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As we are advancing our world to smart living, a critical challenge is increasingly pressing - increased energy demand. While
we need mega power supplies for running data centers and other emerging applications, we also need instant small-scale power
supply for trillions of electronics that we are using and will use in the age of Internet of Things (IoT) and Internet of Everything
(IoE). Such power supplies must meet some parallel demands: sufficient energy supply in reliable, safe and affordable manner. In
that regard, thermoelectric generators emerge as important renewable energy source with great potential to take advantage of the
widely-abundant and normally-wasted thermal energy. Thanks to the advancements of nano-engineered materials, thermoelectric
generators’ (TEG) performance and feasibility are gradually improving. However, still innovative engineering solutions are scarce to
sufficiently take the TEG performance and functionalities beyond the status-quo. Opportunities exist to integrate them with emerging
fields and technologies such as wearable electronics, bio-integrated systems, cybernetics and others. This review will mainly focus
on unorthodox but effective engineering solutions to notch up the overall performance of TEGs and broadening their application
base. First, nanotechnology’s influence in TEGs’ development will be introduced, followed by a discussion on how the introduction
of mechanically reconfigurable devices can shape up the emerging spectrum of novel TEG technologies.
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The technology-driven age we are currently in, have brought great
advantages to establish a more comfortable and smarter living and it
is leading the way for an even faster-growing development in all areas
of science and engineering, but at the same time it brings an incredibly
fast growing demand for energy. Current and future energy consump-
tion mandate the need for alternative energy sources, with reduced
environmental impact. Readily available solar and wind energies have
lead the way as alternative energy sources to environmentally chal-
lenging fossil fuels.! Moreover, thanks to more recent developments in
thermoelectric (TE) materials and devices, the possibility of making a
better use of the widely abundant and normally wasted thermal energy,
has becoming a popular and feasible alternative.> More importantly,
thermal waste has become a very important and environmentally-
friendly source of otherwise wasted energy.>* There has been already
an important set of studies covering the mechanism involved during
the conversion from thermal to electric energy.”® Such studies have
been the starting point to develop and optimize novel TE materials
with the resourceful aid of uprising nanotechnologies.”'* In this re-
view, we will first shortly introduce some important basic concepts and
relations about thermoelectrics, as well as some of the current efforts
to use nanotechnologies and nano-materials to improve performance
and viability. Next, we will focus on identifying innovative devices,
novel engineering approaches, and applications with great potential
of contributing to solve contemporary real-world challenges. In this
regard, we will delve into a very important feature that nowadays has
become a game changer in terms of technology’s functionality and
practicality; the ability of electronic systems to become mechanically
adaptable and reconfigurable. This implies that the new era of elec-
tronic devices is arriving with the additional mechanical complexity
of displaying flexibility and stretchability for full integration with ir-
regular, curvilinear, biological and mobile systems.'!"!> At the same
time, along with this mechanical and architectural shift in electron-
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ics, it is imperative to ensure that complementary technologies, which
are also part of a whole electronic system (such as sensors, anten-
nas and energy harvesting and storage devices), also follow the same
shift toward mechanical reconfigurability, thus enabling the rise and
evolution of technologies for a smarter and sustainable future.

Principles of Thermoelectrics

The conversion from thermal to electric energy has been well
known for a long time.'* More recently, thermoelectric generators
(TEGs) have demonstrated numerous advantages such as the use of
solid-state-based devices, lack of moving parts, which ensures their
long-term lifetime, diversity and flexibility of fabrication, as well
as the ability of certain TE materials to be scaled down to nano-
scale dimensions for improved performance.'> However, it remains a
challenge to successfully integrate them with portable devices due to
their low figure of merit (ZT). To understand the efficiency of any TE
material, ZT can easily be represented as the tendency of any material
to efficiently convert a thermal gradient into electrical power. It can
be defined as following:

_ S%6T
Tk

Where S (V K1) is the Seebeck coefficient, o (S m™') is elec-
trical conductivity, T (K) is temperature and k (W K=! m™!) is the
thermal conductivity.'® The maximum electro-thermal energy conver-
sion efficiency and maximum cooling temperature can be determined
by Z value. Because Z has a unit of inverse temperature, the non-
dimensional figure of merit ZT is often used.

For many decades, the progress in the development of disruptively
highly efficient TE materials has been excruciatingly slow. Materials
with good electrical and low thermal conductivity are strongly needed
for best output efficiencies. As these needed behaviors are affected by
electrical properties and their complex interactions, it is very difficult

ZT (1]
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to optimize this challenging criteria. Additionally, for semiconductors,
it is desirable to have a base material that can be both p- and n-type
doped, so that the same material system can be used on both sides of
the junctions.

Several metrics have been defined to evaluate the performance of
a TEG. For example, the maximum power density of a TEG can be

expressed by the following equation:
VZT +1-1

e (B 0
e T, ZT+1— 1+

Where Q is the rate of heat transfer through the generator, 7j, is
the temperature at the hot junction, and 7. is the temperature at the
surface being cooled. '’

On the other hand, there can be found several TEG’s efficiency
definitions. A common one is given by the following equation:'’

(2]

;L Energy supplied to the load
n= Heat energy absorbed at hot junction

(3]

Where the energy supplied to the load is the output power of the
TEG and the heat energy absorbed at the hot junction is the input
power of the TEG. If we now take ZT,, as the average value of both
p- and n-type legs, over the temperature dependent ZT curve between
T}, and T,, the power-generation-efficiency can be define as:'®!°

, T T [ JTF 2Ty — 1
r Th \/1+ZTave+%

Where, Z Ty = 77 [ ZT at
Similarly, the thermoelectric cooling efficiency in terms of ZT,,

can be given by:!%1

(4]

AT 77 _ I
Th |: 1 + ZTave - T]Ci| [5]

ST | STz +1

In semiconductors, the thermal conductivity consists of contribu-
tions from electrons and phonons, where the majority contribution
comes from phonons. Thus, reducing phonon thermal conductivity is
of great interest. Alloying is one of the most practiced approaches
through which this can be achieved without causing degradation in
the electrical conductivity. Moreover, among various existing materi-
als, insulators have poor electrical conductivity (o) and metals have
relatively low Seebeck coefficients.?’ In addition, the thermal conduc-
tivity (k) of a metal, which is dominated by electrons, is proportional
to the electrical conductivity, as dictated by the Wiedemann-Franz
law. It is thus difficult to attain a high ZT in conventional metals. On
the other hand, highly doped semiconductors can become one of the
best thermoelectric materials because heat is carried predominantly
by the lattice. In this sense, the thermal conductivity (k) is largely
decoupled from the power factor ($%0).

To understand the current requirement in terms of efficiency trade-
off, it is reported that module design plays a key factor in determin-
ing the cost of waste-heat-recovery thermoelectric systems. Bringing
down the material cost from $1-2 per watt to $0.05-0.1 per watt is also
feasible without improving ZT if thin-film modules with hundreds-
of-micrometers-thick elements with low fractional area coverage
(5-10%) and small parasitic resistance (a contact resistance in the
low 10~° Q cm) can be developed.?! On the other hand, high figures
of merit (ZT > 3.0) would be needed in order to replace, for exam-
ple, conventional chlorofluorocarbon based coolers by thermoelectric
coolers. However increasing Z7T of bulk semiconductors beyond 1
has remained a challenge.?>!” In consequence, novel approaches have
been proposed as will be discussed in the following section.

Thermoelectric Device: From Bulk to Nano

Various thermoelectric materials have been extensively explored
and studied including semiconductors to ceramics, different materi-
als system from single crystal to polycrystalline to composites, and
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Figure 1. ZT values of several thermoelectric materials as a function of year.3°

different sizes from bulk, thin-film and one-dimensional structures to
cluster.?»>* In recent years, many studies on improving the figure of
merit (ZT) are moving toward the use of nanostructured materials.'?
Interestingly, although there have been several demonstrations of Z7 >
1 in the past decade, no material has yet achieved the target goal of ZT'
> 3 (Figure 1). In fact, the material systems that have achieved ZT >
1 till date, have all been based on systems using nanostructures.>> For
instance, Li et al. has demonstrated a microscopic picture connecting
the electronic structure and phonon anharmonicity in a single crys-
tal SnSe system. This offered new insights on how electron—phonon
and phonon—phonon interactions may lead to the realization of ul-
tralow thermal conductivity.?® Nanostructured materials such as al-
loyed nanosystem,** nanowires,”’—* superlattices,’® quantum wells,**
nanomesh,* nanoribbons®® are generally used in the manufacturing
of new TE based systems. In fact, thermal conductivity can be signif-
icantly reduced owing to nanostructured materials.’’

Recently, the interest in thermoelectric devices has gained mo-
mentum with the advances in nanostructural engineering, which led
to overall efforts to demonstrate high-efficiency materials. At the
same time, complex bulk materials (such as skutterudites, clathrates,
and Zintl phases) have been explored, and it was found that high-
efficiencies could be obtained.” These complex high-efficiency ma-
terials that manage to decouple the conflicting properties have led to
many challenges in the field: a wide array of new approaches, from
complexity within the unit cell to nano-structured bulk and materials
combined in thin-film multi-layer structures, have all led to better and
better solutions.’

Several approaches have been extensively studied to enhance the
thermoelectric performance such as enhancement of Seebeck coef-
ficient through modifications of electronic band structures and band
convergence,** or reduction of lattice thermal conductivity via all-
scale hierarchical rendering*! and nanostructuring.*> It has also been
shown that in some cases the enhancement of ZT can be influenced
many times more by the lattice thermal conductivity than that of the
electric conductivity.** So far, several promising TE materials with
intrinsically low thermal conductivities have been reported. Possi-
ble explanations to such low values are their liquid like transports,
high anharmonicity of chemical bonds, complex crystal structures
or large molecular weights.’* Additionally, it has been observed that
doping of nanowires can be used to alter the scattering of phonons by
modifying the surface roughness and size confinement, achieving the
reduction of thermal conductivity while keeping the electrical con-
ductivity unaffected, thus highly enhancing the overall ZT value. This
technological approach could be encouraging and is compatible with
the semiconductor industry.**

Concerning polymeric-based TE materials, attempts have been re-
ported to optimize the power factors of conducting polymer-based
nanowires.* On the other hand, CNTs and graphene have also been
explored to enhance the TE performance of conducting polymers
due to their extremely high carrier mobility and unique electronic
structures.*®*” In this manner, nanocomposites have been used to chan-
nel the loss in effective efficiency by optimizing thermal conductivity.
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Moreover, further improvement in power factors of conducting poly-
mers has been shown by addition of inorganic semiconductors.*$4°

Finally, nanostructured binary metal sulfides have been recently
identified as TE materials with great potential due to their great abun-
dance and lower cost and toxicity than traditional TE materials.>

In summary, several different techniques and materials have been
explored and are in constant evolution to improve efficiency and drive
the transition toward a more stablished commercial stage. Neverthe-
less, it is also very important to identify appropriate niches and appli-
cations, as well as ingenious designs and out-of-the-box engineering
approaches, to bridge the current performance and affordability gap.
Therefore, in the remainder of this review, we will now focus on
practical implementations of TEG-based technologies with promis-
ing applications in diverse fields, such wearable systems, mass-scale
thermoelectric generation and regenerative computing.

Mechanically Adaptable Thermoelectric Generators and
Applications

Thermoelectric generators represent a simple and affordable so-
Iution for energy harvesting in applications such as wearable and
mobile electronics. However, the use of rigid inorganic semiconduc-
tors and substrates makes them unsuitable for applications where
mechanical flexibility is of vital importance. For this reason, over the
last few years, many different approaches have been made to com-
bine the high efficiency of inorganic thermoelectric materials with the
mechanical flexibility and affordability provided by organic materi-
als. Several excellent reviews and reports have already explored the
distinct advancements of organic and inorganic materials for flexible
TEG applications.’'=3 In fact, research on naturally-flexible, polymer-
based materials have been focusing on improving their TE proper-
ties, whereas inorganic-based approaches have been relying on well-
known techniques for their implementation, such as molding®® and
lithographic patterning.”3® On the other hand, a different approach
consist of the beneficial integration and mixing between organics and
inorganics to form composite materials with increased functionality
and performance; the ideal is to combine the best of each material. For
instance, organic conductive polymers, with inherent low thermal con-
ductivity but overall low figures of merit, can display flexibility as well
as simple synthesis and processability at a lower cost, whereas inor-
ganic semiconductors with great thermoelectric properties are usually
scarce, therefore more expensive, and can be even toxic. By preparing
polymer-inorganic TE composites, there is a great potential to reduce
the production cost while maintaining a good performance as well as
exhibiting mechanical flexibility for the kind of applications of in-
terest in this section. In terms of implementation, diverse techniques
can be identified including physical and solution mixing as well as in
situ polymerization. Yet more efficient and promising techniques has
been developed to increase manufacturability and performance includ-
ing screen®®! and inkjet®>®* printing techniques and even roll-to-roll
manufacturing.®* In term of materials used to form composites, some
well-known examples are polyaniline (PANI), polythiophene (PTH)
and poly (3, 4-ethylenedioxythiophene):poly (styrenesulfonate) (PE-
DOT:PSS) as conductive polymers, and nanostructured Au, Ag, Bi, Te,
PbTe, Sb,Te;, Bi,Te; and their alloys, as well as carbon nanotubes
(CNT), as common inorganic TE materials.>>*>% Current research
in polymer-based and composite-based TEGs is focusing on finding
novel strategies to further enhance their figure of merit (ZT), such in-
cluding low-dimensional TE materials, as mentioned in the previous
section, or including additional treatment for encapsulation in order
to mitigate the impact of humidity on the electrical conductivity.>*

In the coming subsections we will discuss some of the most practi-
cal and novel implementation of mechanically flexible and stretchable
TEGs, as well as their challenges and the advantages and applications
that these devices could enable.

Flexible thermoelectric generators for wearable and implantable
biomedical applications.—The constantly increasing demand for
low-cost and mobile personalized healthcare devices has driven re-

ECS Journal of Solid State Science and Technology, 6 (3) N3036-N3044 (2017)

searchers’ efforts to produce wearable and implantable body sensor
networks. However, new generations of wearable smart devices re-
quire high sampling rates resulting in high-energy consumption that
limits the battery lifetime. In this sense, flexible thermoelectric gener-
ators can provide a method to increase the energy production capabil-
ities of wearable and implantable electronics. For example, recently,
Galo et al. have developed a method to integrate bismuth and an-
timony telluride TEGs on flexible silicon platforms.®” These TEGs
show power densities in the order of 140 WW cm™2. Here, the de-
veloped TEGs are based only on mature nanofabrication methods
and materials, which allows high-performance TEGs to be integrated
monolithically with silicon-based circuits. Additionally, due to the
flexibility given by the thin silicon substrate, these devices can be
used for wearable and implantable electronics where conformal in-
tegration of devices is required to take advantage of the waste heat
generated by the human body. In 2011, Francioso et al. developed a
flexible TEG based on bismuth and antimony telluride with a power
output of 4.18 nW at a temperature difference of 15°C.%® Later, Yang
et al. showed a flexible thermoelectric nanogenerator (TENG) based
on a Te-nanowire/poly(3-hexylthiophene) (P3HT) polymer compos-
ite, producing a current density of 32 nA mm~2 under a temperature
difference of 55°C, which can be also used as self-powered tempera-
ture sensor with a sensitivity of 0.15°C in ambient atmosphere.*® Roll-
to-roll processing has also been demonstrated for fast manufacturing
through the screen printing of a polymeric TE material (PEDOT:PSS)
and the printing of nanoparticle silver ink as electrodes. Although it
demonstrates an efficient path to connect a large number of devices,
the achieved performance is still very low (output power in the range
of pW).%* More recently, Madan et al. demonstrated a novel method to
integrate printing methods with thermoelectric generators fabrication.
Madan’s devices can produce an output power in the range of pW
at a temperature difference of 20°C.7° Several other demonstrations
have shown flexible TEGs capable of producing higher power outputs
(in the range of hundreds of wW cm™2) at relatively low-temperature
differences.”%72 (Figure 2 shows one example) These devices have
demonstrated the ability of simple and low-cost fabrication methods
to create high-performance flexible TEGs that have advantages such
as compact, silent, and high reliability. Also, in terms of power con-
straints, studies have suggested that a power source in the range of
100 wW cm~2 at 1 V will be ideal for wearable sensor networks.”>~"
However, while the heat of the human body is capable of providing
a flexible TEG with power densities ranging from 100 wW cm™2 to
1 mW cm~2, such power outputs will cause a significant discomfort
to the user due to a cold sensation on the skin. For these reasons, it
is important to consider that TEGs are not likely to replace batteries
in wearable devices, but instead, they can be used as a supplemental
power source to extend the battery lifetime of state-of-the-art wearable
sensor networks.

An additional interesting approach involve the use of paper as an
affordable substrate alternative. Paper is a wide-spread and inexpen-
sive material, whose mechanical properties are of interest and, in fact,
it has been the focus of several studies that demonstrate diverse ap-
plications ranging from electronics, displays, RFID tags and sensors
to energy harvesting and storage devices.”® Its use in the develop-
ment of TEGs is also of great interest, as it has been shown to help
improving the TE properties of PEDOT:PSS by reducing its thermal
conductivity, due to the fibers interfering with phonon transport, and
also enhancing its Seebeck coefficient, since the mean carrier energy
of the carriers flow is increased.”” Recently, Sun et al. demonstrated
an interesting approach to fabricate paper-based TEGs by simply im-
pregnating paper with n- or p-type colloidal semiconductor quantum
dots, exhibiting power factors of 1 x 107> W m~' K2 for the p-type
material and 0.5 x 10~> W m~! K2 for the n-type material.”® Like-
wise, even high power generation has been demonstrated by screen
printing a polymer-based TEG on a paper substrate, showing up to
50 wW at a temperature difference of 100°C, which was used to power
up a light-emitting diode (LED).® Alternatively, an inorganic-based
TEG has been also demonstrated on a paper substrate by using a sim-
ple approach to achieve a power of 80 nW at a temperature difference
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Figure 2. Common fabrication process of flexible thermoelectric generators; (a) preparation of Cu electrodes on a Ni/SiO,/Si substrate. (b) Deposition of a Ni
layer on BiyTes and SbyTes thick films to reduce contact resistance. (c) Bonding process of top plate/TE film/bottom plate using Ag paste. (d) Infiltrating the
elastic polymer (PDMS) into the gap between the top and bottom plates. (e) Removal of the top and bottom plates by Ni peel-off in DI water. (f) Removing the
remaining Ni layers by etching in a diluted mixture of sulfuric acid and hydrogen peroxide. Scale bar, 1 cm. Reproduced with permission from Ref. 61.

of 75°C with only 20 TE pairs.” An important advantage of the use of
paper is the possibility of employing out-of-the-box techniques, such
origami and kirigami, to stack and fold the devices in an area-efficient
way and thus improve their power density.

In the case of implantable thermoelectric generators, few reports
have already shown the ability of these harvesters to improve the
battery lifetime of implantable electronics.®“®! However, these im-
plantable devices are rigid and do not allow a conformal integration
with naturally occurring asymmetric surfaces of the human organs.
Also, due to the low-temperature difference®” (maximum 8°C) be-
tween the inner organs and the surface of the skin, TEGs require an
optimized design and a high number of thermopiles to achieve enough
energy production. In this sense, flexible substrates can be taken ad-
vantage of to produce a roll-based device with a high-density array of
thermopiles that could allow output powers in the range of hundreds
of WW. Finally, although flexible thermoelectric generators set a step
forward for future wearable and implantable electronics power gen-
eration, it is to be noted that flexible matching circuits and voltage
regulators are also required to take complete advantage of the waste
heat produced by the human body. For this reason, we expect that
in future, flexible wearable and implantable electronics will need to
be integrated monolithically or heterogeneously on flexible substrates
and should include processing and power management circuits, and
high-performance energy harvesters that can help increase the life-
times of batteries.

Beyond flexibility: stretchable thermoelectric generators.—In an
effort to increase the functionality, adaptability, and practicality of
many electronic devices, including TEGs, there has been several at-
tempts to go beyond mechanical flexibility and develop novel stretch-
able architectures.'> Many everyday situations and applications might
require the close integration of electronics with complex, curvilinear
and mobile systems, such the human body, or with softer, mechan-
ically advantageous materials such polymers, elastomers, rubbers,
etc. However, the rigid nature of current conventional technologies
poses a great challenge to achieve a fully flexible and stretchable
system. Some successful previous attempts of stretchable electronic
demonstrations include the introduction of novel, naturally stretch-
able materials such polymers/organics, composites, 2-dimensional
(2D) and 1-dimensional (1D) materials.!"#3 On the other hand, in-
novative ways to engineer the mechanical structure of devices can
be used with out-of-the-box geometries, such serpentine, horseshoe,
spiral, helical, fractals and others®*’ (Some are depicted in Figure
3a-3d). These materials and strategies have been used to demonstrate
stretchable systems for diverse applications, such wearable systems,
robotics, bio-integrated electronics and many others.33-°!

As we have discussed, TEGs might play an important role in wear-
able technologies since they can convert the heat generated by the
body into electrical energy useful to power up sensors, logic circuits
and communication systems.”> Acquiring the capability of stretching
TEGs will enable an improved integration with the complex motions
of the human body. Smart clothing, fabrics and textiles, which can
be flexed and stretched to some extent, might be used for this pur-
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TE pairs

Figure 3. Schematics of some shapes used to implement stretchable electron-
ics: (a) Serpentine, (b) horseshow, (c) helix and (d) spiral. (e) Stretchable TEG
with TMDC nanosheets (TE pairs) on polymeric substrate (PDMS). Repro-
duced with permission from Ref. 99.

pose. In 2014 Kim et al. implemented a flexible and stretchy TEG
by integrating a polymer-based fabric with inorganic TE materials to
produce 224 nW from the human body in an ambient temperature of
5°C.” More recently, Du et al. developed a power generating clothing
by coating a commercial fabric with a TE polymer, that generated
12.5 nW at a temperature difference of 75°C.°* Other TEG devices
have been demonstrated based on organic/polymeric TE materials
with the potential to evolve into advanced stretchable devices, al-
though their performance can be still greatly improved compared to
inorganic TE materials.”>® Another set of materials with potential
stretchable capabilities are nano-engineered and 2D materials, which
have shown encouraging predictions in terms of performance and
power generation. That is the case of silicine’” and phosphorene,’®
which can theoretically reach very high figures of merit (ZT), well
above the unity. In terms of practical demonstrations, only very re-
cently, Oh et al. developed a stretchable and foldable TEG based
on transition metal dichalcogenide (TMDC) nanosheets (Figure 3e).
Although functionality was demonstrated even at mechanical defor-
mation of the device, with a maximum generated power of 38 nW at
a temperature difference of 60°C while at rest, they observed a very
strong power degradation while stretching.”

Alternatively, and in a similar fashion as performed by Kim
etal.,”® we can rely on the higher TE properties of inorganic materials
for power generation, while relying on organic/polymeric materials
for mechanical support, and for flexing and stretching capabilities.
Furthermore, novel shapes such as the ones described before (Figure
3a-3d) could potentially be used to develop stretchable TEGs and,
at the same time, they might help to reduce mechanical stress on the
inorganic materials and thus reduce the impact on the TE properties
while deforming/stretching.

An additional advantage of developing a stretchable TEG is the
ability to adjust its separation between the cold and hot junction.
Naturally, the further away you move from a heat source, the higher
would be the temperature difference, which can lead to higher power
generation as long as the TE properties are not highly impacted by
the device’s deformation. Recently, a spiral-based architecture was
used to demonstrate this effect on a TEG made from Bi, Te;/Sb,Te;
sputtered on top of polyimide (PI) and polyester-paper. The maximum
generated power increased by more than twice at 60% of elongation
on the TEG fabricated on polyester-paper, a material with a lower
thermal conductivity to ensure that the higher temperature difference
is maintained.'® In fact, this characteristic could be really useful in
many practical scenarios, such as in moving engines, robotic parts,
and others where a heat source and heat sink might be available in the
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system but their separation could be long and in constant movement.
In such cases, a stretchable TEG could be used to leverage the situation
and produce the highest possible power.

Additional Promising TEG-based Technologies

Nano-manufactured glass windows for solar-based mass scale
thermoelectric generation.—The promise of an un-interrupted sup-
ply of energy from photovoltaic solar panels is severely impeded by
the intermittent nature of available sunlight. Inayat et al.”*!°! have im-
plemented novel thermoelectric glass windows for mass scale energy
generation using the temperature difference between the rich sup-
plies of solar heat and the ubiquitous ambient environment around us.
These novel energy generators scavenge electricity from direct solar
irradiance during daytime, while during off sun hours are still capable
of utilizing the hot outdoor temperature to generate ample amount of
electricity.

Thermoelectric systems are either fabricated to produce milli-watts
of energy using a small temperature gradient of only a few Kelvins
to power micro devices. On the other hand, thermoelectric genera-
tors in industrial applications or engines use temperature gradients
of hundreds of Kelvins to produce kilowatts of energy. These ther-
moelectric windows extend the concept of TE systems at lower end
of the spectrum (used for micro-devices), to a large coverage area,
using abundant and unlimited source of temperature gradient between
outside solar and ambient inside, for mass scale energy generation.

Expanding the concept of micro TEGs onto large coverage areas
simultaneously eliminate the two primary problems associated with
the micro TEGs. First, the low temperature gradient produces a very
small output voltage in a micro TEG. This low output requires volt-
age boosters that are not only miniaturized but should also be highly
efficient. In addition, designing and integrating power conditioning
circuitry at micro scale becomes a hard challenge. By expanding ther-
moelectric system over a large coverage multiplies the output voltage
manifolds, thus eliminating the need for voltage booster altogether or
at least relaxing the efficiency specs for these boosters. Additionally,
the macro sized mass scale energy harvesters also allow the use of
large sized maximum power point trackers (MPPT) with high effi-
ciency.

Design limitation of commonly available TEGs have served as
a major impediment toward the employment of thermoelectric sys-
tems for mass scale energy generation utilizing the temperature gra-
dients existing between outdoor (environment) and indoor (inside
room).’*!'"" Lateral thermoelectric generators demonstrated by H.
Glosch!® and D.M. Rowe!® require the heat to flow through the
thermocouples in lateral direction. Alternatively, the vertical TEGs
with vertically erected thermocouples similar to the devices imple-
mented by H. Bottner for Micropelt,'™ G.J. Snyder for JPL,'% M.
Kishi for Seiko, % require the flow of heat from top to bottom or vice
versa through the device. Both these design versions strictly require
the two counter temperature environments to be simultaneously ac-
cessible to the hot and cold side of the generator, thus, eliminating the
presence of any interface between the two temperature environments.
Given these conventional design limitations, interfaces like window
glasses tend to make it impossible to generate thermoelectricity using
the rich supply of hot outdoor environment and indoor ambient. By
placing the thermoelectric generator on the outer side of a window (or
vice versa) allows the outdoor temperature to influence the hot side of
the generator but prevents the thermoelectric generator from accessing
the cold indoor because of the intermediate blocking window. Inayat
et al.’*!%! have, however, been able to generate mass scale thermo-
electricity by innovatively using the interface, between outdoor solar
heat and indoor ambient, as generator of thermoelectricity by placing
the thermoelectric materials through the interface.

The validity of the concept was verified with the finite element
behavioral analysis of a thermoelectric window system. The model
was designed for a single pair of complimentary thermoelectric legs
(pillars) integrated inside a glass substrate. The two pillar device
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Figure 4. a) Stainless steel mold assembly for hot pressing of thermoelectric
powders. Reproduced with permission from Ref. 56, b) hot pressed thermo-
electric pillars, ¢) blow up schematic of window glass embedded with ther-
moelectric pillars, d) schematic of electrically interconnected thermoelectric
pillars array integrated into window glass for mass scale energy generation,
and, e) Plexiglas based proto-type thermoelectric window.

model used can be further extrapolated to give the outcome for a full
sized glass window with thermoelectric materials integrated across the
entire coverage of the glass window. The presence of an output voltage
of 0.12 mV on the p type pillar while —0.04 mV on the n type pillar
of the device for a 20°C temperature gradient, confirms the validity
of the model for predicting the behavior of a thermoelectric system,
with thermoelectric materials embedded inside a glass window.'?’

Based on trade-offs between thermoelectric properties and the
processing delay involved in mechanical alloying of large amounts
of powders, as purchased powders were selected for batch nano-
manufacturing of thermoelectric pillars (Figure 4). The as purchased
thermoelectric powders were hot pressed into vertical pellets. The
tubular design of the dies facilitates the thermoelectric characteri-
zation of the pressed pillars by eliminating the unnecessary delay
involved in cutting smaller pellets out of a large tablet obtained using
conventional large sized dies. Prototype implementation of a thermo-
electric window has been implemented with (132.25 cm?) Plexiglas
panel laser drilled with 144 holes to accommodate hot pressed ther-
moelectric pillars.

The output power from the large Plexiglas panel integrated with
hot pressed pillars of as-purchased powders of the two materials was
0.16 WW for a temperature difference of 22.5°C between the hot and
the cold side (Figure 5).!%!

Next, Inayat et al,’®!°! leveraged the mechanical alloying of
commercially available powders of Bi;75Tes»s and Sb,Te; to nano-
manufacture pellets through ball milling for high performance ther-
moelectric windows. Effect of mechanical alloying and hot pressing
on thermoelectric properties of the as-purchased powders was inves-
tigated through the thermoelectric characterization of the hot pressed
pillars of the as purchased powder samples. Nano-manufacturing
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Figure 5. Output power from a Plexiglas proto-type thermoelectric window.
Reproduced with permission from Ref. 101. Inset shows projected output
power levels for a 9 m? thermoelectric window.

through mechanical alloying showed a significant enhancement in
electrical and thermal properties of the as purchased powder samples.

Although the output power levels from the prototype panel were
low, the presence of highly repeatable thermoelectric output from
the prototype thermoelectric Plexiglas validated the effectiveness of
a batch fabrication process enabled efficient nano-manufacturing of
large batches of thermoelectric pillars for large coverage thermoelec-
tric window. Additionally, the property enhancement of thermoelectric
powders with mechanical alloying also opened up an opportunity for
further investigation into the ball milling of thermoelectric powders
to bring a significant increase in the output power levels.

Maximum attainable limit of the hot press used and the contact re-
sistance between the thermoelectric pillars and the metal interconnects
have been the major performance impeding factors for the prototype
thermoelectric panel. By using techniques like Spark Plasma Sinter-
ing (SPS) for performance enhancement of thermoelectric pillars and
inkjet printing for low resistance interconnects, the work of Inayat
et al. offers an opportunity to potentially generate 304 W of usable
power from 9 m?> window at a 20°C temperature gradient.® If a natu-
ral temperature gradient exists, this can serve as a sustainable energy
source for green building technology.

Thermoelectricity for regenerative computing.—It is now a well-
known fact that the classical ‘Moore‘s Law’ gate length scaling of sil-
icon transistors has plateaued. Due to difficulty in advancing process
technology as well as fundamental physics bottlenecks, the computing
industry is now shifting away from a tick-tock process-architecture
model to a process-architecture-optimization model. What this means
is that future integrated-circuit technology nodes (down to 7 nm)
will be around for a longer time and integrated device manufacturers
may determine their own roadmap based on the requirements of sys-
tem integrators. The focus of major system integrators is largely in
mobile and distributed computing, given the growing consumer de-
mands for faster and efficient electronics in an attractive form-factor.
That being said, historically, there has always been a trade-off with
power consumption and performance in mobile electronics, where
usually the form-factor is the determining factor. At the higher levels,
optimized circuit blocks and software plays a huge role in narrow-
ing this performance-power gap. However, to fundamentally affect
change and achieve leap-bound performance-power gains, new in-
novation is required at the transistor level. The paradigm-shift from
a planar topology to a three-dimensional architecture (FinFETs), is
an excellent example. Compared to past planar transistors, current
generation of FinFETs!® are faster while consuming less power and
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Figure 6. (a) Cross-section schematic of thermoelectric cooler integrated with
test chip. (b) Digital photograph of the setup shown in (a) with the thermo-
electric cooler beneath the heat spreader. Reproduced with permission from
Ref. 112.

also run cooler temperatures due to lower heat dissipation. But due
to the rising cost and complexity in manufacturing FinFETs on bulk
silicon, there is a wide consensus in migrating to silicon on insu-
lator (SOI) platforms for future technology nodes. Heat dissipation
and transport in SOI based nanoscale transistors is more challenging
due to the presence of an insulating buried silicon dioxide layer.'%'!0
This is even more profound in stacked 3-D integrated circuits'!! that
are being considered for unprecedented computing parallelism and
speed. The bottom line is that heat dissipation from such nanoscale
devices will persist as transistor density continues to increase. The
way this heat flux is managed in electronics will ultimately deter-
mine their performance, power consumption, operation life-time and
reliability.

One way to address the problems due to heat dissipation is by effec-
tively removing this heat flux using thermoelectric coolers. Chowd-
hury et al. demonstrated chip level site-specific cooling by making
use of nanostructured thin-film super-lattices of Bi,Te; to remove
dissipated heat from a silicon test chip containing micro-heaters
(Figure 6).!'? Using this, they were able to demonstrate nearly 15°C
cooling on the test chip with a heat flux of ~1300 W cm~2. Another
way to aid tackling the heat dissipation problem as well as boost bat-
tery lifetime in mobile electronics, is by harvesting and reusing this
heat at the device, circuit or die level. Using commercial off-the-shelf
thermoelectric generators (TEG), Zhou et al. carried out experiments
to measure and harvest the heat energy dissipated by microprocessors
at different workloads showing the un-tapped potential of thermo-
electricity in computing.''® Building on this concept, in another work,
Fahad et al. introduced the concept of quasi self-powered integrated
circuits by reusing the harvested waste heat (Figure 7a—7b) from
microprocessors,''* to drive an array of light emitting diodes (LED).
However, these are all examples of off-chip/die implementations of
standalone thermoelectric modules. A more fundamental and impact-
ful approach would be at the device and circuit level, by integration of
thermoelectric elements alongside transistor blocks as well as metal
interconnects. A great example of this is demonstrated by Aktakka
et al., where low temperature high quality Bi, Te; and Sb,Te; thin film
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Figure 7. (a) Experimental setup of TEG mounted on top of processor. (b)
Digital photograph of powered LEDs and multimeters showing current and
voltage generation.!'* (d) Cross-section schematic of integrated TEG device
with CMOS FinFET. (d) Digital photograph of TEGs co-integrated with CMOS
FinFET. Reproduced with permission from Ref. 115.

thermoelectric devices were integrated with SOI FinFETs (Figure 7c—
7d) to harvest ~0.7 wW of power from a ~21°C thermal gradient.''?
Similar innovations can enable the development of quasi self-powered
electronics for the ever growing mobile consumer market.

Future Outlook and Conclusions

As we began this review, we suggested the need for seamless
ultra-light weight micro to milli-scale power supplies for emerging
electronic applications. Efficient energy harvesters with ultra-large
capacity (as well as ultra-light weight) energy storage can be signifi-
cantly useful to meet that demand. However, there is still a long way
to go to achieve such goal. In that regard, thermoelectric generators
have been identified as an alternative energy source with great po-
tential. However, its efficiency needs to be improved significantly. In
that pursuit, constant development of nanotechnology and nanoma-
terials has been greatly benefiting TEG technology. Furthermore, the
engineering challenges that are coming with emerging technologies,
such as wearable electronics, bio-integrated systems, robotics, cyber-
netics and others, lead the way to novel engineering approaches and
innovative devices that are the focus of this review, such the introduc-
tion of mechanically reconfigurable and adaptable devices. Looking
forward to the continuing development of thermoelectric, some appli-
cations have been discussed, such as the integration of TE materials
in windows for mass-scale electricity production and in current- and
next-generation computing for efficient cooling and energy harvesting.
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