage of the process, but particularly during the dicing step [158].
Besides, as a result of the typical manufacturing method, the leg (cuboid geometry) and device
shapes and sizes have been mainly limited. Therefore, topological optimization of bulk 3D TE legs
and devices has_generated a lot of interest in the creation of adaptable, shape-conformable
geometries. As a result, a wide variety of micro-fabrication technologies have been created, each
with a unique set of capabilities and uses as their fundamentals are very diverse. But Micro- and
nanofabrication technologies must be improved in light of the current trend toward product
miniaturization of microelectronic devices. These global megatrends have a significant impact on
micro-manufacturing platforms as well.

There are a number of drawbacks to traditional micro-manufacturing technologies, such as
difficulty in fabrication of complex shapes, material limitations, problems with tools, and the
inability to really make things in three dimensions (3D) [159]. Numerous micro-manufacturing
methods, including soft lithography [160], laser photoablation [161], localized electrochemical
deposition [162], the LIGA (Lithographie (LI) Galvanoformung (G) Abformung (A)) method [163,
164], etc., have been developed, which has facilitated the technology's ability to create more and
more intricate shapes. Manufacturing intricate 3D microstructures remained difficult in all of them.
New approaches like micro-additive manufacturing (micro-AM) can be considered to enhance the
capabilities of micro-fabrication technology in the area of producing actual 3D micro-components.
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When a part is constructed utilizing AM, which enables the construction of free-form structures by
layering a part, the majority of geometric limitations imposed by traditional subtractive
manufacturing procedures are removed. The fabrication of TE materials and equipment has recently
utilized additive manufacturing, often known as 3D printing. Numerous low- and high-temperature
TE materials, such as bismuth telluride, higher manganese silicide (HMS), half Heusler, and
skutterudite, have been shown to be amenable to additive manufacturing techniques. These
breakthroughs in manufacturing capabilities allow for previously unimaginable u-TEGs leg forms and
sizes: a new frontier in the design of u-TEGs legs have been opened. Rapid prototyping in a variety
of sizes and shapes,,as well as the efficient use of raw resources, are all advantages of additive
manufacturing (technology [41, 165]. Additive fabrication affords TE energy harvesting devices
several options. This innovative method of manufacturing provides:

e Customizable leg designs.

e Minimalthermal boundary resistances.

e Less retooling:

e Reduced,waste of TE materials.

e Manipulating microstructure for getting more remarkable figures of merit.

Hence 3D printing/ could be used to build Micro-Architected TEGs for various purposes (shape-
versatile 3D thermoelectric). In conclusion, bulk u-TEGs structures that have been topologically
optimized and additively built offer an excellent option for TE energy harvesting and thermal control
applications. It has only recently become possible to produce 3D micro-features on a number of
materials, including'metals, polymers, and ceramics, using micro-scale AM processes. Following is a
discussion of AM techniques for micro-component fabrication.

4.1. Description and classification of 3D micro-AM (micro-additive manufacturing)

In recent years; AMsat the micro-and nanoscale has garnered considerable interest, as seen by the
proliferation of .review articles on comparable approaches [39,166, 167]. Engstrom et al. have
examined additive nanomanufacturing (ANM) techniques that produce components with a
resolution of less than 100 nanometers (nm) utilizing a range of substances, including metals,
polymers, and organic molecules [166]. For micro AM processes, a feature size of 10 um is the
standard benchmark«[159]. Vaezi et al. [39] categorized 3D micro-AM into three principal groups:
hybrid processes; 3Dydirect writing (3DDW) technologies, and scalable AM technologies. Scalable
AM technologies can.be employed for both macro- and micro-scale applications. Stereolithography
(SL; also known as micro-SL (MSL) in the micro-scale), selective laser sintering (SLS; also known as
micro-laser sintering (MLS) in the micro-scale), inkjet printing processes, fused deposition modeling
(FDM), and laminated object manufacturing (LOM) are scalable AM technologies that have been
viewed as a _promising method for true complex 3D micro-components/assemblies. Micro
stereolithography. (MSL), while having a limited selection of materials, has emerged as the most
effective micro additive manufacturing (AM) method due to its excellent resolution and
repeatability [168]. Because they can't produce high feature resolution, both FDM and LOM
methods have trouble processing metals. In the past, inkjet printing employed metal inks [169], but
non-metals are still absolutely forbidden while employing this method. The printing of several
materials and cold processing with 3D printing (3DP) and binder jet printing (BJP) offer promise even
though the completed items often have a lot of porosity [170]. SLM and SLS, which stand for layer-
by-layer melting on powder-bed or binder-based sintering, have shown promise for processing
metals and ceramics without any resins (as in MSL) or binders (as in 3DP or BJP), thanks to their
capacity to create real 3D micro-parts with good resolution [171]. Ink-based dispensing, aerosol jet,
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laser transfer, and beam deposition techniques like EB and EB/LCVD writing are all included in the
three-dimensional direct printing process. The processing of the direct writing technique has proven
to be rather difficult and time-consuming, even though it typically has a high resolution that is
adequate for nanoscale production [166, 167]. SDM (shape deposition modelling) and EFAB
(Electrochemical FABrication) are part of the third set of 3D micro-additive technologies, which are
known as hybrid methods. The AM techniques indicated in table 3 are used to create bulk TE
structures with thicknesses in the millimetre range: material extrusion, laser powder bed fusion,
and vat photopolymerization [158]. There are significant efforts to apply these techniques to
microscale production. This article examines these printing techniques.

Table 3. AM Used for Principal Advantages Disadvantages Higher
technique T
classifications reported
[158].Method
Material extrusion Composites, Deposition through a Widespread. Anisotropy, high 1.7 at
polymers, nozzle in filament/ink Inexpensive, surface 485°C
ceramics form adaptable roughness, low
resolution
Vat polymers, Photocuring of resin High resolution, Support structure 1.0 at
photopolymerization ceramics material excellent neede, post 27°C
surface finish processing
required, poor
strength
Powder bed fusion Metals, Fusion of powdersvia  High resolution, High investment 1.29 at
Composites, a high energy beam wide range of cost, size 50°C
polymers, printable limitations
ceramics materials
Binder jetting Metals, Selective deposition of  Low cost, high post processing N/A
Composites, a binding agent onto speed required, poor
polymers, powder layers strength
ceramics
Material jetting Composites, Layer by layer High accuracy, Support material N/A
polymers, solidification of low waste, needed
ceramics droplets deposited multi material
using a dispenser
Sheet lamination Metals, Consolidation of sheet Low cost, high Post processing N/A
polymers, layers into bulk speed required
ceramics structures
Direct energy Metals Beam/ arc melting ofa  High processing Coarse surface N.A
deposion material deposited rate, large parts finish

through a high degree
of freedom nozzle in
powder/wire form

manufacturable

4.1.1 Scalable AM processes

4.1.1.1 vat photopolymerization

An AM process known as vat photopolymerization selectively consolidates a photocurable polymer
resin by exposing it to a light source layer by layer. Depending on the type of light and its direction,
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other names for the technology have been registered for patent protection, including
Stereolithography (SLA), Digital Light Processing (DLP), and Continuous Liquid Interface Production
(CLIP) [172]. Micro SLA is on the basis of classic SLA, a UV laser beam is shone on a liquid
photopolymer’s surface by a light source, and this hardens the photopolymer when exposed to UV
light. Submicron accuracy for the x,y,z translational phases of MSL, a laser spot with a smaller
diameter than in typical SLA (a few micrometers), and photopolymer solidification that takes place
in a very tiny area of the resin allow it to manufacture micro components with layers as thin as 1-
10 micrometers. In an experiment, microparts with various blade thicknesses were produced using
a micro-SLA technique (Perfactory micro-SLA system) created by Vaezi et al. [39]. Sun et al [173]."s
development ofy asthigh-resolution projection micro-stereolithography method using MEMS
fabrication andtherDigital Micro mirror Device is depicted in Figure 13 a, b. Because of resin viscosity
and surface tension, the minimum layer thickness in micro-SLA systems is restricted. To solve this
issue Ovsianikov,created the two-photon polymerization (2PP) technique [174]. Figures 13c, d
depict examples=ofithe microstructures made by 2PP. With the 2PP technique, various micro/nano-
3D structures.can.be precisely made.

From the standpointsef TE manufacturing, vat photopolymerization is currently of little interest. He
and colleagues made the first attempt to make bulk samples of p-type amorphous
Bio.sSb 1.5Tesfwith ultralow thermal conductivity in 2015. Bio.5Sb 1.5Tes (BST) was added in amounts
ranging from 40 to'60 weight percent to the composite resins before being treated with a laser
beam with a wavelength of 405 nm, 1.2 watts of power, and a layer height of 100 m. (Fig 13e). The
leftover resinmwasmbroken down, and the electrical conductivity was improved using a post-
processing phase with settings tuned using thermogravimetric analysis (TGA). Despite the
subsequent ultralow thermal conductivity of 0.2 W/m-K, the persistent porosity led to low electrical
conductivity and a maximum ZT of 0.12 at ambient temperature [175]. Even though the vat
photopolymerization"technology provides great surface smoothness and high resolution, it faces
several challengesyrincluding a restricted number of resins that can be photopolymerizable and a
necessary post-cliring step to remove the resin's binder, similar to that required for material
extrusion. The ZTs of'samples created using this technology were much lower than those of bulk
samples traditionally made [158]. The post-sintering procedure was required to get rid of resin
remnants inside the TE material since the photo resin's ability to act as an electrical insulator would
cause the printed ‘material's electrical qualities to deteriorate. Photoresins underwent thermal
annealing, which caused pores to develop and left the structure significantly hollow. In comparison
to the hot-pressediconventional BST sample, which had a density of 6.89 g/cm3, the printed material
with 60 wt% BST had'a density of just 2.631 g/cm?3. In addition, the photoresin's breakdown created
amorphous carbengzand oxygen. The end product's poor electrical conductivity was brought on by
the presence of carbon and oxygen as well as by the porous structure of the final product, as can be
seen in Fig. 13f. A ZT value of just 0.12 at 43 °C, which is one-tenth that of bulk commercial Bi.Tes
[176], was achieved'due to the material's poor electrical performance and low thermal conductivity
of 0.2 Wm™ K. It was found that Park and Ferhat employed a vat photopolymerization method to
fabricate orthorhombic B-Ag2Se a bulk for use at ambient temperature, TE compound [177-179].
The tensile strength and TE properties of bulk samples with various -Ag.Se ratios were assessed.
Despite having a tensile strength drop of roughly 55 percent, samples loaded with 30 percent Ag.Se
showed a maximum ZT of 0.12 at 27 °C. For the production of bulk TE, Mallick et al. described a
guasi-printing procedure utilizing vat photopolymerization. This method was used to spray n-type -
Ag>Se and p-type PEDOT inks over three distinct geometries of vat photopolymerization-printed
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scaffolds for topological optimization [165]. (Fig. 13g). At ambient temperature, cylindrical bulk legs
of n-type B-Ag2Se demonstrated a maximum ZT of 1.0 and maximum output power of 7 uW (see
Figures 13 h, i).
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Fig. 13. PSL process-fabricated 3D complex microstructures: (a) micro matrix with a 5 m diameter suspended beam; (b) The entire
size of the high aspect-ratio micro rod array, which has 21 11 rods, is 2 mm 1 mm. The rod measures 30 m in diameter and 1 mm
in height, respectively [173]. c) Structures made of photonic crystals in three dimensions using the 2PP method [174]. (d) SLA 3D
printing sample construction is shown schematically. (e) TE's temperature-dependent characteristics a diagram showing how
printable n-type Ag,Se films were made [174]. (f) Demonstration of the creation of printable films based on n-type Ag,Se(g) and
the p-type PEDOT figure-of-merit (ZT) and (h) n-type Ag2Se films. The ZT of the n-type film is equal to 1 [165] at room temperature.

3.1.1.2 Fusion of Powder Beds
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In the process of creating a three-dimensional structure known as powder bed fusion, energy
sources such as an electron beam or laser can be used to melt powder materials and layer by
layer solidify them. The technology is flexible since it permits the manufacturing of small-to-
medium-sized, very dense metal, composite, ceramic, and polymeric components with unique
forms [158]. Powder bed fusion has several subcategories, including electron beam melting
(EBM), selective laser sintering (SLS) and direct metal laser sintering (DMLS or SLM) [156].
Micro, meso, and macro-scale topological design and optimization for system-level advantages
can also be made possible by this AM method. Powder particles between 20 and 50 um in
diameter are used and layers between 20 and 100 um in thickness are produced in the majority
of commercial SEMwSystems. According to Fig. 14 [159], the three key components that scale
down traditional=Skivs to improve feature resolution are laser beam width, layer thickness, and
particle size. Fewer“than 40 um for the laser beam diameter, less than 10 um for the layer
thickness, and less.than 10 um for the particle size were specified as the dimensions of the
micro SLM scaledsbysFischer et al. [180].

Increase in
resolution
| |
Reduction in
Reduction in Micro/nanosclae
lase beam
layer thickness particles

diameter

Fig. 14. Prerequisites for micro scale SLM characteristics [159].

Because they must be at least one order shorter than the required layer thickness in order to
produce layers ‘that are one micrometer thick, the particles used in the micro system are known
as NPs (nano particles). Additionally, in order to achieve a feature resolution of less than 5 um,
it is necessary to"use=particles that are at least one order of magnitude smaller than the desired
feature resolution [45, 181]. Although they have a high surface area to volume ratio [180],
nanopowders ‘experience severe agglomeration and oxidation. This causes inadequate
sintering of the.NPs, which results in poor component quality. At the nanoscale, van der Waals
forces start to be stronger than gravity [182]. Agglomeration causes inhomogeneous powder
stacking by increasing interparticle friction and decreasing powder flowability [183]. In
addition, there is a/balling effect and an increase in porosity. Small powder particles pose
various challenges when developing micro SLM systems, including agglomeration, and the
followings:

* The increased reflectivity of tiny powders minimizes the absorption of laser irradiation.

* Fine powders may evaporate at very high energy densities, causing a fall in part density and
a change in chemical composition.

eAdditional precautions must be used while handling and transporting the fine powder since it
is very receptive to reaction.
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Utilizing NP inks that aid in preventing the NPs from agglomerating during the powder
spreading process is, therefore, a remedial approach. As a result, a brand-new power layer-by-
layer NP coating technique using NP inks was created to manufacture multi-layer structures in
the p-SLS procedure. Several surfactant coatings on NP inks (such as PVP or PEG) keep the NPs
from clumping together into larger clusters [45].

The size of the laser spot may considerably impact the micro SLM process features. It is
anticipated that the formation of microstructures in micro SLM would be different from that in
conventional SLIMsdue to smaller spot sizes, thinner layers, and finer powders. This may lead to
a finer microstructure as a result of quicker cooling rates and a more significant temperature
gradient in micro SLM, as the spot size is smaller. It is important to note that micro SLM systems
employ both CW (continuous wave) and pulsed lasers in this direction. When Regenfuss et al.
[184] first built up their laser micro sintering apparatus, they utilized a Q-switched pulsed laser.
Using a pulsed wave laser in micro SLS, ceramics and metals have been effectively produced
[185]. Due to the lack of heat accumulation, the Q-switched pulsed laser produced a greater
resolution for ceramic materials than the CW laser. Despite the successful sintering of a variety
of metallic and ceramic materials using a laser micro sintering system with Q-switched pulsed
lasers, it is thought#that pulsed lasers in micro SLM still have limitations in terms of surface
smoothness, imelt pool stability, and defects. The use of CW lasers in most recent studies on
this topic may be explained by these limitations as well as the extensive use of CW lasers in
traditional SLM. The study done on the use of micro SLM/SLS in the processing of metallic
materials is summatized in Table 4 [183, 186- 193]

Table\4: A survey of the literature about SLM/SLS approaches for microscale manufacturing [159].

specifications Regenfuss et Streek et al. Gieseke et al. Fischer et al. Robers and Tien [192]
al. [184] [188] [189,190] [180, 191]
Structural resolutioni(pm) <30 15 <50 <40 30
Aspect ratio >10 NS 30:1 262 NS
Layer thickness|(pm) NS 1-10 20 7 5
Surface roughness (jim) <3.5 1.5-3.5 8 >7.29 5
Laser specifications Nd:YAG laser Nd:YAG laser Fiber laser Pulsed laser NS
(CW) (pulsed) Power:25/50 W Power:30 W
Power:01-1 W Freq:1kHz-
Freq:0.5-50 kHz 1MHz
Spot size (um) 25 25 19.4 30 30
Material W, Al, Cu, Ag W, Al Cu, Ag, 316L 316L 316L and 17-4PH
316L, Mo, Ti,
80Ni20Cr
Powder particle size (um) 0.3-10 1-10 5-25 3.5 Dgo, 6
Enviroment Vacuum (10 Vacuum (10 02<300ppm Argon (O3 Argon (02
3pPa) or reduced 3pPa) &H,0<10ppm) &H20<1ppm)
shield gas
pressures (104-
105Pa)
Machine Customized Customized NS EOSINT p60 DMP50GP

NS: not specified: Freq: frequency; Dgo: the diameter of the particle that 90% of the particle distribution is below this value.
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The Laserinstitut Mittelsachsen eV employed a Q-switched neodymium-doped vyttrium
aluminum garnet Nd: YAG Q-switched laser (0.5 to 2 kW) to construct the first micro SLS system
more than a decade ago [180]. With a 0.1 m precision, the motors on the construction platform
and powder dispenser can precisely regulate the layer thickness in the sub-micrometer range.
This ground-breaking technique produced micro parts with a minimum aspect ratio of 10, a
surface roughness of 5 micrometres, and a structural resolution of less than 30 micrometres.
According to figure 15, powders of tungsten (W), aluminum (Al), copper (Cu), and silver (Ag)
were evaluated for this investigation with average particle sizes between 0.3 and 10 um [192-
194]. A special p-SLS system with a throughput of more than 60mm3hr! and the ability to create
full 3D metal components with sub-5 um resolution is provided by Roy et al. [45]. In order to
obtain the necessary feature resolution, the microscale powders utilized in traditional SLS
methods are transformed to nanoparticle (NP) inks. A digital micro mirror device (DMD) array
from Texas Instruments (TI) is used in the p-SLS system to increase the process's throughput.
These tests showed that both FS (femtosecond) and NS (nanosecond) laser sintered spots had
considerable NPuballing, which causes a low bed density in the finished part and poor sintered
part properties. Duerto the adaptability of the micro SLS design, it was modified to incorporate
a slot die coating system in the enhanced configuration. Slot die coating, using precision
metering and controlled dispensing, can deposit a variety of thicknesses from 20 nm to 150
um. Comparatively, CW laser sintering demonstrated superior sintering quality due to minimal
impact fromgNPsgballing up and homogeneous necking between particles throughout the whole
spot region. Images of circles with various requisite diameters are shown in optical microscope
and surface profile images in Figure 15d-f. This shows how the technology can create 3D pillar
structures for IC packing with diameters as tiny as 10 um and deploy the present laser source
over enormous areas. As illustrated in Figure 9(a), Gieseke et al. [194] produced components
utilizing shape smemory alloys (Ni-Ti) with a resolution of 50 um. Figure 15g shows how
Yadroitsev and Bertrand [195] created microfluidic devices out of stainless steel (SS) 904L using
a commercial technology called PM 100. (figure 15h). 70 and 5 um, respectively, were the spot
size and layer__thickness measurements. Produced were completely operational parts
measuring 100-500 | um and structural pieces 20 um. Notably, the spot size remained
enormous, and the surface roughness was inadequate.

Today, the miecfo SIS procedure was commercialized as "EOSINT 60" and research in micro
SLS/SLM was condueted by 3D MicroPrint GmbH, a firm established by 3D-Micromac AG and
EOS GmbH specifically to produce micro SLS equipment for metallic microfabrication.
Nagarajan etfal. [159] recently created a special powder recoating method that can work with
tiny powders for their in-house micro SLM system (Fig. 15i). with the subsequent processing
variables: Their micro SLM system, which has hatch spacing of 10 um, layer thickness of 10 um,
spot size of 15 um, laser power of 50 W, and scanning speed of 800-1400 mms-1, was used to
construct the features in Fig. 15j. The current state of the art allows for a minimal feature size
of 60 um and a minimum surface roughness (Ra) of 1.3 um. Even yet, the technology can handle
submicrometer and nanoscale particles to produce layers that are 1 pum thick. By further
lowering the layer thickness and powder particle size, it is possible to achieve a substantially
greater feature resolution (< 154 m) and surface roughness (1 pum) by using the developed
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approach. With a surface roughness of less than a millimeter and a feature resolution of less
than 15 millimeters, current SLM systems can achieve more than 99 percent component
density.

Blond human hair

500 pm |

Fig. 15. Laser micro sintering for the fabrication of microfeatures. (a) tungsten powder-based sintered test
structures (300 nm size); (b) nesting three hollow spheres; (c) concentric rings [193]. Ag nanoparticle ink
produces single layer sintering. d) Image of a circle array under an optical microscope. e) Surface topography
of an array circles f) a picture taken using an optical microscope displaying the entire array that was sintered
on a 1 um thick Ag NP ink layer [45]. components made with micro SLM. (g) Ni-Ti micro actuators; (h) SS 904L
microfluidic systems in top view, its interior structure is seen in the insert image [194, 195]. i) SIMTech created
a micro SLM system; (j) different characteristics manufactured with micro SLM [159].
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Despite being a relatively new idea, powder bed fusion for additive production of bulk TEG
structures has garnered a lot of interest. Powder bed fusion's capacity to create hierarchical
structures is its key advantage. The method can generate inclusions and grain boundaries [196],
which enhances phonon scattering and results in reduced thermal conductivity and enhanced
charge carrier energy filters to raise the Seebeck coefficient [197]. Low melting temperatures,
ductility, thermal conductivity, weak mechanical strengths, and a low thermal shock resistance
are characteristics of TE materials, which are semiconductors as opposed to metallic materials
[198]. Additionally, TE materials are characterized by poor thermal shock resistance. The
chemical composition and brittleness of the finished materials from laser processing of TE
materials may vary [199]. Because TE materials are so sensitive to chemical composition, even
the slightest deviation could cause an unfavorable shift in conduction and lower TE
performance. The right laser energy density must be obtained as a result. Before it was possible
to produce a bulk sample using powder bed fusion, significant research on bismuth antimony
telluride (BST) was*conducted to discover the appropriate process parameters. SLS processing
was also used in“thessynthesis of p-type BST, as reported by Shi, Chen, Jia, and Wang [200]. The
manufacturing«Conditions led to the creation of a porous TE material with a very low thermal
conductivity while preserving its electrical capabilities to a large degree; the greatest ZT value,
which is greater than that of the commercial bulk BST material, was 1.29. (Fig. 16a-d). The new
processing parameters did record a pioneering ZT, but its poorer mechanical qualities make it
less suitable ‘for,conversion to a real TEG.

Qiu et al. [201] suggested using SLM to make textured Bio.4Sbi1.6Tes and improve TE properties
and compressivesstrength along the building direction (BD) to make up for the poor mechanical
properties of SLS processing. As seen in Figure 16e, the Bio.sSbieTes generated by SLM
contained grains with a columnar structure and a strong orientation along the BD. Despite the
fact that the [ microstructures were very perfectly aligned, the printed sample's Seebeck
coefficient was ‘enlysaround 112 pVvK?, and its ZT value was only about 0.72. The printed sample
was sintered at 673K for 24 hours in order to limit the quantity of anti-site defects, increasing
the Seebeck coefficient to 195 uVK?!. As a result, ZT obtained 1.1 at 316K. Strongly oriented
microstructures| also | resulted in a notable improvement in mechanical properties. The
maximum compressive“strength of the SLM-printed sample is 91 MPa, which is more than that
of the zone-melted“samples (Figure 16 f). However, porosity was decreased at higher laser
intensities of 3-5 W _when El-Desouky et al. used SLM with a laser spot size of 300 um [202]. In
a following study, El-Desouky et al. used even stronger lasers and faster scan rates (10-25 W
and 350 mm/s), Due! to the reduced (70 um) laser point size, they were nevertheless able to
analyses the melt pool and microstructure formation of Bi;Tes discs with comparable
volumetric energy intensities. According to SEM imaging, a higher laser power allowed the laser
heating to heat“the”matrix more deeply, creating a deep pool of molten material. In contrast,
elevated energy.«density levels considerably decreased the surface porosities (Fig. 16g).
Nonetheless, circular, and irregular subsurface holes continued to form as a result of trapped
gases and melting“pool boundaries shrinkage [203]. These studies revealed that the Bi;Tes
microstructure is a good option for powder bed fusion. The microstructural development of
Bi>Tes powder treated with various laser power inputs is shown in Fig. 16h. At increasing power
levels, the grains' shape elongates in a direction similar to the build direction.

Skutterudites, half-Heusler alloys, and BST are the best intermediate-temperature TE materials
for the SLS/SLM platform. They have high melting points, great mechanical properties, and
thermal conductivities that are similar to metals [204-206]. Yan, Ke, Yang, Uher, and Tang's n-
type CoSby.ssTeo.15 skutterudites were employed to deposit bulk materials directly on a Ti
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substrate using an SLM approach [207]. The resultant substance was deposited at 823 K on a Ti
substrate and had submicrometer-sized grains and a maximum ZT value of 0.56. The best SLM
processing window was found by carefully looking at how different processing settings affected
the chemical makeup and overall quality of the printed layers. A surface that deviates from this
energy density zone will be porous, unstable, and will ball up, as seen in Figure 16 i—m.
Additionally, Zhang et al. used pure ZrNiSn and nano ZrO2 doped Hf 0.3Zr 0.7CoSn 0.3Sb 0.7 to
show the first laser powder bed fusion (SLM) of half-Heusler alloys. According to the findings,
TE half-Heusleralloys may be used for powder bed fusion [208].
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Fig. 16. The impact of temperature on (a) electrical conductivity, (b) Seebeck coefficient, (c) thermal
conductivity, and (d) Comparing the sample's zT to commercial bulk (BST bulk) (e) XY, XZ, and YZ plane cross
section FESEM images-of 3D grain morphologies. (f) Comparing the printed and annealed sample's compressive
strength to that of the ZM sample [199-201]. (g) Surface porosity decreases with increasing laser power input,
as shown by SEM micrographs of the top surface of Bi,Tes powder compacts that have undergone SLM
processing. [202]. (h) Images captured by a polarized light microscope of the surface of Bi>Tes samples cut
cross-sectionally andsubjected to various laser power inputs reveal elongated microstructures [203]. Four
typical surfacé morphologies of layers created with SLM are shown in SEM pictures: (i) vaporization; (j) flat;
(k) unstable; and (I) balling. (m) Window for SLM processing of a single layer of CoSb2ssTeo.15s [207].

Power PBF methodologies have seen some innovation. The pre-synthesised TE alloy powder

was deposited on a build plate in each of the works thus far mentioned in order to carry out

the powder bed fusion experiment. The alloying process itself was carried out using laser-based

powder bed fusion in the unique approach that Gascoin et al. [209] published. This allowed for

a fabrication technique that required less time to complete since the TE alloy would be created

simultaneously when the component was being manufactured. Later, Shi et al. [210] employed
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this method to laser scan a pseudo-homogeneous mixture of various elemental powders of Sb
and Te twice at scan rates of 200-300 mm/s, 60-100 W laser power, and 50 pum hatch spacing.
The components had a high relative density of 99.91 percent and a ZT of 0.4 at 250 °C, according
to an X-ray diffraction analysis, as well as the atomic ratios that were essentially stoichiometric.
Additionally, there has been a lot of interest in hybrid fabrication of bulk TE components,
particularly powder bed fusion-based. To enable multi-material printing for device fabrication,
Wu et al. integrated ink-based material extrusion with powder bed fusion [211]. High-
temperature synthesis, ball milling, and ink printing were used to create a slurry containing
Tween 20, Antifoam AR, and n-type BixTe2.7Seo.3. Powder bed fusion was used to treat the
deposited slurrysat,6°' W and 80 mms1. Using 75 layers of the ink-deposited slurry, which were
repeatedly stacked;=an composite sample with a thickness of 1.5 mm was created. The highest
ZT recorded was' 0.3%at 177 °C.

The ability to create extremely dense, unique geometries without needing an extra binder
material is powder bed fusion's primary benefit over other processes for TE [212]. Powder bed
fusion can also be utilized to create TE material from its component parts without significantly
deviating from thewintended TE alloy's stoichiometry [210]. Phonon scattering can make the
Seebeck coefficients™bigger and the thermal conductivity worse because the microstructure
isn't uniformfand the grains are more likely to be aligned along the temperature gradient [213].
However, high temperatures might cause TE materials to decompose during powder bed
fusion. The absence of fusion, porosity, heat cracking, and oxidation are significant barriers.
Additionally, mthessbrittleness of TE materials [214, 215] raises thermal cracking danger.
Furthermore, any change in the chemical composition will affect TE characteristics. Therefore,
a thorough knowledge of the interaction between the material, design, process, and property
is necessary due to the process' very complicated physics. In terms of computation, an
integrated computational approach will enable researchers to forecast the composition,
characteristicsy= andw'manufacturing conditions of complex materials before they are ever
created. High precision compound property prediction is undoubtedly helpful and speeds up
the hunt for novel materials. On the other hand, guess-and-check experimentation approaches
tend to have poor sustainability qualities, such as significant material waste and high energy
consumption, which require lengthy testing before a suitable solution is found. Additionally, it
aids in completely”comprehending and optimizing the production process. Fig. 17 depicts the
artificial intelligence \workflow for computational investigations of materials-design-processes-
property, with aifocus on the prediction of material characteristics and process parameters.
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Fig. 17- Integrated computational framework for the development of high ZT and reliable thermoelectric
materials [149,117, 247, and 224,225].

As a result, modeling approaches may lessen the need for experimentation while enabling
the prediction of “the final microstructure [212-223]. With future processing window
improvementsy it may be possible to create complex, extremely effective TE legs without the
need for further post-processing to remove the binder. In conclusion, more work has to be
done on the powder bed fusion of TE structures before it can be used as a practical method
for producingIE devices.

3.1.2 Direct 3D Writing
3.1.2.1 Material Extrusion

Material extrusiongis the most commonly used AM technique because it is affordable and
capable of producing a variety of materials, such as composites, ceramics, and polymers [222,
223]. A material must first be deposited onto a substrate, which may be held at a specific
temperature, in the form of a filament or viscous ink, before it can be extruded. These
procedures include robocasting and dispenser printing. In dispenser printing, ink is applied
directly to the substrate from the micrometer nozzle using pneumatic control. Material
extrusion is appropriate for printing fully functioning materials with anisotropic properties
since it is inexpensive and has the capacity to extrude a wide range of materials (Fig. 18a).
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The extrusion pressure, printing speed, nozzle diameter, and distance between the nozzle and
the substrate are all examples of processing parameters [176]. Depending on the kind of
material that is extruded, there are three commercially licensed methods: direct ink writing
(DIW), FDM, and fused filament fabrication (FFF) [226-228].

In order to achieve consistent deposition after material extrusion, rheological modifiers,
which may be organic or inorganic, are required. In the process of extruding solid filament-
based materials into TE bulk structures, the only binders that have been used up to this point
have been organic_polymers. In their initial research, Wang et al. customized the TE and
mechanical properties of PLA (Polylactic Acid)/BST (Bi 0.5Sb 15Tes) composite filaments at
various loadings "of multi-walled carbon nanotubes (MWCNTs), silane coupling agent, and
plasticizer to achieve a ZT of 0.011 at room temperature [229]. To construct bulk, p-type
bismuth telluride (Bi2Tes) structures, Oztan et al. used the method suggested by Wang et al.
Using organic acrylonitrile-butadienestyrene (ABS) at a weight percentage of 20 percent as a
binding agent "allowed for the fabrication of bulk cubes with edges measuring 1 millimeter. At
room temperature;“the highest ZT for the bulk cubes that had been sintered at 500 degrees
Celsius was 0.54 [230]. Organic binders are also used in the extrusion of ink-based materials.
For the manufacture of bulk Bi2Tes structures, Kenel et al. used an unconventional process
that included*the extrusion of a material based on ink. The process of heat treatment was
used to convert“the extruded Bi>Tes + TeO, + Poly-lactic-co-glycolic acid (PLGA) ink to the TE
form of Bi;Tes. The printed samples, despite warping and shrinking, were able to obtain a
sufficiently _high ZT of 0.4 [231].

Kim et al. [232] used viscoelastic TE inks made entirely of inorganic materials, with Sb2Tes
chalcogenidometallate (ChaM) ions acting as the inorganic binders for Bi,Tes-based particles
due to the low electrical conductivity of organic materials (see fig. 18b). The maximum ZT
values for p and“n-type samples were 0.9 at 125 degrees Celsius and 0.6 at 175 degrees
Celsius, respectively, for bulk samples of cuboid, disc, and half-ring shapes. The extremely
soluble ChaMgions', conversion, after heat treatment, into crystalline semiconducting metal
chalcogenides "was_credited with these better ZT numbers. The chalcogenidometallate-based
(ChaM) ions, which are anions with metal atoms, are molecular ions linked to chalcogens,
were used to replace the electrically insulating polymer matrix [176]. Colloidal nanocrystals
of Pb and Bi chalcogenide that were capped with Sb;Tes-based ChaM were successfully
created using/a process developed by Kovalenko and colleagues [233]. Through electrostatic
interactions, SbaTez ChaM ions significantly enhanced interparticle coupling and stabilized the
particles in a golution. In order to enable the 3D printing of high-performance TE material, the
special propertiess6f molecular ChaM ions that were identified at the nanoscale have been
extended to microscale TE particles. Figure 18c illustrates the ChaM zeta potential curve. The
ChaM ions'“negatively charged surface was identified by a peak of 23 mV. The negatively
charged ChaM ionswon the surface of the TE particles operate as a dispersing and stabilizing
agent due to the repelling interactions between the particles, resulting in an electrostatically
stable dispersion (Figure 18d). The phase separation test in Figure 18 e made the increased
colloidal stability obvious. Shape-conformal TE materials were 3D printed thanks to the
accurate control of rheological characteristics and optimal ink composition. During the
printing and subsequent heat treatment of irregularly shaped structures, Sb>Tes ChaM ions
improved the sintering procedure without introducing secondary phases (Figure 18f and g). A
material with high mechanical strength was created because of the structural change from

This article is protected by copyright. All rights reserved

95UD17 SUOWILLIOD) aAIERID 9|qedl|dde au A peusenob aJe sejoiLe O ‘8sn Jo sajnJ Joj Aeiq1 8uljuQ 8|1/, UO (SUOTIPUOD-pUe-SWLIS) 0D A8 | 1M Akeiq U [UO//:SdL) SUONIPUOD PUe SWIB | 8y} 89S *[Z02/T0/.z] Uo Aleiqiauljuo A1 N Je nu@ Jequis-<Uy»[oqqius> Aq 609T0EZ0Z Wepe/z00T 0T/10p/wod A3 |1 Arelqiuljuo//sdny woij pepeojumod ‘el ‘8y9z/2ST



molecular ChaM ions to crystalline phases. n- and p-type samples have electrical
conductivities of 500 and 550 S/cm, respectively (Figure 18h). The n-type and p-type printed
samples reached their greatest Seebeck coefficients, 145 and 199 uVK'!, respectively, when
the temperature was 175 and 200 degrees Celsius (Figurel6h). The thermal conductivity of
the hot-pressed BST which was significantly higher than printed materials that was found to
range between 0.50 and 0.63 Wm K, according to the measurements taken (Figure 18i).
The printed materials featured holes of various sizes, from the nanoscale to the macroscale.
The macroscale pores successfully produced phonon scattering, which resulted in very poor
thermal conductivity. Due to the electron and hole carriers' incredibly short mean free paths,
the electrical ‘carrier transport behavior remained unaltered. ZT values of 0.6 and 0.9 at 170
and 125 °Cefor=p=mand p-type TE materials, respectively, were obtained due to the weak
thermal conductivity; these results are comparable to those of hot-pressed bulk materials
(Figure 18j) [234,17].

Material was extruded into different shapes, such as cubes, cylinders, plates, disks, perforated
plates, and “tubes;” which were then sintered without a big change in their mechanical
properties. Using material extrusion and just inorganic inks, it has also been said that the
topology of printedsbulk TE legs can be optimized. Choo et al. showed a hollow hexagonal
column andsheneycomb-shaped bulk TE (CuzSe) structures with ZTs as high as 1.21 at 727 °C
due to Se82- palyanions serving as a sintering-promoting agent (Figure 18k). Additionally,
compared to the cuboid legs, the modified legs showed an improvement in power density of
between 20 _and 25 percent, which was also supported by simulation [33]. Yang et al. [235]
describe the fmulti-material 3D printing of geometrically controlled, composition-segmented
multi-BiSbTe composites by successively stacking different viscoelastic TE inks (Fig. 18l). They
developed allsinorganic TE inks including chalcogenidometallate (ChaM) inorganic binders
based on SbaxTeis.and with carefully controlled BiSbTe particle compositions (Fig. 18m). At 75
°C, it was discovered that Bio.ssSb1.4s5Tez had the highest ZT of 1.06. The 3D-printed materials
clearly demonstrate how composition engineering was used to generate the segmented
BiSbTe ZTs' peak shift from room temperature to 250 °C. They were successful in using
successive printing techniques to create TE legs with composition segments by raising the
peak ZTs of the TE legs from room temperature to 250 °C. (Fig. 18n). Kim et al. [236]
demonstrate that .direct printing with particle-based TE inks can be used to create microscale
three-dimensional TE devices. A designed particle based on (Bi, Sb)2(Te, Se)s is utilized to
make colloidaly.inks with strong viscoelasticity and no organic binders. The complicated
structures aregthen, directly written with the inks utilizing a 3D printing technique. The
produced structures: have TE figures of merit that are similar to those of bulk ingots, 1.0 for
the p-type and 0.5¢ for the n-type. Micro-thermoelectric generators are created by printing
vertical filaments in three dimensions that have a significant temperature gradient. As a result
of the high anisotropy of the TE legs, the generators have an output power of 2.8 W at a
temperature differential of 82.9 °C and a power density of 479.0 W cm™.
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Fig. 18. (a) Diagram illustrating how material extrusion operates [215] (b) Bi,Tes-based TE ink images with ChaM (c) ChaM ions' zeta
potential curve (d) Schematic representation ofincreased electrostatic interaction and polar energy of TE particles. A comparison of images
showcasing TE ink based on BixTes (e) with ChaM and without ChaM. (f) images of printed materials in a range of shapes. (g) SEM images
of the sintered materials produced by TE inks using Bi,Tes; without and with ChaM. n-type and p-type 3D-printed materials' temperature-
dependent TE characteristics: electrical conductivity and absolute Seebeck (h) coefficient (i) thermal conductivity (j), and ZT [245,17] (k) a
Plan for the 3D printing of the Cu,Se-based honeycomb cellular design utilizing only inorganic materials Cu,,Se ink. Compositionally
segmented TE leg 3D printing schematic illustration using multiple materials [33]. (I) The diagram illustrates sequential 3D printing of
multi-segmented TE materials. Green (Top), orange (Middle), and blue (Bottom) Multi-material 3D printing with TE inks containing Bi
0.555b1.45Tes, Big.ssb 1.5Tes;pand Bi 0.35Sb 1.65Tes particles, comprising colored patterns corresponds to each block in the compositionally
segmented TE legs, respectively. (m) photographs of TE inks made entirely of inorganic materials containing Bi ,Sb ,Te; particles (x = 0.3—
0.6). (n) ZT values that,vary with temperature. construction and power output of the u-TEG [33].

Due to its scalability, flexibility, affordability, simplicity, and versatility, material extrusion, like
the most commony,AM process, may be used with a range of materials. There have been
several TE ink.and filament formulations created thus far using organic, inorganic, and hybrid
materials. In order to cure the ink and increase the part's tensile strength, a heat treatment
phase is necessary when extruding ink-based materials. This heat treatment process makes
the microstructure more porous, which lowers electrical conductivity and results in ZTs that
are less dense than their bulk counterparts. It is necessary to have a high colloid volume
fraction of TE “particles in order to reduce volume shrinkage and voids that are generated
during the breakdown of the binders and to have the highest possible thermal power and the
best possible quality of the material that is created [175]. The heat treatment step, which also
causes warping, shrinking, and other geometric anomalies in the legs, may be the method's
major fault:The [process parameters for the heat treatment phase must be carefully chosen
considering all of these variables. Danaei et al. used intense flash of UV light to sinter bismuth
telluride-based nanoparticles TE film within milliseconds [237]. On the other hand, the
groundbreaking discovery of ChaM as an inorganic binder with good electrical and rheological
properties has led to the development of material extrusion into a technology that offers a
variety of potential for AM of vertical p-TEG structures.

5-Visions and Future Directions
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Significant work has been done over the past 20 years to develop the vertical u-TEG from a
prototype to a functional coproduction to power low-power electronics. The main drawback is the
low output power, which falls short of meeting the actual power requirements of most devices.
Geometrical constraints, a low ZT value for TE materials, contact resistance between semiconductor
and metal, and a low thermal resistance of vertical-TEG from hot to cold side are all influencing
factors. The inadequate TE characteristics of the available materials are the fundamental
impediment to the development of u-TEG. Recently, nanostructured materials have attracted much
interest and are believed to be a strong contender to overcome the TE field's bottleneck and
increase the ZT value: The development of micro-AM-compatible printable TE material is another
serious challenge: Moreover, itis necessary to point out how vital material costs are for the practical
uses of u-TEG:

Owing to the enormous possibility for TEG efficiency and reliability improvement, the current focus
of research is on structural optimization and u-TEG geometry. In a W -TEG device, optimizing leg
length, leg cross-sectional area, and number of TE legs are advocated. Additionally, it has been
claimed that asymmetrical TE legs function better than traditional rectangular/symmetrical legs
because they transmit heat more effectively. Another crucial factor in the design and geometry
optimization of u-TEG'is the heat resistance of the u-TEG package. The length and aspect ratio of
the u -TEG legs significantly impact the heat resistance of vertical structures. Due to the hot and
cold sides of p-TEG'sylow thermal resistance, an increase in thermal resistance typically results in
higher output power. As a result, enhancing u-TEG's heat resistance is essential. The purpose of the
U-TEG designuisstoshave a high overall thermal resistance. FEM and multi-objective optimization
techniques have been used to optimize geometry and structures. Thermoelectric geometry can be
effectively optimized by considering the device's electrical and mechanical efficiency using multi-
objective optimization and the three-dimensional finite element/volume method, in which
temperature and'thérmal stress distributions may be mapped out in detail to identify the locations
of high stresswltscould offer precise temperature and thermal stress distributions to identify high-
stress spots. In«order, to improve electrical and mechanical performance, it is advised that future
research concentrate;on merging three-dimensional and multi-objective optimization of geometry.
However, there is_little to no actual research on how TE geometry affects the dependability of the
TEG's electrical and mechanical systems. Consequently, further experimental work combined with
numerical optimization must be carried out and advised to improve the likelihood that u-TEGs will
be commercialized. A'strong framework for designing TEG would be made possible by combining
three-dimensionalfinite optimization with multi-objective optimization employing research efforts.

It seems necessary to use micro-AM techniques to manufacture topology-optimized, high aspect
ratio u -TEGs. Micro.,AM vyields better consequences despite technique-specific restrictions. By
integrating AMitéchnologies with advanced materials and digital freeform design, AM can transform
the architected“material concept into u-TEG area. Architected materials with ideally planned
topologies (cellular or completely dense, single or multiphase, periodic or functionally graded)
exhibit several distinguishing characteristics. Specifically, they make it possible to decouple features
such as thermal conductivity and the Seebeck coefficient. In order to implement this concept, it has
been advised to use extrusion-based processes with all-inorganic binders in most materials that
have produced record-high ZT values. However, powder bed fusion produces components with
hierarchical structuring and preferred grain alignment that may improve ZT by suppressing heat
conductance. This approach is advised as a prospective study topic. Furthermore, powder bed fusion
allows the TE material powder to be processed without needing binders. Due to the scarcity of
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photocurable polymers, the vat polymerization approach has received much less attention than
alternative techniques. Vat polymerization of bulk TE structures might benefit from further
investigation into innovative composite resins. Lastly, AM processing factors may substantially
affect the printed microstructure and functionality of the resulting items. Consequently, AM
necessitates the construction of a relationship between process-structure-property-performance.
Machine-learning approaches may assistin numerous areas of AM, based on the current availability
of a large dataset, the high processing power, and the complexity of the design algorithm. A major
worry for industrialization would be the reduced mechanical endurance of TE legs produced using
3D printing compared\to TE legs produced using traditional fabrication methods because of their
lower density.

6-Conclusions

The u-TEG possesses the potential to substitute conventional batteries due to the advantages of its
least moving parts, extended lifetime, no maintenance, compact size, and high output voltage.
However, its application in microelectronics seems not to be not simple. Despite the benefits of
vertical u -TEG devices, the general use of TE technology in miniature scale has been hindered by
the inefficiency of vertical u -TEG devices, high material costs, and microfabrication limitations. As
a result, many studies are being conducted on vertical 4 -TEG geometry and material optimization.
The difficulty of employing such TE microdevices for extensive commercial applications is strongly
linked to the materials, designs, and production techniques. Existing basic investigations in
nanoscience attemptito push such restrictions to increase the TE figure of merit of the material.
Unlike conventional TEG, vertical u -TEG typically operates at modest temperature differences;
therefore, electrical and thermal parasitic resistances seem extremely serious. These must be
considered while.designing vertical u -TEG and its packaging. Complex 3D geometries, such as
layered structures with varying cross-sectional areas across the leg length and TE modules, might
create larger thermal resistances and generate electrical power, as well as better structural
integrity, as demonstrated by the design and structure optimization of vertical @ -TEG leg
geometries. According to the data, TE legs containing inner voids and hierarchical designs have
promising importance. Three-dimensional finite element model and multi-objective optimization
were considered. the basic design and optimization methodologies for thermoelectrics.
Nevertheless, obtaining legs with complicated geometry using conventional, subtractive
manufacturing techniques is challenging. The technological issue may be resolved using micro
additive manufacturing (AM), which makes it possible to create components with small and
complicated eharacteristics. The most recent advances in additively built TEGs were discussed. The
latest research on"micro additive manufacturing illustrates the promise of this fabrication method
and opens up greater possibilities and flexibility for TE technology. A significant advancement in the
vertical u-TEGS in local energy supply implementations, including wireless sensor networks, remote
actuators, or cutting-edge micro/nano devices, might be created if nanostructured materials,
design, and micro-AM are appropriately combined. Key enabling technology for producing
architected materials that make transition from “p -TEGS" to "microarchitecture TEGs" is the
interaction between micro-AM and digital design.
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