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Thermoelectric Coolers: Progress, Challenges,

and Opportunities

Wen-Yi Chen, Xiao-Lei Shi, Jin Zou, and Zhi-Gang Chen*

Owing to the free of noise, mechanical component, working fluid, and
chemical reaction, thermoelectric cooling is regarded as a suitable solution

to address the greenhouse emission for the broad cooling scenarios. Here,
the significant progress of state-of-the-art thermoelectric coolers is compre-
hensively summarized and the related aspects of materials, fundamental
design, heat sinks, and structures, are overviewed. Particularly, the usage

of thermoelectric coolers in smart city, greenhouse, and personal and chip
thermal management is highlighted. In the end, current challenges and future
opportunities for further improvement of designs, performance, and applica-

tions of thermoelectric coolers are pointed out.

1. Introduction

As a typical sustainable technology, thermoelectrics (TEs) can
realize the direct conversion between electricity and thermal
energy, and provide the functions of cooling or heating by a
reverse effect.l Therefore, TEs can be an important supporting
technology for energy harvesting, as well as a niche technology
for power generation, which will be a complementary tech-
nique for other sustainable energy harvesting techniques such
as solar, wind, and wave power.>¥ Particularly, thermoelectric
coolers (TECs) based on the Peltier effect have exhibited advan-
tages compared to conventional refrigeration driven by electric
power, including free of noise, mechanical component, working
fluid, and chemical reaction.’® These advantages enable TECs
to have good durability without maintenance in the long term
and be potentially used in wide applications.

Generally, the structure of TECs is based on a conventional
TE device (TED),”! which is composed of thermoelectric n—p
materials connected by conductive metals and covered by
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substrates on their two sides,® as illus-
trated in the center of Figure 1. With the
rapid development of physics, chemical,
materials science, and technology, both
TE materials and TECs have exhibited
significant progress.l®% In addition to con-
ventional bulk materials,! many new-type
TE materials such as superlattices,1%-1]
2D thin/thick solid films,[1*2% 1D nano/
microfibers,?'?2l and organic conducting
polymers(CPs),?>?  have been devel-
oped and applied to TECs. TECs have
been applied to much wider scenarios
including space cooling,*>%"] wearable/
portable cooler for personal thermal man-
agement, 222833 processors and on-chip cooling,!3*1 light-
emitting diodes (LEDs),?#¢ batteries and battery pack,*>1
solid/portable refrigerators,”>! fresh water generators,%%]
medical and biological applications,>®% and solar-panel-related
cooling systems of the building,[”4 as displayed in Figure 1.

The cooling capacity of a TEC is normally evaluated by the
coefficient of performance (COP), defined asl?%”’}

T, ><\/1+ZT—Th/Tc
T, - T. NJ1+ZT +1

in which the critical parameters are the temperatures of the
hot (Ty,) and cold (T;) side of a TEC and the dimensionless
figure-of-merit ZT of thermoelectric materials, defined as
ZT = S?0T/k>78 where S is the Seebeck coefficient, o is the
electrical conductivity, k is the thermal conductivity, and T is
the absolute temperature, respectively. Generally, a higher ZT
indicates higher thermoelectric energy conversion efficiency
of a specific material, and a higher ZT determines a higher
COP,? as plotted in Figure 2a. So far, the COP of a conven-
tional vapor compressor can achieve =0.9-1.2.7°) The idea COP
of TECs required =4.4-4.6 to achieve the same cooling perfor-
mance through calculation of reversed Carnot cycles. How-
ever, the current maximum module COPs for single-stage
and multistage thermoelectric modules can only achieve 0.67
and 0.72,7°! respectively. The materials in TECs with ZT = 1
are only sufficient for commercial low-power cooling such as
personal cooling and chip cooling.® Therefore, it is of sig-
nificance to design high-performance TE materials with high
ZTs, especially at near-room temperatures since most of TECs
functionalize at near-room temperatures.[5165778182 Figyre 2b
compares reported peak ZTs of bulk TE materials reported
in recent years, including Bi,Te; 83 BiysSbysTe; (BST),B4
SnTe, 5] Mg;Sb, Zintl,® Cu,Se composites,®”] GeTe,®® half-
Heusler,®l PbTe,®  skutterudite,®! SnSe,® BiCuSeO,?’l

COP =

)

(10f21) © 2022 Wiley-VCH GmbH
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Figure 1. Structure, materials, and applications of thermoelectric coolers (TECs). Bulk; Reproduced with permission.l’®l Copyright 2017, Elsevier. Super-
lattice; Reproduced with permission.'” Copyright 2007, IEEE. Film; Reproduced with permission."®l Copyright 2016, Springer Nature. Fiber; Reproduced
with permission.[?2l Copyright 2017, Elsevier. Conducting polymer; Reproduced under a Creative Commons Attribution 4.0 International License.[?’!
Copyright 2018, the Author(s). Published by Springer Nature. Wearable Cooler; Reproduced under a Creative Commons Attribution 4.0 International
License.BV Copyright 2019, the Author(s). Published by Springer Nature. Chip Cooler; Reproduced with permission."l Copyright 2009, Springer Nature.

Dryer; Reproduced with permission.’®l Copyright 2018, Elsevier. Green building; Reproduced with permission.® Copyright 2017, Elsevier.

and SrTiO;.°4 Other TE materials such as Mg,Si (ZT = 1.4 at
800 K),% Cu,S,,Te, (ZT = 2.1 at 1000 K),°) AgSbTe, (ZT =
2.1 at 573 K),! and clathrate (ZT = 1.45 at 500 K),® and
also shows their high TE potentials. Noticeably, a record-high
ZT of =3.1 was reported in oxide-removed Na-doped poly-
crystalline SnSe,®” which was commented as breaking the
thermoelectric performance limit.*” It should be noted that
in addition to the temperatures and high ZTs, other para-
meters, such as the contact resistance between a TEC and
heat sink,!1%) and internal and surface resistances of a TEC,!
also affect the whole cooling capacity in a real TEC system.
Some reported maximum cooling performance AT, and
maximum COP (COP,,,) of TECs based on bulk, film, and
superlattice materials in recent 10 years are summarized in
Figure 2c,d.[11-13.16-18.20,2223,25-27,30,32,33,35,36,38.40,52,53,56,57,61,6273,102-115}

Till now, many articles have been overviewed the pro-
gress and challenges of thermoelectric cooling tech-
nology.[8:50:63657782,116,121-130] Thege reviews contain both bulk and
flexible structure, design, performance, and various applications.
For example, a passive (phase change materials) and an active
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(thermoelectric cooler) battery thermal management system
and their limitations were overviewed,*® and a comprehensive
review of solar thermoelectric cooling systems is reported.!
As well, the recent applications of TEs on medication were
reviewed,'31132] a5 well as the progress on flexible TEs and their
cooling applications.”38133] However, considering the recent
rapid development of TECs, it is of great significance to maintain
its up-to-the-date progress. In this work, we provide a targeted
review of the progress, challenge, and outlooks of TECs based
on their design, structures, fabrications, characteristics, perfor-
mance, and broad application scenarios. We hope this review can
benefit the future development of TECs with various purposes.

2. Fundamental of TEC

2.1. Materials and Structure

Materials used in TEC must possess high near-room-
temperature ZTs. The most commonly used materials are

© 2022 Wiley-VCH GmbH
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Figure 2. a) Relationship among the coefficient of performance (COP),
the cooling performance AT, and the dimensionless figure-of-merit ZT.
Thermoelectric coolers (TECs) with ZTs of materials are provided for
comparison.[20:222357.61116-120] b) Reported peak ZTs of state-of-the-art bulk
TE materials.[®3%4 Timelines for ¢) maximum cooling performance AT,

and d) maximum COP (COP,,,,) of TECs based on bulk, film, and super-
lattice materials [11-13.16-18,20,22,23,25-27,30,32,33,35,36,38,40,52,53,56,57,61,62,73,102-115]

Bi,Te; as n-type materials and BST as p-type materials, both
with ZTs of >1 from 300 to 450 K, which are especially suitable
for applying to TECs.28384134138] The recently reported SnSe
crystal with a room-temperature ZT of 1.25 is also attractive.[0%
In terms of the 2D TE materials that target to be employed in
flexible TECs,'") n-type Bi,Tes-based thin film was reported to
have a peak ZT of >1.6 at 300 K,**™ and n-type Ag,Se thin
film exhibits a high ZT of 1.2 at 300 K. Correspondingly,
p-type BST, Sb,Te;, and SrTiO; thin films show high ZTs of
>1.5 at 300 K. Meanwhile, thin-film-based superlattices
such as Bi,Te;/Sb,Te; and PbSnSeTe/PbTe were reported to
have high room-temperature ZTs of >2,12%] indicating the full
potential for applying to miniature TECs. Besides, 1D TE mate-
rials such as BST (ZT = 1.25)?2 and SnSe (ZT = 2)[*4] fibers are
also promising for applying to wearable TECs.1?®]

The conventional structure of TECs is similar to TE generators
(TEGs), which are composed of a ceramic electrical insulator, p-
and n-type TE elements (or legs), and electrodes to connect the TE
elements.'] When current flows through n- and p-type semicon-
ductors, a cold side is generated, and the other side becomes a hot
side, which can be explained by the Peltier effect." As long as
the cold side of TECs is attached to the heat source to absorb heat
while dissipating the heat from the hot side, a cooling function
can be easily generated.!3” Generally, with increasing the current
density, a higher AT can be achieved. However, the Joule heat and
Thomson heat generated inside the TECs can become significant,
which may cause unstable temperatures at both the cold and hot
sides.¥] Therefore, a heat sink is normally applied to the hot side
to support the dissipation of the heat from TECs to ensure their
stable ATs and COPs in most instances.[10014]
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2.2. Heat Sink

The role of heat sinks is to maintain the stable temperature
of the hot side of TECs and avoid overheating and damaging
TECs at high AT.®" According to different application sce-
narios, there are different types of heat sinks, such as conven-
tional fans and fins,””! heat pipes with phase change materials
(PCMs),2% and flexible heat sinks. Figure 3a illustrates the
fundamental principle of the heat sink, in which the cold side
of TECs is attached to the heat source, while conventional fins
are attached to the hot side of TECs. The heat is transferred
from the cold side to the hot side and dissipated into the air-by-
air convection. The heat sink enhances the air convection by
increasing the contact area between the air and the hot end.[™"!
However, since the fins are perpendicular to the airflow direc-
tion, the fins also hinder air convection, so the integration of
fins and fans is considered a better choice than using one of
them alone.™ Figure 3b is the photograph of a heat pipe,
where the working principle is similar to the conventional
combination of fins and fans. However, different from the fins
and fans, heat pipes apply PCMs as the medium, including
water and other liquid. Besides, heat pipes are regarded as to
be more efficient than conventional heat sinks since the heat
transfer medium has a higher specific heat capacity, which can
take away more heat flux from the hot side.l? In addition to
solid-state heat sinks discussed above, Figure 3c—d illustrates
the typical structure and photo of flexible heat sinks fabricated
by PCMs, copper foam, elastomer, metal foil.'*¥! Such a flex-
ible heat sink is a plurality of small-sized PCM blocks arranged
on the elastomer, which can effectively support the wearable
cooler to closely fit the human skin, contributing to stable AT
on the TEC, as shown in Figure 3e.] Meanwhile, the elas-
tomer can increase the stretchability and durability of the heat
sink since the bending force to PCMs can be offset by the elas-
tomers. Figure 3f illustrates a wearable TE module with
copper foams as the heat sink. Compared with conventional
plate-fin heat sinks, the copper-foam heat sinks show better
heat dissipation performance, which simultaneously improves
the performance and flexibility of the TE module.®! Figure 3g
illustrates the bending of the lightweight wearable TEC with
a flexible heat sink composed of PCM/graphite/silicone elas-
tomer.>2 Such a ternary composite design can ensure high
flexibility, high durability, and optimized heat capacity and
thermal transport, which are key requirements for a heat sink
to optimize the cooling performance of TECs and maintain a
longer cooling capacity. The flexible heatsink is regarded as
one of the most potent components of wearable TECs and self-
power TEGs.

2.3. Design Rule

A design of a TEC aims to achieve a higher COP, which is
closely related to the cooling capacity of the cold side (Q,),
optimum current (L), and power input (P). According to
the basic thermodynamic law of energy balance, Q. can be

defined as/®!

Q. =11, I-0.5"R-K(T;, - T.) ()
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Figure 3. a) Illustration of the fundamental principle of heat sinks. Reproduced with permission.>% Copyright 2018, Elsevier. b) Photograph of the heat
pipe. Reproduced with permission.?®l Copyright 2014, Elsevier. c) lllustration of the flexible heat sink fabricated of phase change materials (PCMs),
copper foam, elastomer, and metal foil. d) Photo of the flexible TEC with a flexible heat sink. e) Illustration of wearing the flexible thermoelectric cooler
(TEC) with a flexible heat sink. Reproduced with permission.*] Copyright 2019, Elsevier. f) lllustration of a wearable TE module with copper foam
as a heat sink. Reproduced with permission.!®"l Copyright 2018, IEEE. g) lllustration of bending the lightweight wearable TEC with flexible heat sink

composed of PCM/graphite/silicone elastomer. Reproduced with permission."2 Copyright 2021, Royal Society of Chemistry.

where R is the electrical resistance, K is the thermal resistance,
and I, is the Peltier coefficient of the TE module, in which
R and K are highly related to the length (/) and cross-sectional
area (A) of TE elements as well as their electrical resistivities (p)

and &1

R=1-p, o p o
A, AT
A
K=ﬁxn+—1’x (4
! L’
n P

A TEC needs an input electrical power to induce the Peltier
cooling effect, so P is also critical when designing a TEC. P is
closely related to the Seebeck voltage and current since AT of
two sides is generated when P is applied to overcome the See-
beck voltagel®!

P=S,, (T, —T.)I+I’R (5)
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Except for Q, and P, appropriately applied current deter-
mines the performance of a TEC.*¥l Because the applied cur-
rent can generate extra Joule heat by the internal electrical
resistance when flowing through a TEC, the I, is required to
minimize the impact of extra Joule heat on AT of the hot and
cold sides,¥ defined asi®*¥

S, = Su)(Th — T¢
f = e 5 T ©)
RYZT,+1-1

where S, and S, are the Seebeck coefficients of p- and n-ele-
ments, and T}, and T; are the hot- and cold-side temperatures.
According to the equations above, Q, Iy, and P are three
interdependent parameters that can directly determine the
COP of a TEC and avoid overheating caused by the extra
Joule heat to damage the electrodes and materials.’* Further-
more, when considering the thermal cooling for electronic
devices with a high heat source, the heat flux density (q) is
also a referred parameter, which is the cooling power per unit
areal8!
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qmax:l _K(Th_Tc) (7)

The geometric parameter of the devices is another impor-
tant factor for rationally designing a high-performance TEC.134
Generally, the thickness and length of components, electrodes,
and ceramic electrical insulators need to be reasonably matched
to ensure good thermal transport, which can avoid internal
Joule heat and Thomson heat from affecting the cold-side tem-
perature.’ The cross-sectional area of n- and p-type elements
has a significant effect on the cooling performance of a TEC,
especially for cooling within a short time since Joule heat is
preferentially produced at the smaller cross-sectional area
(Joule heat effect).>3l A smaller cross-sectional area is consid-
ered more suitable as the hot side since the Joule heat is con-
centrated on the hot side, and the temperature of the cold side
can be maintained for a longer time.'>3] Therefore, an appro-
priate area ratio of the hot and cold sides can effectively extend
the cooling time and maintain a stable AT. The area ratio of the
hot side to cold side is defined as">?l

Asemi h
= Isemih 8
y Asemi,c ( )

where Agemin and Agey,; o are the cross-sectional areas of the
hot and cold sides, respectively. Generally, the optimum ratio
can be varied according to the difference of TE materials and
applied current, so the ratio requires multiple tests during the
design of a TEC.

The heat sink is an important part of designing a high-
performance TEC since it is important to ensure a stable AT
between the hot and cold sides, especially for applications with
a relatively high-temperature heat source.?¥ When a heat sink
is added to a TEC, some fundamental factors need to be con-
sidered, including the cross-sectional area and thickness of the
heat sink, the thermal resistance of the heat sink, and the inter-
face thermal resistance between the heat sink and the TEC.34
These factors are closely related to heat transfer.’”) Moreover,
the thermal transport of the heat sink affects the heat dissipa-
tion of the hot end of the TEC.?¥ Besides, some extra factors
need to be considered according to the various types of heat
sinks, as discussed in Section 2.2. Conventional fins are more
related to the design structure, including the length and width
of the fins,” while heat pipe and exchanger are more focused
on the choice of PCMs.®" Therefore, in addition to seeking a
high-efficiency heat sink, a rational heat-sink design is highly
needed, such as appropriate materials and structures which fit
the application scenarios.

It should be noted that in addition to the interface thermal
resistance between the heat sink and the TEC, expansion and
contraction should also be considered since both can poten-
tially damage the components. Although soldering or epoxying
to the heat sink can achieve a better fit, this will produce a
zero-tension point, which generally appears at the temperature
where the solder or epoxy hardens and solidifies. If the TEC
and the heat sink are cool back to room temperature, it may
generate enough stress to damage the module. Therefore, it
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is better to use thermal paste between the TEC and the heat
sink, and use stainless steel screws to clamp them all together.
This allows the components to “float” within the assembly. It is
also necessary to use some physical retainers to prevent mod-
ules from leaving their original position because these parts
expand and contract during working. Besides, although TECs
mainly exhibit high mechanical strength in compression mode,
their tensile and shear strengths are relatively low. Therefore,
TECs should not be used to support the weight that withstands
tension or shear stress. TECs should be moisture-free since
moisture causes a decrease in cooling performance and cor-
rosion of conductive materials. A rational gasketing material
or other sealing systems that can block water vapor must be
used, and the potting around the module can act as a secondary
barrier to provide additional corrosion protection. Exposure to
high temperatures should be avoided to extend the reliability
of TECs. As the temperature rises, there is an increasing ten-
dency for solder and copper to diffuse into the TE materials
and destroy the cooling performance, and high temperatures
may even cause the internal solder to melt. Furthermore, there
are many parameters and conditions that affect the reliability
of TECs, including module size and quality, assembly method,
ambient temperature and humidity, temperature control
system and technology, and temperature cycling. These factors
can be rationally combined to produce a very low failure rate.
Therefore, it is necessary to test the reliability of specific sys-
tems in applications where reliability is critical. Computation-
ally assisted tools such as finite element analysis can be used to
rationally design high-reliability TECs.[1"]

3. Fabrication and Performance of TEC

Commercial TEC is mainly based on commercial Bi,Te;-based
p- and n-type materials with a typical ZT of =0.7 at room tem-
perature. Table 1 shows typical technical features of a commer-
cial TEC.[04

To explore a high AT and COP of a TEC, exploring high-per-
formance and new-type TE materials is of significance to meet
the requirement of broader application scenarios. Besides,
rational structural designs of TEC and heat sinks are also vital for
expanding their applications. Therefore, the recently reported
TECs mainly focus on achieving high-performance, flexible/
wearable, eco-friendly, and high cost-effective features to tackle
more challenges in the future. From the material aspect, TECs
with high performance still focus on conventional bulk mate-
rials. In terms of structures, both miniature and flexible TECs

Table 1. Specifications of a commercial TEC.[0

Specifications Value
Maximum current (A) 8
Maximum voltage (V) 15.2
Maximum power (W) 80.3
AT (K) 67
Dimensions (L x W x H) [mm] 40 x 40 x 35
Number of couples 127
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are the main research directions to realize more functions such
as on-chip cooling and personal thermal management. Besides,
exploring low-cost fabrication processes, as well as boosting
safety, are key issues that need to be solved. We carefully sum-
marize current progress on materials, structures, properties,

and applications of both commercial and new-type TECs in this
chapter.[11-13.16-18,20,22.23,25-27,30,32,33,35,36,3840,52,53,56,57,61,62,73,102-115]

3.1. Bulk TEC

In terms of conventional bulk TECs, researchers mainly focus
on improving their cooling performance and stability. To achieve
this goal, many aspects such as the materials, structures, elec-
trodes, and substrates are needed to be further improved to
optimize their overall performance.”®! Besides, a rational
topological design such as fill factor and thermal resistance
of the TE module should be considered since s these factors
may affect more than the ZT on the cooling performance,!'*l
especially for the heat sources with high external thermal resist-
ance such as human skin.?"! Generally, the fill factor should be
less than 15% while decreasing the ratio of length and width
of TE legs to ensure the lower thermal resistance of TECs.53!
As well, a rational topological design can considerably reduce
the volume and cost of the devices and may achieve 1.7 times
higher cooling performance than the conventional design of a
TEC.13Y

From a material aspect, because most of TECs work at near-
room temperatures (250-400 K), till now, the best near-room-
temperature bulk TE materials are p-type and n-type Bi,Te;-
based semiconductors, including p-type Biy;Sb; 5Te;*% and
Sb,Tes,™ and n-type Bi,Te; and Bi,Te, ;Se, 3.8 Figure 2b illus-
trates temperature-dependent ZTs of Bi,Tes-based semiconduc-
tors. In which, n-type Bi,Tes-based semiconductors can achieve
high ZTs of >1.2 at near-room temperatures while p-type Bi,Te;-
based semiconductors exhibit even higher ZTs.[128384134-138]
High nearroom temperature ZTs mainly come from their
band structures with typical narrow bandgaps of 0.15-0.3 eVI1>’]
for ensuring high o while the large band degeneracy is benefi-
cial to achieve good S, contributing to high S?c.**] Meanwhile,
Bi,Te;-based semiconductor is a layer structure and consist of
heavy atoms Bi and Te with natively low x.[1°-162] Considering
their near-room-temperature TE performance, Bi,Tes-based
semiconductors also act as inorganic “fillers” in inorganic/
organic hybrid TE materials as flexible TECs.[163]

In addition to improving the TE performance of Bi,Tes-based
semiconductors, TE researchers are also exploring alternative
near-room-temperature TE materials with high performance
because of the high cost of Bi,Te; (especially for Te). Recently,
a few promising near-room-temperature TE materials such as
Ag,Sell6166] and SnSe, 1921677169 were reported to have high
near-room-temperature ZTs of >1. For example, SnSe is a typ-
ical p-type semiconductor with a typical bandgap of =0.9 eV and
an anisotropic layered structure.7%-3l The high cost-effective-
ness (without precious metals such as Ag),l” high intrinsic
S of >300 uV KLU and ultralow intrinsic x'%®9 make
SnSe a promising candidate for employing in TECs. Besides,
by rational doping and alloying with other compounds, high-
performance n-type SnSe can be realized,®2183 but their
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near-room-temperature ZTs are lower than their p-type coun-
terparts.84185] SnSe possesses a simple orthorhombic crystal
structure but a complex electronic structure,® which can
be used as a guide to further improve its TE performance.
Figure 4a shows multiband synglisis of Pb-doped p-type SnSe
crystal by a combination of momentum and energy align-
ments.'%4 In this momentum alignment, the pudding-mold
bands for the first two valence band maxima (VBM 1 and 2)
merged into one band (VBM (1+2)), improving the carrier
mobility 4 and 6.1l The merged pudding-mold bands (VBM
(1+2)) converge with VBM 3, enhancing the effective mass m*
and S.1%2 The bottom shows the Brillouin zone and Fermi
surface with different Fermi levels. As a result, a high S’c
of 75 uW cm™ K2 and a high ZT of =1.25 were achieved at
300 K, and a high average ZT of =1.9 within the temperature
range from 300 to 773 K was observed (Figure 2b).104 A TEC
was assembled by using the developed Sngq;Pbg9Se crystals
and its AT, is shown in Figure 4b.1% As can be seen, a high
AT, of =18 K can be achieved by the SnSe-based single-leg
device, which is competitive to that of the conventional BST-
based single-leg device.l"?] Figure 4c shows the AT,,,, of 31-pair
TECs using SngoPbgoeSe crystals and commercial BST as
p-type legs and both using commercial Bi,Te,,Sey; as n-type
legs. The inset optical image shows the as-fabricated device.l?!
A AT, of =45.7 K can be achieved, indicating great potential
for commercialization of SnSe-based TECs. In addition to SnSe
crystals, polycrystalline SnSe was recently reported to exhibit a
high peak ZT of =3.1 at 783 K and a record-high average ZT of
=2.0 from 400 to 783 K, indicating potential for applying to
the TECs working within this temperature range.

In addition to developing eco-friendly and cost-effective TE
materials with high near-room-temperature TE performance,
designs of TEC structures are also significant. For example, to
realize a maximum TE conversion efficiency, multiple TE mate-
rials with different optimal performance temperature ranges
are combined to form TE legs, which can be guided by com-
putation-assisted tools.!!3%] Besides, multistage-based structural
design was proved to be effective for achieving high cooling
efficiency. To achieve this goal, TE materials may need to be
self-designed rather than directly using commercial materials.
Figure 4d illustrates the fabrication of Bi,Sb,,Te; ingots using
a hot extrusion method, which can achieve sufficient mechan-
ical properties for the construction of TECs.’?l Figure 4e
is a 3D view of a two-stage ultralow temperature TE module
composed of Bij¢;Sby gy alloys as n-type legs and optimized
Bi; ¢Sbo4Te; as p-type legs with different dimensions.’? Such
a newly designed two-stage ultralow temperature TE module
is integrated with an extra four-stage commercial TE module
composed of n- and p-type Bi,Te;-based alloys, giving rise to a
AT, 0of 45 K and a maximum cooling capacity Q. of 85 mW, as
shown in Figure 4f.5% Therefore, rational multistage design can
be greatly beneficial to improve the performance of TECs.

Substrates and electrodes of TECs are crucial for achieving
high cooling performance and high stability. Besides, rationally
designing flexible substrates and electrodes can realize wear-
able TECs that are used for human body cooling. Figure 5a
illustrates the structure of a flexible device, and Figure 5b
shows its photo from a side view. Figure 5c illustrates the
cooling garments with wearable TEDs, which are composed
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€) AT 4 Of 31-pair TECs using Sng.g1Pbg goSe crystals and commercial BST as p-type legs and both using commercial Bi,Te, ;Seq 3 as n-type legs. The
inset optical image shows the as-fabricated device. Reproduced with permission.l'"2 Copyright 2021, American Association for the Advancement of Sci-
ence. d) lllustrations of using hot extrusion technique to fabricate Bi,Sb, ,Te; ingots. e) 3D view of a two-stage ultralow temperature TE module. f) Cor-
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Figure 5. a) Schematic illustration of the structure and b) photo of the
flexible thermoelectric device (TED). c) Schematic illustration of cooling
garments with wearable TEDs. d) Schematic illustration of the geometry
and thermal conditions for simulation. e) Cooling and power generation
performance as functions of the thermal conductance of the TED (Grgp)
and ZT. Simulation results are included for comparison. Reproduced with
permission.?3l Copyright 2019, American Association for the Advance-
ment of Science (AAAS).
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of conventional bulk TE legs and flexible substrates and elec-
trodes.133 In such TEDs, the flexibility of TEC is mainly derived
from the substrates composed of stretchable sheets and flex-
ible electrodes. Figure 5d illustrates the geometry and thermal
conditions for simulation,?¥ and Figure 5e shows the cooling
and power generation performance as functions of the thermal
conductance of the TED (Grgp) and ZT.*?! The simulation
results are included for comparison. Generally, a low Grgp
that matches human metabolic heat, and natural convection
conditions, are two prerequisites to achieve active cooling on
human skin without a heat sink. With decreasing Grgp, both
the cooling and power generation increase. When the ZT value
of the TED is 0.7, a AT of >3 °C and a power generation density
of >4 mW cm™ can be achieved at Grgp of <120 W m™2 K133

3.2. Film- and Fiber-Based TEC

In addition to 3D bulk TECs, 2D film-based TECs exhibit
broader applications due to their higher portability and flexi-
bility, even though their cooling performance is lower than
that of conventional bulk TECs. With developing the fabri-
cation technique of thin/thick films, their TE performance
has been significantly improved. For example, at room tem-
perature, n-type Bi,Tes-based thin films were reported to have
high ZTs of > 2.2 and 1.6,3% n-type Ag,Se thin film exhib-
ited a high ZT of 1.2, and p-type BST, Sb,Te;, and SrTiO;
thin films showed high ZTs of >1.5.171 A few fabrication
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Figure 6. a) Schematic illustration of fabricating Bi,Te;-based thick films and devices by a brush printing method. b) Photo of the as-fabricated thick-
film-based prototype device. c) Corresponding cooling performance. Reproduced with permission.'®! Copyright 2017, Springer Nature. d) Schematic
illustration of fabricating Big sSby sTes/epoxy thick films by a hot-pressing curing process. €) A prototype flexible device composed of thick films, Al/Cu/
Ni multilayer thin-film electrodes, and a polyimide substrate. Reproduced with permission.l?% Copyright 2018, Elsevier.

methods, such as solution method,'®%8] spray pyrolysis, '8’
electrodeposition, pulsed laser deposition,'!l chemical and
electrochemical deposition,®”l magnetron sputtering, 13193194
flash evaporation,!®! atomic layer deposition,®®! hot wall epi-
taxy,1””) thermal evaporation,®® brush plating,*”! and bath
deposition,?% have been used to fabricate TE films. Figure 6a
illustrates the fabrication of Bi,Tes;-based thick films and devices
using a brush printing method.? By using an Al,0; substrate
and a template, p-type BiysSbysTe; and n-type Bi,Te, ;Se, 3 thick
films with 100-150 um thickness are brush-printed on the sub-
strate in sequence.? A rational annealing process with a well-
tuned annealing temperature (673 K for 4 h) plays an important
role in promoting the densification of the films and preventing
the films from cracking,?% which can achieve a relatively high
S200f 1.5 uW cm™ K72 at 350 K. Figure 6b shows a photo of the
thick-film-based prototype TEC device,['®l and Figure 6c shows
corresponding cooling performance. A AT,,, of =3.7 K can be
achieved in the 4-paired TEC at a current of 0.3 A.l1%

In addition to solid-state film-based TECs, flexible film-based
TECs are also developed to meet the demand of applying TECs
to wearable and round scenarios. Generally, there are two ways to
realize the flexibility in film-based TECs, namely, fabricating
inorganic or inorganic/organic hybrid films on an organic flex-
ible substrate, and designing freestanding organic conducting
polymer-based films.*>7#200 A film-based TEC composed of

Small Methods 2022, 6, 2101235 2101235

p-type Bij5Sby sTe; and n-type Bi,Te,;Sey 3 can be fabricated on a
flexible polyimide substrate,1%! which has a thickness of =5 um
and can achieve a AT,,, of 3.2 K.%I Figure 6d illustrates the
fabrication of Biy5SbysTe;/epoxy thick films by a hot-pressing
curing process, and Figure 6e shows a prototype flexible
device composed of thick films, Al/Cu/Ni multilayer thin-film
electrodes, and a polyimide substrate.? Bi,sSbysTe; acts as
TE components and epoxy resin acts as adhesive. By a hot-
pressing process, a (000]) preferential orientation of Bij sSby 5Te;
grains can be achieved, which gives rise to a high S?c of
8.4 UW cm™ K2 at 300 K. A AT,,,, of =6.2 K can be achieved in
the 8-paired flexible TEC, at a current of 0.06 A.[2!

In terms of the freestanding organic conducting polymer-
based films, Figure 7a illustrates the molecular structure of
poly(nickel-ethylenetetrathiolate) (Ni-ett) and the organic TED
on the suspended 300 nm parylene film, and Figure 7b shows
the corresponding optical image.?*! Figure 7c shows the Peltier-
effect-induced temperature distribution in the current direction
at current densities of 0.3, 0.9, and 1.5 A mm~ for 0.01 s,?’l
indicating obvious Peltier effect in poly(Ni-ett). A AT, of
~41 K can be achieved at the two contacts at a current density of
5 A mm7/2 indicating great cooling potential in organic
poly(Ni-ett) films.

In addition to 2D film-based flexible TECs, 1D flexible
TE fibers and related wearable TECs are also developing.

(8 of 21) © 2022 Wiley-VCH GmbH
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Figure 7. a) Schematic illustration of the molecular structure of poly(nickel-ethylenetetrathiolate) (Ni-ett) and the organic TED on the suspended
parylene film. b) Corresponding optical image. c) Peltier-effect-induced temperature distribution in the current direction at current densities of 0.3, 0.9,
and 1.5 A mm~2 for 0.01 s. Reproduced with permission.[*l Copyright 2018, Springer Nature. d) Illustration of fabricating p-type Big sSby sTe; and n-type
Bi,Se; flexible core—shell fibers. e) Infrared (IR) camera captured temperature profiles for the wearable cooling fabric with 2-pair p—n TE legs. The input
current is 2 mA. f) Corresponding simulated and experimental AT. Reproduced with permission.[?2l Copyright 2017, Elsevier.

Compared to the film-based TECs, fiber-based TECs exhibit
potentially higher flexibility and comfortability because of their
1D characteristics.??8] There are various types of TE fibers,
including carbon-based fibers such as carbon nanotubes, 202203l
semiconductor-based fibers (freestanding and core—shell-
structured),®2%4  oxide-based fibers,2%>20% coated glass
fibers,?”] CP-based organic fibers,?*! and inorganic/organic
hybrid fibers.?% Figure 7d illustrates the fabrication of p-type
Bi( 5Sb; sTe; and n-type Bi,Se; flexible core—shell fibers by ther-
mally drawing hermetically sealed high-quality inorganic TE
materials in a flexible fiber-like substrate.?l The as-fabricated
TE fibers are intrinsically crystalline, highly flexible, ultralong,
and mechanically stable, which maintain the high TE proper-
ties as their bulk counterparts. Figure 7e shows infrared camera
captured temperature profiles for the wearable cooling fabric
with 2-pair p-n TE fiber legs.?? By an input current of 2 mA,
a AT,y of =5 K can be achieved,?? as shown in Figure 7f. The
corresponding simulated data are provided for comparison.l??!
These results indicate that TE fibers and related TECs pos-
sess great potential for wearable applications such as personal
cooling.

3.3. Superlattice-Based Device

Superlattice is a periodic structure of layers of normally two
materials, and the thickness of each layer is several nanome-
ters, such as Bi,Te;/Sb,Te; (10/50 A) superlattice as shown in
Figure 8a.?l Such a structure has been proven to offer higher
u since the effect of interface scattering can be eliminated or

Small Methods 2022, 6, 2101235

2101235 (9 of 21)

minimized,"” benefiting the high ZTs as reported.’'d The
superlattice structure has two main structures, which are par-
allel (in-plane) and perpendicular (cross-plane) to the film
plane." The different structures apply different mechanisms
to improve ZT.'! In-plane structures normally increase
phonon interface scattering to reduce phonon thermal conduc-
tivity while applying quantum size effect to increase electron
performance for higher ZT. Cross-plane structure has strong
interfaces for reflecting phonons and also minimizing the
interface scattering of electrons, together with electron energy
filtering and thermionic emission to improve the electron per-
formance for higher ZT.I Therefore, superlattice-based TEDs,
especially for miniature or micro-TECs,?!% have been regarded
as promising candidates for local cooling. It was reported that
the p-type Sb,Te;/Bi,Tes-based superlattice has been success-
fully fabricated and can integrate can integrate into the on-chip
cooler with an n-type &doped Bi,Te;,Se,.>13] Figure 8b illus-
trates a Bi,Te; superlattice-based TED and a scanning electron
microscopy image of the as-fabricated superlattice, which was
heteroepitaxially grown using metalorganic chemical vapor
deposition.¥ Figure 8c shows both experimental and predicted
AT of TEC composed of p-type Sb,Te;/Bi,Te; superlattice and
n-type &-doped Bi,Te;.Se.'3] By an input current of up to 15 A, a
AT, of =45 K can be achieved.

Considering the high cost of electrical energy, multiple TE
units can be designed and integrated. Figure 8d illustrates the
fabrication of a 7 x 7 superlattice TE array, by which a AT,,, of
15 K can be achieved at a reduced current of 3 A"l Each TE
module is comprised of p- and n-type elements with Cu elec-
trodes and AIN as the plates.'"3] Figure 8e shows measured
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Figure 8. a) Transmission electron microscopy (TEM) image of a Bi,Tes/Sb,Te; (10/50 A) superlattice. Reproduced with permission.'! Copyright 1999,
American Institute of Physics. b) Illustration of a Bi,Te; superlattice-based TED and a scanning electron microscopy (SEM) image of the superlattice.
c) Experimental and predicted AT of the thermoelectric cooler (TEC) composed of p-type Sb,Te;/Bi,Te; superlattice and n-type &-doped Bi,Te;,Se.
Reproduced under a Creative Commons Attribution 4.0 International License.®l Copyright 2016, the Author(s). Published by Springer Nature. d) Illus-
tration of fabricating a 7 X 7 superlattice TE array. Reproduced with permission."l Copyright 2009, Springer Nature. €) Measured ATs of 50 X 50 um?
SiGeC/Si superlattice-based TEC at various heat sink temperatures. Reproduced with permission.?'l Copyright 2001, American Institute of Physics.
f) Comparison of ATs of p-type Sb,Tes/Bi,Te; conventional bulk and superlattice. g) The potential COP as a function of ZT in different scales of appli-
cation. h) IR images of spots cooling/heating with p-type superlattice-based TEC. Reproduced with permission.l'?l Copyright 2001, Springer Nature.

ATs of 50 x 50 um? SiGeC/Si superlattice-based TEC at var-
ious heat sink temperatures, in which a AT, ., of =7 K can be
achieved by a current of only 500 mA when the temperature of
the heat sink is 100 °C.2" Figure 8f compares ATs of p-type
Sb,Te;/Bi,Te; conventional bulk and superlattice.l’”! ATs of
superlattice-based TEC is much higher than that of conven-
tional bulk-based TEC, while a higher hot-side temperature
can further enhance AT. The ATs can achieve 32.2 and 40 K
when the hot side is =298 and 353 K.'?/ In terms of the COP
of superlattice-based TECs, Figure 8g shows potential COPs as
a function of ZT in different scales of application.” At a small
scale, a COP of =2.5 can be achieved by Bi,Te;/Sb,Te; super-
lattice-based TECs, owning to the high ZTs of superlattices
(=2.4 at 300 K).'”l Figure 8h shows infrared images of spots
cooling/heating with p-type superlattice-based TEC,2 which
clearly show the cooling/heating effects by the devices."?! There-
fore, superlattice-based TECs are promising candidates for
small-scale cooling applications such as computer processors,
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radio-frequency power devices, quantum cascade lasers, and
DNA microarrays.["*!

4. Application

With the rapid development of the TEC technique, the appli-
cations of TECs have successfully integrated into human
life. Because of their characteristics such as low toxicity, free
of noise, mechanical component, working fluid, and chem-
ical reaction, and good durability without maintenance in
the long term, TECs are especially suitable for cooling wear-
able and miniature electronics,?*3% central processing unit
(CPU),B537404] TED light.*346197 dryer,’®l refrigerator,™ bat-
tery pack#485122] and even air conditioner.?’?) By further
improving the performance and stability of TEC, it can be
regarded as the main role in the field of biomedicals,*® green
building,” and smart city.?"?!
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4.1. Conventional Cooling

Conventional applications of TECs involve using commercial
TECs composed of conventional Bi,Tes-based bulk materials.
In other words, during conventional cooling, commercial TECs
act as fixed components in the cooling system. Till now, based
on various system designs, commercial TECs have been suc-
cessfully employed in commercial products in the market, such
as wine cabinets, mattresses, dehumidifiers, portable refrigera-
tors, battery cabinets, cosmetic boxes, testing equipment, and
instrumentation.

In addition to acting as fixed components in commercial
products, commercial TECs can also be used for designing
future products with huge market values. One concept for the
application of commercial TECs is the green building with
potential carbon neutrality, which is regarded as an impor-
tant part of the smart city in the future.l®? TECs are regarded
as the most potential candidate for green building since the
advantages of free CO, emission. Figure 9a illustrates the basic
concept of the green building, in which a TEC-based ventila-
tion system is driven by a concentrated photovoltaic CPV-TEG
system. CPV-TEG is one of the most impressive drivers for
the ventilation system in the green building and can effec-
tively achieve zero-emission." For the working principle, PV
panels are applied to absorb sunlight energy to transform into
electric power by the PV effect, and then the generated elec-
tricity is supplied to the TE ventilation system. TE ventilation
system is integrated by multiple parallel TECs and channel air
ducts in each column, in which the supply air duct is close to
the cold side of TECs to provide the cooling air. The dissipa-
tion air duct is close to the hot sides of TECs to discharge the
excess heat generated from TECs. In winter, the ventilation
system can also provide heating air with the converse direction
of electric current. The whole ventilation system was predicted
to only discharge about 29.6 kg CO,, which is much lower than
conventional fuel oil (411.42 kg), coal (540.71 kg), and natural
gas (245.60 kg)." Moreover, the system has been evaluated
and able to have impressive performance. The efficiency of the
ventilation system is highly related to the ZT values of the TE
units, and the potential maximum COP can reach 4.17 at a AT
of 20 °C.74 Such an outstanding performance suggests that the
TEC may become the main research direction for the function
of heating and cooling in the green building. Furthermore, by
a combination of TECs, solar panels, heat exchange units, and
electronic control units, a solar water condensation system can
be built, which is self-powered and can be used in isolated and
desert areas to condensate water from the surrounding humid
air.'?%l However, compared with conventional water conden-
sation methods, TEC-based systems may cost more electrical
energy, which should be an issue that needs to be considered
during application.

In addition to the green building and water condensation,
conventional TECs can be integrated into large electronics such
as air conditioners,*'? refrigerators,®” and dryers."®l It was
reported that an integrated model of TEGs, TECs, and battery
packs has been developed for replacing the conventional air
conditioner in vehicles. The TEGs absorb the waste heat from
the engine and convert it into electric power and then collabo-
rate with the battery pack to support the operation of TECs.?12!
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The evaluation of power consumption was conducted through
the road test and proved that the TECs-based air conditioner
can effectively reduce the power consumption by 45.8% com-
pared with the traditional air conditioner.??l Except for the
air conditioner, TECs can be integrated into the refrigerator to
replace part of the traditional vapor compression components.
Figure 9b shows the schematic diagram of a TEC employed in
a refrigerator. Such a refrigerator is free of freon and working
fluid, which can effectively reduce the emission of CO, and
extend the cycle of maintenance. The hybrid refrigerators can
effectively cool 175 kg of loads to the desired temperatures
with lower noise, and the cooling time is 30-40% less than the
conventional refrigerator with only vapor compression.’¥ Fur-
thermore, the hot sides of TECs can also be used as heaters. In
most recent, TECs are integrated as heat pump into the vapor
compression dryers. Hybrid dryers can dry 2.95 kg of cloth with
6.51 Ibc kW h™" and around 159 min."® These results prove the
function of TECs, although the efficiency of the hybrid dryer is
still lower than a conventional dryer.

With the rapid development of the internet, most electronics
and infrastructure have been able to connect to the internet and
operation under the evaluation and analysis of the digital algo-
rithms, therefore there are amounts of researches toward the
smart TEC application due to its precise thermal management
and efficient temperature response.l?¥ It was reported that a
TE-based air-conditioning (TE-AC) system smartly controlled
by IoT can effectively improve the cooling capacity by 14% and
COP by 46.3%.213] Similarly, the smart TECs can also be used
for cooling server hosts since the increase of internet traffic
and usage results in the amounts of heat, which can reduce the
efficiency of the hosts. Lack of long-term precise temperature
control can damage the server hosts and cause the interruption
of the internet, leading to severe results in smart cities. Hence,
TECs have been a critical part of smart cities in the future.

From the aspect of medical application, TECs are espe-
cially suitable for tissue cooling due to their advantages of
lower energy consumption under a small temperature differ-
ence.’”) Meanwhile, TECs can be applied to the cold wrapper
for treating swelling and inflammation.”® The ability of pre-
cise temperature control and free of hazardous materials make
TECs the most potential medical cooling implants. Figure 9c
shows attaching self-designed TEC modules on the human
body for localized cooling,* which can cool the human skin
up to 8.2 °C below the ambient temperature by combining
effects of heat source/sink thermal resistances and properties
of TE materials. Besides, it was reported that a cooling appli-
cation based on integrating polydimethylsiloxane and TECs
can treat the reversible brain deactivation in animals ranging
from rodents to primates.’”) The application can precisely fit
the various geometry of the targeted cortical area, and the TECs
can provide precise temperature control for supporting the
mediating cessation of neural signaling in acute preparations of
rodents, ferrets, and primates.’ A similar application was also
reported for curing epilepsy and can cool the cortical surface
to 22 °C in 30 5.2 The results further proved the sufficient
good performance in the miniature TECs and the possibility
of curing epilepsy as an implantable system for humans in
the future.?' However, the relatively low COP and unknown
effect on the brain function and histology of these applications
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Figure 9. a) Schematic diagram of a thermoelectric cooler- (TEC-) based ventilation system driven by the concentrated photovoltaic-thermoelectric gen-
erators (CPV-TEG) for green building operations. Reproduced with permission.’ Copyright 2020, Elsevier. b) Schematic diagram of a thermoelectric
cooler (TEC). Reproduced with permission from https://hvactutorial.wordpress.com. c) TEC modules on the human body for localized cooling. Repro-
duced under a Creative Commons Attribution 4.0 International License.B"l Copyright 2019, the Author(s). Published by Springer Nature. d) Schematic
diagram of an experimental test of active-cooling light emitter diode/TEC prototype by an automated measurement system. Reproduced with permis-
sion.™l Copyright 2016, Elsevier. €) CPU cooling using TEC with a water-cooled heat sink. Reproduced with permission.?>! Copyright 2016, Elsevier.

are still the main challenges for the implanted devices and epi-
lepsy cures. It should be noted that the requirements for using
TEC-based devices in the human body are extreme, especially
for implantable TECs since the human body is very sensitive to
such implanted devices. Therefore, it may be relevant as a long-
term vision for the mature application of implantable TECs. In
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addition to the implants, TECs show potential to integrate with
cryo-scalpel, medical cryogenic freezing mattresses, and biore-
actor due to the precise temperature control, small size, and
flexibility.

As discussed above, large-scale TECs mainly target
greenhouses, large electronics, and industrial uses such as
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communications, while medium-scale TECs mainly target
personal, medical, and biological uses. In terms of small-scale
TECs, commercial miniature TECs can be applied for locally
cooling the LED lights and computer processors. For example,
Figure 9d shows a schematic diagram of an experimental test
of active-cooling LED/TEC prototype by an automated measure-
ment system.* Generally, LEDs requires more heat flux to pro-
vide higher light level according to daily usage, but the overheat
of LEDs has become an issue. The cooling system that com-
bines the TEC and corona wind cooling (CWC) was developed
to solve this problem. It was reported that the well-coupled TEC
and CWC can effectively maintain the temperature of LEDs
below 80 °C.1*l As well, two combinations containing TEC
with the water-cooled microchannel heat sink (WMHS) and
LED with the air-cooled heat sink were reported.3! TECs with
WMHS have a higher performance of thermal management on
LED, which can promise the temperature of LED below 60 °C,
even though in the high-temperature environment.*?l In addi-
tion to actively cooling LEDs, TECs can also efficiently cool
processors. Figure e illustrates CPU cooling using TEC with
a water-cooled heat sink.’>! Similarly, an integrated TEC with a
heat pipe as a heat sink can effectively cool the CPU by =15 K,
proving that TECs can exhibit higher performance and lower
cooling noise (below 40 dB) than the conventional cooling
methods.

4.2. Personal Thermal Management

Personal thermal management (PTM) involves active personal
cooling, heating, insulation, and thermoregulation, as illus-
trated in Figure 10a.?"] Compared with traditional air/liquid
cooling garments for the human body, TEC-based wearable and
small electronics mainly focus on portable and wearable PTM,
which can realize instant heating/cooling. Therefore, PTM
is highly desirable for improving individual thermal comfort
and reducing indoor heating, ventilation, and air conditioning
(HVAC) energy consumption.l?? Generally, commercial TECs
can be conveniently integrated into other functional electronics
to realize the functions of PTM. For example, Figure 10b
shows a 3D structure of the TE energy conversion unit assem-
bled with a control unit that contains a heating/cooling mode
switch button and a rotary knob for air volume control,*2 while
Figure 10c illustrates the personal cooling and heating realized
by the unit.3? In this PTM system, two heat sinks are installed
on both sides of the TEC, which is composed of tens to hun-
dreds of p—n elements. The duct flow provided by the blower
on the supply side supplies air to the garment system, while
the exhaust flow on the discharge side is used to accelerate
heat transfer. The weight of the PTM system is <1 Kg, which is
highly portable. Meanwhile, the as-designed PTM can provide
the maximum personal cooling of 2.5 °C by a COP of >0.4 and
personal heating of up to 5 °C, which can potentially save =15%
HVAC energy without compromising thermal comfort. Simi-
larly, it was reported that a portable TEC has been developed
that can supply cool and warm air according to the demand of
people.B% In most recent, Sony released a personal TEC that
can be worn on the middle back below the neck, the cooling
function is from the internal TE unit that can effectively cool
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or heat the human body temperature (https://reonpocket.sony.
co.jp/). It was reported that the Sony wearable cooler can cool
body temperature around 5 K in summer and raise the body
temperature around 7 K in winter.

To further improve the performance and comfortability of
PTM, self-designed flexible TEDs can be integrated into PTM
systems. Embedding the as-designed TEDs into the stretch-
able Ecoflex sheets can ensure a lower thermal resistance in the
TEDs while having sufficient flexibility.>3! The stretchable Eco-
flex layer can support the bending of the human arm and closely
adhere to the human skin, which promises comfortability and
cooling efficiency, as shown in Figure 10d.3%] Figure 10e is an
IR image of the TED at hot-side temperature when worn on
the human arm, which verifies that the heat energy is trans-
ferring from the human skin to the TED and dissipating to
the environment.33 After removing the TED, the human skin
shows a residual cooling effect, which can still induce 2.5 °C
of cooling.’¥l The optimum current observed is lower than
—80 mA, and can lead to a maximum cooling of >13 °C.%l In
addition to indoor PTM, the as-designed flexible TEDs can
be used for outdoor PTM. Figure 10f shows a schematic dia-
gram of the TED armband integrated with the flexible battery
pack for mobile thermoregulation.*¥! To investigate the effect
of various convection and metabolic conditions, the device was
tested under three realistic conditions, namely, sitting indoors,
walking indoors, and walking outdoors under mild wind condi-
tions, as shown in Figure 10g.** The maximum cooling effect
is 6 °C on the skin. During the ambient temperature varied
from 22° to 36 °C, a comfort temperature of 32 °C can be main-
tained on the skin, indicating good outdoor PTM performance.

4.3. Chip Thermal Management

Chip thermal management (CTM) involves smart thermoregu-
lation of chips based on active cooling and waste heat collec-
tion. A rationally designed CTM system can effectively maintain
the chip at the optimal working temperature, maximize the
working efficiency of the chip, and extend the service life of
the chip. With the development of big data and 5G commer-
cialization, 5G networks serve mobile phones, facilitate smart
manufacturing factories, unmanned driving, and the Internet.
However, the transmission capacity, transmission speed, and
information processing speed will be more stringent than
previous generations of communications, which put consider-
able pressure on maintaining the operations of 5G chips. The
thermal management of 3G and 4G electronic products is rela-
tively monotonous, and thermally conductive silicone sheets
are generally used; while for 5G chips, the requirement of CTM
has become tougher. In this situation, the TEC-based CTM
system is a potential candidate to solve this issue.

Similar to PTM, commercial miniature TECs can be con-
veniently integrated into chips to realize the functions of CTM.
For example, Figure 11a illustrates the temperature distribution
in Compaq Alpha 21364 processor under executing a software
load. Tt can be seen that there is a localized heat spot on the
chip, therefore a special design of CTM structure is needed
according to the size and heat distribution of targeted chips.
Figure 11b illustrates a 5 x 5 TE module for on-chip cooling,
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Figure 10. a) Schematic illustration of thermal analysis for personal thermal management (PTM). Reproduced with permission.2' Copyright 2020,
Wiley-VCH GmbH. b) 3D structure of the thermoelectric energy conversion unit assembled with a control unit that contains a heating/cooling mode
switch button and a rotary knob for air volume control. ¢) Illustration of the personal cooling and heating realized by the unit. Reproduced with permis-

sion.32 Copyright 2020, Elsevier. d) Schematic diagram of a TED armband.

e) IR images of the TED armband (hot side) during cooling at current | of

160 mA on the arm. f) Schematic diagram of the TED armband integrated with the flexible battery pack. g) Skin temperature variation by TED cooling
under three different conditions. Reproduced with permission.133l Copyright 2019, AAAS.

which can be composed by arrays of miniature commercial
TEDs, as shown in Figure 11¢. Figure 11d illustrates the TEDs
act as both TEGs and TEC that cover on a 15 X 15 mm? chip
surface.”) One TED that acts as a TEC is covered on the heat
spot of the chip, while the other TEDs act as TEGs to collect
waste heat from the chip and convert it into electricity to power
the TEC, forming a sustainable cooling system. Figure 1lef
exhibits temperature contours of the chip surface in the cases
of “on” and “off” of the TEC-TEGs system.[l When the TEC-
TEGs system is on, the harvested electrical energy by TEGs
can power the TEC, leading to effective cooling of the whole
surface of the target chip. Sometimes the dimensions of chips
are very low, therefore commercial miniature TECs may be not
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suitable for CTM. In these situations, self-designed TECs such
as superlattice-based micro-TECs should be useful. Figure 11g
illustrates the cross-section of the electronic test package with
the Bi,Te; superlattice-based TEC attached to the underside of
the integrated heat spreader, while Figure 11h shows its photo-
graph. Figure 11i shows an IR image of the test chip when
only the localized heater is powered, illustrating the localized
high heat flux that is to be cooled by the TEC.'l The chip is a
typical silicon chip with a high heat flux of 1300 W cm=2. The
as-designed TEC can realize a 15 °C cooling performance during
the chip work, indicating a promising CTM effect that can be
widely used for CTMs of other scenarios such as insulated gate
bipolar transistors and microbattery components in electronics.
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Figure 11. a) Temperature distribution in Compagq Alpha 21364 processor under executing a software load. Reproduced with permission.l*l Copyright
2019, Elsevier. b) lllustration of a 5 x 5 thermoelectric module for on-chip cooling. c) lllustration of the structure of the thermoelectric module. d) Ther-
moelectric modules act as thermoelectric generators (TEGs) and thermoelectric coolers (TECs) that cover on a 15 x 15 mm? chip surface. Temperature
contours of the chip surface in the cases of e) “on” and f) “off’ of the TEC-TEGs system. Reproduced under a Creative Commons license.*% Copy-
right 2020, Elsevier. g) Illustration of the cross-section of the electronic test package with the superlattice-based TEC attached to the underside of the
integrated heat spreader. h) Photograph of an electronic package with the TEC beneath the heat spreader. i) IR image of the test chip when only the
localized heater is powered, illustrating the localized high heat flux that is to be cooled by the TEC. Reproduced with permission."l Copyright 2009,

Springer Nature.

5. Conclusion, Challenge, and Outlook

Benefiting from its irreplaceable flexibility, diversity, reliability,
and many other advantages and characteristics, TECs have
become key technologies that support many modern indus-
tries. From the viewpoint of commercialization, as a relatively
mature solution, TECs can be widely used in consumer elec-
tronics, communications, medications, automobiles, industry,
aerospace, oil and gas mining, and many other fields. In recent
years, the research on high-performance, low-cost, eco-friendly,
and multifunctional TECs has received extensive attention from
researchers. The as-focused research objects involve almost all
fields, such as military, science, aerospace, industry, agriculture,
medical and health, biochemical, and daily necessities. PTM
and CTM are two of the most promising research fields based
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on flexible and miniature TECs, especially in the field of com-
munications, high-performance micro-TECs have been a hot
research topic by the rise of 5G network construction in 2019
since high-performance and high-reliability miniature TECs
are especially promising solutions for temperature control of
optical modules in 5G networks. The current research on TECs
is still limited to TE materials, the maximum cooling capacity,
and maximum cooling efficiency, while the heat-dissipation of
the hot side has also been a research hot spot and difficult point
of TECs. In addition to materials, researchers mainly focus on
the research and development of module structural design and
manufacturing, and system optimization. Therefore, the con-
tinuous research on new theory and new technology of TECs is
of significance to tackle these issues, which are the main goals
of current and future research of TECs.
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with permission.l Copyright 2018, IEEE. For application: Commercialization; Reproduced with permission.> Copyright 2016, Elsevier. CTM (chip
thermal management); Reproduced with permission.?'8 Copyright 2018, Elsevier. PTM (personal thermal management); Reproduced with permis-

sion.32 Copyright 2020, Elsevier.

It should be noted that there is still a considerable challenge
in developing TECs. The research of TECs involves the principle
of heat transfer, the laws of thermodynamics and the Peltier
effect, and many other factors such as the ZT of the material,
the multistage structure, the optimal design of the cold and
hot sides, etc. These various factors are complementary to each
other, therefore the research of TECs has always faced many dif-
ficulties. First of all, the performance of TEC materials depends
on their ZT values, but the three key parameters (o, S, and )
that determine the ZT are all functions of temperature, and
are strongly coupled together. Meanwhile, ZT is sensitively
dependent on the material type, composition, doping level, and
micro/nanostructure. It is difficult to achieve high near-room-
temperature ZT by simultaneously optimizing S?c and sup-
pressing k. Therefore, the research of high ZT has always been
a challenge in the research of TECs. Second, TECs are system-
atic processing with many parameters and complex changes in
operating conditions. Geometrical structure parameters, as well
as heat dissipation and heat transfer, have a great influence on
the final performance of TECs. It is difficult to meet various
needs by conventional experimental methods. During designs
of TECs, different working conditions should be comprehen-
sively considered to determine the best solution. Furthermore,
according to the principle of heat transfer and the laws of ther-
modynamics and the Peltier effect, the temperature difference
between the cold and hot sides of TECs has a great influence
on the heat and cold transfer of TECs. Poor heat transfer per-
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formance at both sides will greatly reduce the cooling capacity
under the same power, which cannot meet the requirement
for practical application. Therefore, increasing the heat dissipa-
tion of the cold and hot sides has become an issue. In conclu-
sion, the difficulties of a rational TEC design involve developing
TEC materials with high ZTs, interrelated parameters, and the
design of heat dissipation at the hot and cold sides.

In terms of the outlooks for the future development of TECs,
we summarize the following key points, which are schemati-
cally illustrated in Figure 12.[3342146,151180,186,193,216-218]

1. Investigatingadvanced materials. The near-room-temperature
ZTs of current BST-based TE materials need to be further
improved by rational compositional and structural designs
while exploring new-type alternative high-performance near-
room-temperature TE materials is also important to further
reduce the cost and improve the mechanical stability of both
materials and TECs. Computational assisted approaches are
useful for designing new TEC materials or improving the TE
performance of current TEC materials. Besides, in addition
to developing bulk-based TEC materials, other types of mate-
rials such as 1D fibers, 2D thin/thick films and superlattices,
CPs, and organic/inorganic hybrids also exhibit characteri-
zations to be potentially employed in flexible/wearable and
miniature TECs that target broader applications.

2. Novel design of heat sinks. To achieve better cooling perfor-
mance, the dimensions and materials of conventional metal
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fin-based heat sinks should be further perfected. Meanwhile,
to achieve higher thermal dissipation ability, new-type heat
sinks such as PCMs and flexible inorganic/organic foams are
promising alternatives that target different application sce-
narios. Besides, in addition to water and fan that act as tradi-
tional cooling mediums, novel medium such as nanofluid is
also valuable to be explored. Furthermore, good adhesion be-
tween the heat sinks and TE modules is critical for ensuring
high reliability of the TEC. Therefore, designs of joints and
adhesion between the base plates and TE module require to
be further explored to increase the reliability and service life
of TECs.
Advanced structure and fabrication technique. Till now, TECs
have been developed with different types that target various
application scenarios, including conventional solid-state
bulk-based TECs, thin-film- and fiber-based flexible TECs,
and superlattice-based miniature and micro-TECs. However,
regardless of the TEC type, a reasonable device structural de-
sign and system optimization are required to maintain sta-
ble cooling performance. Till now, there are few studies on
the optimal design of the cooling system at the hot and cold
sides, and the design of TEC is mostly at the stage of theo-
retical calculation. It is necessary to continuously in-depth
research on the design of TEC modules and the optimization
of system performance. With the rapid development of sci-
ence and technology, the size of the target that needs to be
cooled is either becoming larger or becoming smaller, and
some targets are becoming increasingly complicated, there-
fore multiple factors need to be considered during a device
structural design, such as filling factor, a combination of dif-
ferent TE materials, electrode materials, new sealants and
welding technique, and solid/flexible substrates. Oxidization-
and moisture-proof are also needed to be considered when
applying TECs to some harsh environments. TEC is a typi-
cal interdisciplinary subject that requires different aspects of
knowledge to cooperate and make progress together.

4. Expanding applications of TECs. Goals of developing ad-
vanced TECs are to apply them to scenarios that need sol-
id-state cooling without noise and toxicity. According to the
report data of MarketsandMarkets (https://www.marketsand-
markets.com), from 2017 to 2019, the market of TE system
was 399 million U.S. dollars, 426 million U.S. dollars, and
460 million U.S. dollars, respectively, and it is expected to
reach 741 million U.S. dollars in 2025. Most of which target
consumer electronics and communications markets. In ad-
dition to these markets, TECs can be potentially widely used
in many other fields. In the medical field, TECs can be used
for precise temperature control of various instruments in
laboratories such as cold compress equipment, portable in-
sulin boxes, portable medicine boxes, and PCR testers. In the
automotive field, TECs can be used for vehicle refrigerators,
thermostat cup holders, thermostat seats, and thermal man-
agement of human—computer interaction systems, power
batteries, and sensors. In the industrial field, TECs can be
used for precise temperature control of flue gas cooling,
charge-coupled device image sensors, laser diodes, and dew
point testers. In the field of aerospace defense, TECs can be
used for temperature control of detectors and sensors, cool-
ing of laser systems, temperature adjustment of flight suits,

Small Methods 2022, 6, 2101235
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and cooling of equipment casings. Generally, the field of con-
sumer electronics is the main practical application direction
of TECs, while the communication field is the key develop-
ment direction in the future.
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