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where L is the length of the TE leg, and TC 
and TH are the cold-side and hot-side tem-
peratures, respectively. The term ZT  is the 
average value of ZT, the TE device figure 
of merit, between the hot and cold sides 
and is defined as
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where α, R, K, T are Seebeck coefficient, 
electrical resistance, thermal conductance, 
and absolute temperature. This device 
parameter also contains parasitic electrical 
contact resistance and thermal contact 
resistance (TCR). Furthermore,
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where σ, κph, and κel are the electrical conductivity, phonon 
thermal conductivity, and electron thermal conductivity, 
respectively, and zT defines the respective TE materials’ 
figure of merit. Clearly, a higher ZT corresponds to a better 
performance in power generation and cooling.

The thermoelectric technique is highly reliable due to 
their solid-state nature. There are no moving parts; therefore, 
the devices are quiet, scalable, and lightweight. By simply 
changing or reversing the current, the TEC can be applied 
to cooling, heating, and temperature controlling to an accu-
racy of ±0.001 °C. In addition, a TEG could effectively boost 
energy efficiency and reduce the emission of greenhouse 
gases by using waste heat as the power source. The applicable 
scenarios for TE techniques include but are not restricted to 
fossil-fuel power stations and engines, decay heat from radi-
oactive materials,[1] portable camping stoves,[2] jet engines,[3] 
pavements,[4] the human body,[5] oil and gas pipelines,[6] etc. 
In fact, if necessary, the TEG may be applicable in nearly 
every field of industry and private life,[7] which suggests great 
potential or TE technique for numerous applications. Inter-
ested readers are referred to the review by Champier for more 
information.[7]

It was concluded by Bell that a ZT  value starting at 
1.5 would enable substantial waste-heat harvesting and pri-
mary power-generation applications.[8] However, up to now the 
performances of TE products have been inferior to competing 

In recent years, the substantially improved performance of thermoelectric 
(TE) materials has attracted considerable interest in studying the potential 
applications of the TE technique. Serving as the bridge between TE materials 
and applicable TE products, TE devices must be properly designed, engi-
neered, and assembled to meet the required performance of TE products for 
cooling (thermoelectric cooler) and power generation (thermoelectric gen-
erator). The principle feasibility of the TE technique has been demonstrated 
using a variety of different materials and processing technologies, and many 
different architectures of TE devices have been successfully realized. This 
review discusses the architectures of TE devices, including bulk and thin-film 
TE devices, TE devices with flexible designs, pn-junction-based TE devices 
that provide robust solutions for high operation temperatures, and the meta-
material-based transverse TE devices. In addition, the assembly of TE devices 
involves contact layers on which the reliability of TE devices depends. Thus 
solutions to contact issues, including bonding strength, contact resistance, 
and thermomechanical stress, are also reviewed.
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1. Introduction

The solid-state-based thermoelectric (TE) energy conversion 
technique is of particular interest because of its potential appli-
cation in power generation and temperature control. The pos-
sibility of converting a heat flux into an electrical current or vice 
versa is realized by a thermoelectric generator (TEG) or thermo-
electric cooler (TEC) that employs the coupled transport between 
electrons and phonons. For an ideal TE device with constant TE 
properties, the maximum heat-to-power conversion efficiency 
(ηmax) and the output power density (ωmax) are expressed as
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and the cooling efficiency of a TE cooling device is character-
ized by the coefficient of performance (COPmax)
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techniques, and the values of ZT  have been still substantially 
less than 1. Therefore, the application of TE products have 
remained limited to niche fields, such as space probes, where 
reliability overweighed the performance.

In the 1990s, Hicks and Dresselhaus proposed the concept 
for boosting zT through decreasing the dimensions of the TE 
material.[9,10] This concept was later confirmed in Bi2Te3/Sb2Te3 
superlattices and PbTe/PbSeTe quantum dot superlattices, 
where a zT as high as 2.4 was claimed at room temperature.[11,12] 
In addition, with decreased material dimensions, high zT 
values were reported even in the most common semiconduc-
tors, such as Si.[13,14] These works ignited tremendous interest 
in exploring novel materials and new concepts for improving 
TE performance.[15] However, these high zT values never trans-
lated adequately into the performance of devices. Besides, the 
synthesis of low-dimensional materials is usually expensive and 
has a low yield. Therefore, the TE community actively inves-
tigated the bulk TE materials and proposed approaches, such 
as nanobulk structuring,[16] band convergence,[17] and resonant 
levels,[18] that effectively paved the way to higher zT in the mate-
rial classes of chalcogenides,[16,19] skutterudites (SKUs),[20–24] 
half-Heusler (HH) compounds,[25–31] some silicides,[32–35] sil-
icon–germanium alloys,[36–40] etc. Moreover, since the peak zT 
values of different TE materials usually appear at different tem-
peratures, better TE performance is attainable with segmented 
TE legs of different TE materials that fit the respective optimal 
temperature range.[41–46] For example, a record high efficiency 
of ≈13.8% was reported by El-Genk et al. with segmented legs 
consisting of skutterudite and bismuth telluride.

With the improved TE materials, the importance ascends of 
designing and assembling the TE devices. However, in com-
parison with the development of TE materials, studies on TE 
devices are lagging. To develop high-performance TE devices, 
it requires not only good figure of merit (zT) of thermoelectric 
materials, but also satisfactory contacts, thermal interfaces, 
mechanical properties, interconnects, and packaging tech-
nique. Unlike TE materials where a universal quantity (zT) 
could be a good performance indicator, device consideration 
meanwhile requires a holistic approach. For instance, a lower 
thermal conductivity yields a higher temperature gradient and 
a higher internal stress due to thermal expansion; although 
shorter TE legs are favorable for power generation (see Eq. 2), 
the internal stress limits the minimum leg length below which 
the TE material could experience mechanical failure.[47] Hence, 
the thermal conductivity should be considered as a parameter 
to be tailored beyond simply reducing it to the lowest achiev-
able limits, and the role of the power factor needs to be more 
emphasized.[48–50] Certain materials, such as half-Heusler com-
pounds[25–30,51,52] and nanocrystalline silicon,[53,54] can provide a 
combination of sought for materials properties.

In this report, we review advances in TE device technologies. 
To clarify the nomenclature throughout this manuscript, unless 
otherwise specified, we refer TDG and TDC as “TE devices for 
power generation” and “TE devices for cooling,” respectively; 
while we refer TEG (TEC) as “TE products for power genera-
tion (cooling)” that includes one or multiply TDG (TDC) inte-
grated with heat exchangers, heat sources and heat sink and 
may also include control electronics. Moreover, our discus-
sion mainly focuses on TDGs, since TDCs share the same 
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device design as TDGs in most cases. As will be shown later, 
different heat sources that potentially power a TDG require a 
specific combination of materials that includes the TE material 
itself, contact materials, bonding layers, and the ceramic heat 
spreader. Beyond the choice of materials, the clever choice of 
the best TDG architecture is compulsory. The device architec-
ture comprises the TE conversion principle itself (longitudinal 
and transverse TE effects, or pn-junction TDG), the adoption 
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of the geometrical shape (cuboid or cylindrical) and size (bulk, 
thin film, or thick film), and its flexibility (rigid or flexible). 
Within this review we dedicate Section 2 to the architecture of 
TE devices.

It is equally important as device designing to address such 
issues as the reliability and lifetime of TE devices. One of 
the most, if not the most, critical failure mechanisms for TE 
devices is the strong thermomechanical stress at the interface 
between semiconductor and metal induced by long-term opera-
tion and thermal cycling.[55] In addition, for some TDGs, such 
as thin-film device, the electrical and thermal contact resist-
ances eventually dominate and greatly limit the performance of 
TE devices. These problems urge the development of a corre-
sponding contact layer for every TE material. The implemented 
contact layer should not only minimize the intrinsic parasitic 
electrical and thermal contact resistances[35,56] but also be long-
term chemically and electrically stable under extreme opera-
tion conditions, especially for generators working at high tem-
peratures.[57] A TDG cannot be applicable without successfully 
addressing contact issues like the mismatch of coefficients of 
thermal expansion (CTEs), chemical reactions, mass diffusion, 
etc. Extending the concepts for contact optimization summa-
rized by Liu et al.,[58] and incorporating the most recent devel-
opments, we dedicate Section 3 to give an overview of the strat-
egies for electrical and thermal contact design. A conclusion 
completes this review.

2. Architectures of TE Devices

2.1. Flat Bulk TE Device

As shown in Figure 1, the flat bulk TDG in its standard archi-
tecture utilizes the longitudinal Seebeck effect, where the elec-
trical current and thermal current are parallel to each other. 
The TDG has the geometrical shape of a cuboid and is built 
from massive alternating legs of p- and n-type bulk thermoelec-
tric materials, usually semiconductors. Typically, a stack of sev-

eral metallization layers on the top and bottom of the TE legs 
establishes the thermal and electrical contacts. The metalized 
legs are assembled between two partly metalized ceramic plates 
such that they are electrically connected in series and thermally 
in parallel. Mostly, alumina (Al2O3)-based ceramics are hereby 
used and are metalized by a direct plated copper (DPC) con-
tact structure. Aluminum nitride (AlN) ceramics that are cost-
lier may be preferred due to its higher thermal conductivity 
compared with Al2O3. To harvest the energy, the TDG must be 
brought into tight-fitting contact with the heat source and the 
heat sink.

The manufacturing of bulk TDGs in the conventional archi-
tecture typically involves powder processing and/or sintering 
techniques. The ball-milling and hot-pressing approach[16,19,37] 
and many other means of micro- and nanostructuring the bulk 
material[59,60] were successfully applied to a variety of thermo-
electric materials to reduce the lattice thermal conductivity and 
improve zT. The sintered bulk ingots are shaped by subtractive 
techniques, such as sawing and grinding. Typically, in a first 
step, the thermoelectric material is cut into wafers a few milli-
meters in height. Subsequently, the wafers are metalized on 
the top and bottom, for instance, by electrochemical plating. A 
second sawing process follows in which the wafers are cut into 
pieces that constitute the thermoelectric legs. These are picked, 
placed, and then soldered to the metallized ceramic plates. This 
process is demanding with respect to the geometrical require-
ments of the legs—typically several millimeters in height at an 
accuracy of only a few micrometers—and the resulting thermo-
electric generator is mechanically rigid so that the connections 
to heat sink and source require less additional engineering 
efforts.

With certain boundary temperatures and material properties 
(of both TE materials and contact material), the performances 
of flat bulk TDGs are determined by the geometric factors 
including the configuration and arrangement of TE legs. To 
optimize the geometric factors, theoretical investigations were 
studied extensively, which yields the guiding principles for the 
actual TDG design. For example, by using smaller number of 
shorter legs, similar power output per unit module area can be 
reached as with a larger numbers of higher legs, provided that 
the thermal contact resistance is negligible.[61] Hodes derived 
expressions for calculating the number and height of TE legs 
that maximizes the TDG performance.[62] Besides, TE legs with 
various shapes such as cuboid, pyramid,[63,64] exponential,[65,66] 
and quadratic[67] shapes are studied and compared. The power 
density of TE legs are suggested higher in pyramid shape than 
in quadratic and exponential shapes. Recently, Mijangos et al. 
assembled a prototype TDG based on pyramid shaped Bi2Te3 
TE legs.[68] Pyramidal legs (see Figure 2) help lowering the 
thermal conductance of the device so as to increase the temper-
ature gradient along the leg, as well as harnessing the Thomson 
effect that is largely ignored in the traditional (cuboid) struc-
ture. The measured output power shows ≈70% enhancement  
in the pyramid structure than the cuboid structure, thus 
proving the importance of geometrical configuration of the TE 
legs in the device performance.

The flat bulk structure is the most discussed device archi-
tecture, and many existing TEG prototypes are built upon this 
architecture. Waste-heat recovery from combustion engines in 
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Figure 1. Conventional flat bulk architecture of a TDG. Here, the p-type 
and n-type semiconductor materials (yellow and purple) which comprise 
the active TE material are connected electrically in series using a stack of 
metallic contact layers. The metalized TE legs are soldered between two 
substrates, which are typically made of ceramics.
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automobiles is the most discussed application of TEGs (i.e., 
an ATEG) based on flat bulk TDG. Most automotive efficiency 
studies showed the beneficial effects of ATEG integration even 
with the extra weight of the ATEG.[69] The hot side is heated by 
the waste heat or engine coolant, and the cold side of the ATEG 
is either cooled by engine coolant or by ambient air. Properly 
designed ATEGs could possibly maintain a temperature differ-
ence of hundreds of Kelvins, thus, allowing an output power 
as high as 1000 W.[70] Overall, an increased fuel efficiency of 
between 1% and 4% can be expected with the application of 
ATEGs.[71]

Another widely discussed flat-bulk-TDG-based TEG employs 
concentrated solar radiation as the heat source (i.e., a solar TEG, 
STEG) because of its abundance and high energy density. Since 
a heat exchanger is not necessary for radiative heat transfer, 
the STEG decreases the heat loss and enables a direct cou-
pling between the TEG and the heat source. The efficiency (η) 
of an STEG is a function of the radiative flux and the radiative 
coupling with the converter material that needs to be tailored 
to reduce the reradiation effects and thermal deterioration.[72–76] 
Using thermal concentration, high-performance STEGs with 
an efficiency of up to 4.6% were demonstrated.[77,78] Recently, 
Kraemer et al. reported a new record conversion efficiency of 
≈7.4% in an STEG.[46] To further increase the conversion effi-
ciency of STEGs, explorations of the photo-Seebeck effect[79] 
or the addition of plasmonic absorbers[80] are possible rou-
tines. The photodoping effect additionally offers numerous 
new pathways for photothermoelectrics and deserves further 
investigation.[81]

2.2. Cylindrical Bulk TE Devices

Another proposed design of bulk TDGs is a cylindrical shape, 
as shown in Figure 3A.[82,83] This design is advantageous for 
applications such as oil pipelines, cooling channels for power 
station transformers, vehicle exhaust pipe, etc., where the heat 
flow is in the radical direction.[83] Experimentally, Schmitz 
et al. prepared tubular PbTe modules through a current-assisted 
sintering process with specially designed sintering molds.[84] In 
2015, a company named Gentherm developed prototypes of 

cylindrical TE modules and applied them to boost the power 
efficiency of vehicles,[85] as shown in Figure 3B, and an output 
power of ≈30 W was obtainable for the individual module 
under optimal conditions.

2.3. Thin- and Thick-Film TE Devices

Micro-thermoelectric generators (µTDGs) and micro-thermoe-
lectric coolers (µTDCs) have been fabricated for more than two 
decades for applications mostly in thermal management such 
as spot cooling (as for example in Figure 4) or for the cooling of 
power electronics.[86–90] The TE materials are usually designed 
with a thickness in the micrometer to sub-millimeter range, 
therefore high densities of heat flux and cooling power are 
attainable with the proper design of heat sink and substrate. 
For high-performance cooling, AlN or diamond by a chemical 
vapor deposition technique was used as substrate material.[91] 
It was discussed that µTDCs, when operated not in steady-state 
mode but in a transient regime, could provide even higher 
cooling power because of a transient cooling effect.[92,93]

Electrochemical deposition is the most preferable technique 
for fabricating thick-film µTE devices compared with other 
deposition techniques, such as evaporation or sputtering, if 
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Figure 2. Flat bulk TDG with pyramidal legs to increase the temperature 
difference across the TE elements.

Figure 3. Cylindrical-shaped TE devices: A) design concept of the cylin-
drical TDC, as for instance proposed in ref. [83]. It contains the TE mate-
rial (yellow and purple), the metallization layers (brownish), and isolating 
in-between layers. B) A cylindrical TE device. Reproduced with permis-
sion.[85] Copyright 2016, Gentherm, Eric Poliquin.

Figure 4. Schematics of an integrated µTDC for the thermal stabilization 
of an optical device on a wafer substrate, as envisioned by Enright et al.[88] 
The p-type and n-type TE legs (yellow and purple) enclose a thermal 
spreader, surrounding the optical component, here sketched in red.
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the micrometer or sub-millimeter thick legs are deposited 
into cavities. In addition, it is comparatively inexpensive and 
compatible with complementary metal oxide semiconductor 
(CMOS) back-end technology. In fact, the first µTDCs from 
the NASA jet propulsion laboratory (Pasadena, California) 
utilized electrochemical deposition.[87] The electrochemical 
deposition of conventional TE materials has consequently 
been optimized by several groups.[87,94–96] A µTDG consisting 
of 126 TE legs of n-type and p-type (Bi, Sb)2Te3 obtained by 
electrochemical deposition was realized by Snyder et al.[97] 
They describe the fabrication of a µTDG by the sequential 
electrochemical deposition of n-type and p-type material on a 
silicon wafer. Research and development activities in this field 
comprise the different fabrication steps and the layout of the 
device.[97–101] An example for such a template-assisted local 
electrochemical deposition process is given in Figure 5.[102] 
The fabrication steps comprise patterning and depositing the 
bottom contact layer, structuring the cavities and subsequent 
deposition of the first TE material, structuring and subsequent 
deposition of the second TE material while protecting the first 
TE deposit, and followed by the structured deposition of the 
top contact (metal bridge).

Aside from electrochemical deposition methods, physical 
deposition methods in combination with lithographical struc-
turing were successfully applied for µTDG/µTDC fabrication. 
For instance, an SiGe thin-film µTDC was realized by mole-
cular beam epitaxy.[103] Employing sputtering methods, n- and 
p-type legs were processed on two separate silicon wafers that 
were then mechanically joined to form µTDGs by soldering 

or diffusion bonding.[104,105] This approach results in a planar 
arrangement of thermoelectric legs and a monolithic integra-
tion on one silicon substrate with precise control of the legs’ 
height.[105] The fabrication technique is compatible with CMOS 
technology[106–109] and thin-film processes,[110] and requires no 
additional joining techniques. Planar deposition techniques 
were combined with fabrication processes of 3D/anical systems 
to achieve a modular generator platform, which is more flexible 
with respect to the selection of materials and geometry.[111–113]

High internal resistances on the order of, in the worst cases, 
up to MΩ[107,114–116] and a complex fabrication technology[114,116] 
are intrinsic problems of µTE devices. Typically, several lithog-
raphy and deposition steps are required, sometimes additional 
mechanical polishing and/or handling steps, and processing 
is conducted mostly in clean rooms[96,101] or at least in a suf-
ficiently clean lab environment.[102] This provides a certain 
obstacle to its application.

2.4. Flexible TE Devices

The fabrication of TE devices by innovative manufacturing 
techniques aims at mitigating the typical inflexible design and 
cost-intensive conventional and subtractive manufacturing 
techniques. The result is that TE devices are in a flexible shape. 
To name only the most important ones, the manufacturing 
techniques comprise printing, additive manufacturing, thermal 
spraying, melt-mixing of composites, metallurgical processing 
techniques, and laser-aided restructuring.

Because of the high demand for TE mate-
rials that allow for flexible and wearable TEG 
concepts, a multitude of novel materials 
and composites with competitive TE proper-
ties has emerged in recent years. Compared 
with traditional TE materials, the advantages 
of polymers are evident: they contain abun-
dant elements and are widely available, they 
are flexible and can be easily processed into 
different shapes, and they are also intrinsi-
cally low in density and thermal conduc-
tivity. Therefore, TE devices made from 
organic electronics or using composites with 
one organic component are currently an 
emerging topic, with the focus on flexible 
electronics.[117–123]

There are several polymers that are capable 
of TE applications, such as the use of intrin-
sically conductive polymers like poly(3,4-eth-
ylenedioxythiophene): poly(styrenesulfonate) 
(PEDOT:PSS) or polyaniline (PANI). These 
compounds were recently proposed to be 
semimetals, explaining in part their good 
TE properties.[124,125] The TE properties of 
polymers could be further optimized in com-
bination with conductive additives;[126–139] 
meanwhile, there are only a few attempts 
toward melt-mixed composites because of the 
low values of electrical conductivity.[140–145] 
Because of the poor properties of the n-type 
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Figure 5. A–D) Schematic process flow to fabricate a µTDC, simplified and adapted from ref. 
[102]. A) The deposition of n-type TE material on an Au substrate, B) deposition of p-type TE 
material on an Au substrate, C) deposition of the metal bridge, and D) the final µTDC, after 
removing the superfluous Au substrate that is deposited on an Si wafer by photolithography. 
In panels (A)–(C), the photoresist is partially shown for better clarification.



www.advancedsciencenews.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700256 (6 of 17)

www.advmattechnol.de

material, organic TE devices are sometimes constructed as a 
single leg p-type TEG rather than the more common p- and 
n-type design.[146]

Flexible and foldable TE devices were also realized by 
embedding conducting polymers into carbon nanotube webs. 
Composites made of multiwall carbon nanotubes (CNTs) and 
PEDOT:PSS demonstrated power factors of 155 µW m−1 K−2, 
competitive with lead telluride at room temperature.[147] The 
power factors and zT were additionally increased by deco-
rating the composite with Au nanoparticles. A zT of ≈0.2 was 
obtained for Au-doped CNT/PANI, and device prototypes from 
these optimized webs were constructed.[148] Through properly 
introduced surface functionalization, both n-type and p-type 
properties were realized in CNT webs, with which a flexible 
TDG was constructed.[149] A planar TE device was realized 
using CNT films with a localized doping technology. Hereby, 
polyethylenimine (PEI) solution was locally drop casted onto 
the CNT film to switch the doping type from p-type to n-type, 
and extraordinary high power factors up to 10−3 W m−1 K−2 of 
both p-type and n-type material were achieved.[150] Similarly, an 
all-carbon nanotube flexible TDG was demonstrated that used a 
CNT-yarn, functionalized with PEI and iron chloride for n-type 
and p-type doping, respectively.[151] Also a graphene-based TE 
paper intermixed with organic and inorganic components[152] 
showed high flexibility and high chemical stability.

Recently, printable and/or paintable TE devices were 
reported and showed unique adaptabilities to random geom-
etries of heat sources. For the printing of devices, the chal-
lenge is to ensure good electronic transport. The design of inks 
and pastes in terms of physical properties, such as wettability 
and viscosity, and the choice of proper binder and filler mate-
rials are critically important.[153] Composites of organic binder 
and inorganic filler constituents so far provide the best trade-
offs of these partially conflicting properties, ensuring good 
electronic transport together with good processability. Pastes 
of mature TE materials, such as Bi2Te3 and Sb2Te3, were uti-
lized in established screen printing processes, and flexible 
devices on Kapton foil were demonstrated.[154] In combination 
with epoxy, they demonstrate a room temperature zT of up 
to 0.4;[155,156] in another combination, with PEDOT:PSS, they 
approach zT ≈ 0.2157 and ≈0.4 after a chemical treatment.[158] By 
employing a hydrogen anneal on a screen-printed BiTeSe film, 
a zT of ≈0.9159 was realized, and TE devices were successfully 

fabricated by this processing technique.[159] Furthermore, a 
high mechanical stability was demonstrated in solution-pro-
cessed composites using plastically reinforced PEDOT:PSS 
together with Bi0.5Sb1.5Te3 nanocrystals.[160] Printable pastes of 
chemically sintered Bi2Te3 achieved zTs of 0.67 and 1.21 for n- 
and p-type materials, respectively, with Sb2Te3 as the sintering 
aid.[161] Besides, to realize the concept of wearable TEGs using 
TE pastes, silk fabric was proposed as the carrier where the TE 
material was deposited on both sides of a silk fabric to form TE 
columns.[162]

Another design for flexible TE devices incorporates a 2D 
hybrid superlattice of TiS2 layers and hexylamine molecules.[163] 
The TiS2 layers were intercalated in the hexylamine molecules 
through a solution-based synthesis procedure. This design 
enables large-area free-standing TE foils. The obtained power 
factor of ≈230 µW m−1 K−2 is particularly high for a flexible TE 
material. A higher power factor of 450 µW m−1 K−2 and zT ≈ 
0.28 were obtained at 100 °C in a similar design with the com-
position TiS2[(hexylammonium)0.08(H2O)0.22(DMSO)0.03]. Such 
a high zT is close to the most promising p-type organic TE 
material, i.e., PEDOT-PSS, thus showing the robustness of the 
hybrid-superlattice concept.[164] Except for TiS2, other 2D dichal-
cogenides, such as WS2 or NbSe2, were identified as potential 
materials for flexible and wearable TEGs.[165]

Figure 6 exemplarily shows some flexible TE devices. One of 
the first examples of a fully flexible, rolled up TDG consisting of 
metal films on a polyimide foil was realized by Weber et al.[166] 
(Figure 6A). The coiling-up of the foil yielded a high voltage on 
a small area and was therefore chosen as a design principle. A 
more recent realization of a fully flexible TDG on polyimide foil 
is shown in Figure 6B and uses ink-jet printing.[167] The inks 
consist of optimized formulations based on conventional TE 
nanopowders. A prototype using carbon nanotube–polystyrene 
composite is shown in Figure 6C.[168]

The huge variety of materials’ compositions and pro-
cessing opens the door for novel functionality. For instance, 
by immersing a porous polyurethane microstructure frame 
with organic TE material (PEDOT:PSS), a combined tem-
perature and pressure sensor was demonstrated that indepen-
dently senses both parameters with high accuracy under mixed 
stimuli.[169]

A special kind of a flexible TDG is sometimes called an “Ori-
gami” TDG (Figure 7A,B), which is printed on a foil in such 

Adv. Mater. Technol. 2018, 1700256

Figure 6. Flexible TE devices. A) A coin-shape coiled-up TDG. Reproduced with permission.[166] Copyright 2016, Elsevier B.V. B) A TDG foil with opti-
mized TE inks produced by an ink-jet printing technique. Reproduced with permission.[167] Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. C) A prototype TEG using carbon nanotube–polystyrene composite. Reproduced with permission.[168] Copyright 2013, AIP Publishing LLC.
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a way that it can be shaped to fit various heat sources and 
heat sinks by folding.[170] A company named Otego GmbH 
(Germany) produces this kind of Origami TDG with the poten-
tial application to replace batteries.[171]

2.5. Wearable TDG

Wearable TDG is a special type of flexible TDG that utilizes 
heat from the human body.[172] Constructing wearable TDG 
faces distinct challenges including: i) The small working tem-
perature difference between the body and the ambient, ii) the 
request to use natural air convection cooling on the cold side of 
the TEG, iii) the requirement of a lightweight and comforting 
construction, and iv) the aesthetic appeal.

The energy that a TDG can provide is 
defined by these constraints and by human-
body heat. Several positions to integrate a 
wearable TDG to the human body were inves-
tigated, such as upper arm, wrist, chest, an 
office-style shirt,[173] or a bicycle helmet.[174] 
The characterization of human-body-based 
thermal energy harvesting resulted in a 
power density of ≈2.2 µW cm−2, a factor of 
3 less than the power density from piezo-
electric based generators when the person is 
running at a speed of 7 miles h−1.[175] How-
ever, TE devices are less affected by the state 
of activity of the person and generate more 
electrical energy in total. Usually, wear-
able TDG prototypes generate power on the 
order of a few tens of nanowatts up to a few 

hundreds of nanowatts.[176,177] Considering 
the large thermal resistances between skin/
TDG and TDG/ambient interfaces, careful 
designs of the heat sink and heat source 
geometry are necessary to increase the har-
vested power density.[122] Although a copper 
heat spreader was introduced to boost the 
TE device performance, the low wearability 
limits the applicability of this design.[178] A 
Y-shaped fin geometry for the copper heat 
spreaders was shown to be efficient for appli-
cation with the human body. Together with 
the inorganic optimized TE material, a pro-
totype device that generated 3 µW cm−2 was 
demon strated.[120] Additionally, a TE device 
integrated into a wristband was reported to 
yield 8.6 µW cm−2 by addressing the design 
of the copper heat spreaders.[172] The inter-
ested reader is referred to several recent 
reviews, dealing with specific aspects of wear-
able TE power generators.[179,180]

2.6. TDGs That Employ Hot-Side pn Junctions

TDGs for high operation temperatures are 
desirable since the conversion efficiency 

increases with the temperature difference across the TDG. 
However, the concomitant challenges at the hot-side metal–
semiconductor contact such as material stability issues and 
thermomechanical stress have to be considered. Harsh condi-
tions, such as extremely high temperatures, may be addressed 
by concepts that either dismiss the hot-side metallization or 
abstain from using a solid-state conversion process completely, 
as thermionic converters do.

As shown in Figure 8, the concept of a pn-junction-based 
TDG might eliminate hot-side metallization completely. The 
idea originates from the fact that the pn-junction generates 
electron–hole pairs at high hot-side temperatures. This design 
completely gets rid of contact issues between metal and semi-
conductor on the hot side, and therefore, shows great potential 
for constructing reliable and long-lifetime TE devices.

Adv. Mater. Technol. 2018, 1700256

Figure 7. Origami TDG. A,B) Processing of an origami TDG that is first printed on a foil and 
then folded to a 3-D shape, as for instance presented in ref. [170]. C) Origami TDG by otego 
GmbH (Germany) to replace batteries, e.g., in thermostats. Reproduced with permission. 
Copyright 2017, otego GmbH.

Figure 8. In a pn-TDG, the metal contact and substrate on the hot side are dismissed, and the 
electrical connection is made by a pn-junction of the semiconductor material. The dismissal of 
the metal contact and substrate on the hot side in a pn-TDG is a technological advantage. A) A 
pn-TDG with a large-area pn junction covering the whole length of the TE legs. B) A U-shaped 
TDG with “hot shoe,” here with very thin isolating layer between p-type and n-type TE material, 
as realized in Si-Ge RTGs.[181]
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To date, there are only few experimental attempts to realize 
this device concept. Thermopower enhancement in pn-junction 
arrays was reported by Zakhidov et al.[182] A direct bonding of 
the p-type and n-type material at the hot side was realized using 
polycrystalline iron disilicide to produce devices that could 
be operated at elevated temperature and in oxidizing atmos-
phere.[183,184] These devices had a U-shaped geometry and made 
additional use of a semiconductor–metal transition in the iron 
disilicide at elevated temperatures that pushed the solid bridge 
between p-type and n-type TE materials into a metallic state. 
For space missions, there was a concept specific to Si–Ge radio-
isotope thermoelectric generators (RTGs) that employed a so-
called silicon “hot shoe” to connect the n-type and p-type legs, 
also forming a U-shaped couple. The p-type and n-type were 
still separated by a very thin glass insulating layer.[181] More 
recent work uses nanocrystalline silicon and a direct bonding 
concept to fabricate U-shaped TEGs. It was shown that a pn-
junction TDG and conventional TDG, which could be made out 
of the same materials and by the same metallization methods, 
are comparable in their output power and efficiency for high 
hot-side temperatures.[185] Additionally, pn-junction TEGs from 
nanocrystalline silicon could sustain high temperatures and 
an oxidizing atmosphere. However, degradation mechanisms, 
such as the slow electromigration of the phosphorus dopant 
into the boron-doped leg, need to be addressed.

While the experimental work on pn-junction TDGs relies on 
bulk materials and the direct bonding concept, Span et al.[186,187] 
proposed this concept for thin-film TDGs. They argued that 
an enhancement of the efficiency would be possible in a pn-
junction TDG compared with a conventional TDG because of 
additional charge carriers that are thermally induced at the hot 
side of the pn-junction TDG, separated within the pn junction 
as access carriers upon diffusion into cooler regions, and as a 
consequence, increased the thermocurrent through the device.

2.7. Devices with Orthogonal Flux Directions of Heat 
and Electrical Currents

To design a device with orthogonal flux directions of heat and 
electrical currents, there are two possibilities, both sketched 
in Figure 9. They have in common that the 
arrangement of materials and layers is care-
fully designed and is sometimes called a 
meta-material. Figure 9A hereby represents a 
stacking of p-type and n-type materials with 
an isolating layer in between.[188] The disen-
tanglement of the electrical and thermal cur-
rent directions is hereby achieved, since the 
electrical current is guided by the isolating 
layers toward the transversely arranged con-
tacts. This arrangement corresponds to a 
U-shaped pn-junction TDG because of the 
pn junctions at the top and bottom of the 
meta-material, but with a very dense stacking 
of the p-type and n-type elements.

The dense stacking is the commonality 
with the device shown in Figure 9B that 
relies on the transverse TE effect. In most TE 

device architectures, the longitudinal Seebeck or Peltier effect 
is utilized that originates when the electrical and thermal flow 
are aligned in parallel. However, a transverse Seebeck or Peltier 
effect may occur if the electrical and thermal flow directions are 
perpendicular to each other. In Figure 9B, a tilted layered meta-
material is used.[189] The tilting produces nonvanishing off-diag-
onal elements in the transport tensors that then result in the 
transverse TE effect. The materials’ design strategy requires a 
highly anisotropic transport material. Often a carefully designed 
meta-material is utilized that consists of laminated layers or 
superlattices.[190–197] High transverse thermoelectric effects 
are hereby argued to result from atomic-layer thermopiles, for 
instance in YBa2Cu3O7−δ.[198] Note that the anisotropy may be 
enhanced by an anisotropic doping.[199] One aspect that is espe-
cially favorable using the transverse TE effect is that the geo-
metry of the device truly represents a tuning parameter. This 
tuning makes use of the fact that R and K both contain geomet-
rical dimensions that are not cancelled out in the overall device 
efficiency because of the different flow directions of electrical 
and thermal currents.[200] A Japanese team realized a bifunc-
tional thermoelectric heat exchanger tube that employed the 
transverse thermoelectric effect[192,201] (Figure 10). They used a 
tilted multilayer material made of nickel and bismuth antimony 
telluride in the shape of a tube through which the hot fluid 
flows and directly provides the heat to operate the TDG.

The transverse TE effect is currently being actively explored, 
but its fundamental principles have long been known, as for 
instance reviewed by H. J. Goldsmid.[202] This paper also dis-
cusses the efficiency of devices that utilize the transverse TE 
effect. For zT < 1, the efficiency of a transverse TE device is 
competitive with the device that uses the longitudinal thermo-
electric effects. For higher zT, the efficiency diverges, and the 
transverse TE devices become less competitive.[202]

3. Optimization of Contact Properties

In a TE device, the TE legs are soldered or welded to the con-
ducting strips through bonding layers. However, the interface 
between the TE leg and bonding material may degrade or 
even breakdown in long-term high-temperature operation and 

Adv. Mater. Technol. 2018, 1700256

Figure 9. Device concepts that disentangle the flux directions of the heat and electrical currents 
in carefully designed layered materials. A) A device concept with p-type and n-type semiconduc-
tors intercalated by an isolating layer. pn Junctions guide the current flow through the material 
to the electrical contacts, orthogonally arranged with respect to the heat flux direction. B) A 
TEG employing the transverse TE effect. The material stack is composed of a semiconductor 
(typically highly anisotropic) and a metal and tilted to utilize the non-vanishing off-diagonal 
elements in the transport tensors.
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during thermal cycling.[203] Possible mechanisms for the inter-
face breakdown include the mismatch of the coefficients of 
thermal expansion (CTEs) of the materials in contact, mechan-
ical embrittlement/weakening, chemical interaction and mass 
diffusion at interfaces, etc. In addition, the electrical and 
thermal contact resistances also affect the performance of TE 
devices. With the contact resistance, the output power (P) and 
conversion efficiency (η) for a TEG could be written as[82]

P
AN T T

n l
rl

l

2
1

2

2
h c

2

c
2

α
ρ ( )

( )
=

−

+ +





 

(6)

η =
−





+



 −

−





+ 





+
+




























/ 1

2
2

1

2

4

2
h c

h

c
2

h c

h h c

T T

T

rl

l

T T

T ZT

l n

l rl
 

(7)

where Th and Tc are the hot-side and cold-side temperatures, 
respectively; N is the number of n–p pairs in a module; A and 
l are the cross-sectional area and the length of the TE element, 
respectively; and lc is the thickness of the contact layer. The 
quantities n and r are defined as

ρ ρ= 2 /cn  (8)

κ κ= / cr  (9)

where ρc is the electrical contact resistivity, and κc is the 
thermal contact conductivity. Clearly, a low contact resistance is 
favorable for increasing the device performance.

Therefore, for many TE devices, depending on the specific 
problems from case to case, a stack of multiple layers is usu-
ally necessary to tune the CTE mismatch, inhibit mass diffu-
sion, or reduce the contact resistance. As shown in Figure 11, 
the assembly of TE devices usually involves the development of 
a proper contact material that is located between the TE materials 
and the bonding layer. A good contact layer should satisfy the 
following criteria: (1) High electrical and thermal conductivities 
to minimize the internal electrical and heat power losses. (2) A 
high ductility to be worked into a thin layer. (3) Low (electrical 
and thermal) contact resistances with the TE material. (4) High 
mechanical and thermal stabilities to be able to withstand 

external high temperatures and thermal shock. (5) A similar coef-
ficient of thermal expansion to that of the TE material. (6) High 
chemical stability and high bonding strength with the TE leg.

In most cases, metals or metal alloys are employed as the 
contact layers, therefore, criteria (1), (2), and (4) are mostly sat-
isfied. However, careful design and engineering are necessary 
to meet the requirements of the remaining three criteria, i.e., 
CTE match, chemical interaction, and contact resistance.

3.1. Matching of CTEs

The reliability of TE devices is of utmost importance since the 
TE devices are often applied where reliability overweighs the 
conversion efficiency or when the application scenarios forbid 
maintenance upon device failure, such as deep space probes 
and nuclear plants. One important requirement of device relia-
bility is the mechanical robustness under the externally applied 

Adv. Mater. Technol. 2018, 1700256

Figure 10. Tilted multilayer thermoelectric tube working as heat exchanger of nickel and BiSbTe. The bifunctional tube employs the transverse thermo-
electric effect following the concept shown in Figure 9B. Original references: A) Reproduced with permission.[192] Copyright 2014, Nature Publishing 
Group. B) Reproduced with permission.[201] Copyright 2013, Nature Publishing Group.

Figure 11. Configuration of a TE unicouple consisting of p-type and 
n-type legs (yellow and purple). The contact layer is located between the 
TE leg and the solder layer and bonds to the conducting strip.
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mechanical or thermal stresses upon thermal cycling.[55] Ravi 
et al. concluded that the matching of CTEs is critically impor-
tant for the development of long-life thermoelectric modules by 
a thermomechanical stress analysis using finite-element model-
ling.[204] Significant stress between the contact layer and the TE 
element resulting from a large CTE mismatch could yield a 
higher risk of the in situ fracture of the device.[58] Therefore, the 
thermally mismatched systems require careful engineering to 
meet performance expectations such as long-term survivability.

The values of CTE vary significantly among the commonly 
studied TE materials: ≈8–12 ppm K−1 for half-Heusler (MCoSn- 
and MNiSn-based, M = Hf, Zr, Ti),[205] ≈7.5 ppm K−1 for Mg2Si,[206] 
≈3–6 ppm K−1 for SiGe alloys,[207,208] ≈10–12 ppm K−1 for n-type 
skutterudites, 13–15 ppm K−1 for p-type skutterudites,[204,209,210] 
≈17 ppm K−1 for p-type Yb14MnSb11,[204] 8–14 ppm K−1 for 
Bi2Te3,[211,212] ≈20 ppm K−1 for PbTe,[213,214] ≈21–24 ppm K−1 
for LAST,[215] and ≈14 ppm K−1 for clathrates.[216] The corre-
sponding contact layers should match the CTE of different TE 
materials. One effective approach for CTE matching is varying 
the composition in the contact layer that is sensitive to the ele-
mental ratio. For example, a W–Cu alloy was employed as the 
contact material for skutterudites (CoSb3), and different W/Cu 
ratios yield different CTE.[210] The CTE of W90Cu10, W85Cu15, 
and W80Cu20 are ≈6, ≈8, and ≈10 ppm K−1, respectively, mean-
while the CTE of CoSb3 is ≈11 ppm K−1. Therefore, W80Cu20 
is applicable as the contact material for CoSb3. Indeed, among 
the three compositions (W90Cu10, W85Cu15, and W80Cu20), only 
W80Cu20 successfully bonded to the TE leg without cracking 
during thermal cycling.[210]

Another effective approach is applying multiple contact 
layers that have gradually varying CTEs. This was demonstrated 
by Singh et al., where Fe was employed as the contact layer for 
PbTe-based TE modules.[217] Because of the considerable differ-
ence in the CTEs of Fe (≈12 ppm K−1) and PbTe (≈20 ppm K−1), 
an extra layer of 50% Fe + 50% PbTe was inserted between 
the Fe and PbTe. This design allowed for a smooth transition 
of the CTE and resulted in a higher thermal mismatch tolera-
tion; however, also inevitably increased the contact thickness 
and subsequently yielded higher thermal and electrical losses. 
A possible alternative that does not require an extra layer is 
employing the metal–matrix composite that contains at least 
two constituent parts: the matrix necessarily being a metal, such 
as Cu, and the other material possessing a negative coefficient 
of thermal expansion (NTE). The CTE of the hybrid structure 
is largely tuneable by changing the amount of the NTE com-
ponent. For example, Shan et al. suggested a contact material 
with a tuneable CTE by constructing a metal–matrix composite 
of Cu and La(Fe, Si, Co)13, where the latter possesses an NTE of 
−37.1 ppm K−1 in the range of 290–327 K.[218] With mass frac-
tions of Cu at 12.5, 25, 37.5, 50, and 60 wt%, the CTE of the 
composites were −23.4, −14.3, −10.1, −4.2, and 4.1 ppm K−1, 
respectively. A tuneable CTE allows for the design and realiza-
tion of the desired CTE.

3.2. Bonding Strength and Interface Reactions

With the operation of TE legs at high temperatures, the 
chemical interaction between the TE leg and the contact layer 

is inevitable. A slight chemical reaction can be favorable to 
increase the bonding strength. However, a severe chemical 
reaction might lead to increased contact resistance and the 
subsequent degradation of thermoelectric performance, which 
causes reliability problems during high-temperature opera-
tion.[219,220] In addition, cracks and voids are also commonly 
observed when the reaction products are brittle.[213,221,222] 
Therefore, the favorable extent of a chemical reaction should be 
balanced between the mechanical (bonding strength) and elec-
trical (contact resistance) considerations.

For example, Liu et al. studied the contact properties between 
Ni and n-type Bi2Te2.7Se0.3 or p-type Bi0.4Sb1.6Te3.[219] The 
contact was fabricated through the direct hot pressing of the 
sandwiched powders of Ni/Bi2Te2.7Se0.3/Ni or Ni/Bi0.4Sb1.6Te3/
Ni. As shown in Figure 12, the final products showed a clear 
interface reaction layer (IRL) between the TE leg and contact 
material. For n-type Bi2Te2.7Se0.3, the thickness of the IRL 
increased dramatically from ≈4 to ≈20 µm with hot-pressing 
temperatures of 400 and 500 °C, respectively. Similarly, the IRL 
thickness of p-type Bi0.4Sb1.6Te3 increased from ≈3 to ≈15 µm 
for the same increase in hot-pressing temperature. Such an 
IRL was formed through the diffusion of Ni along the grain 
boundary. Benefiting from the formation of the IRL, satisfying 
bonding strengths of ≈20 and ≈30 MPa were obtained for con-
tacts with Ni/Bi0.4Sb1.6Te3 and the Ni/Bi0.4Sb1.6Te3, respectively. 

Adv. Mater. Technol. 2018, 1700256

Figure 12. Microstructures of the contact interface made by directly hot 
pressing the Ni powders and TE powders together: A) Ni/BiSbTe/Ni, hot 
pressed at 400 °C; B) Ni/BiSbTe/Ni, hot pressed at 450 °C; C) Ni/BiSbTe/
Ni, hot pressed at 500 °C; D) Ni/BiTeSe/Ni, hot pressed at 400 °C; E) Ni/
BiTeSe/Ni, hot pressed at 450 °C; F) Ni/BiTeSe/Ni, hot pressed at 500 °C. 
The dark region is nickel, and the bright region is a TE material. BiSbTe: 
Bi0.4Sb1.6Te3; BiTeSe: Bi2Te2.7Se0.3. Reproduced with permission.[219]  
Copyright 2013, Royal Society of Chemistry.
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In comparison, the bonding strength was only ≈11 MPa with 
the insertion of a barrier layer of Ni3Te2 and Ni2Te3, which pre-
vents the Ni diffusion. However, the diffusion of Ni yielded 
the formation of a p-type region within the n-type Bi2Te2.7Se0.3 
during the hot-pressing process, since Ni is a p-type dopant for 
Bi2Te3.[219] The formed p-type region subsequently led to a large 
contact resistance (≈210 µΩ cm2) for the n-type Ni/Bi2Te2.7Se0.3/
Ni, while in the p-type Ni/Bi0.4Sb1.6Te3/Ni, the contact resist-
ance was substantially smaller (<1 µΩ cm2).

The tradeoff between the electrical and mechanical require-
ments of the contacts can be tuned by introducing a bar-
rier layer. For example, the contact between Fe and TAGS-85 
((AgSbTe2)0.15(GeTe)0.85) degrades significantly due to the diffu-
sion of Fe into the TE leg.[223] The diffusion of Fe results in an 
increase of contact resistance and the loss of device strength. 
By introducing SnTe as the barrier layer, Singh et al. reported 
no observation of diffusion across Fe/SnTe or SnTe/TAGS-85 
interfaces, thus, both the bonding strength and the contact 
resistance were satisfyingly preserved.[217] However, the inser-
tion of a barrier layer increases the loss of electric and thermal 
flows, thus, decreasing the conversion efficiency of TE devices.

3.3. Thermal Contact Resistance

The TCR yields a finite discontinuity of the temperature profile 
across the contact boundary. In general, the lower the TCR, the 
higher the TE device performance. In one special case where 
the contact layer is thermoelectrically nontrivial, a higher TCR 
could possibly enhance the device performance.[224] Yamashita 
quantitatively showed that if the Seebeck coefficient of the 
contact interface reaches half the value of the TE material, a 
higher TCR might improve the COP for a TE cooler.[225] With 
a high TCR, the temperature drop across the contact interface 
contributes to the voltage output due to the boundary Seebeck 
effect. This is an interesting concept, yet there is no experi-
mental proof to our best knowledge. For the design of most TE 
modules, seeking contact layers with low TCR is still more pre-
vailing and practical.

The TCR has two usual origins: 1) surface asperities and 2) 
the Kapitza resistance. The surface asperity yields decreased 
contact area because of the roughness of the contacting sur-
faces at the microscopic scale.[226] Quite often the random 
geometry of surface asperities can be minimized through the 
fine polishing of the contact surfaces to effectively increase 
the contact area to suppress the TCR. On the other hand, the 
Kapitza resistance originates from the differences in the vibra-
tional properties across the contact. The probability of phonons 
being back scattered up on striking the boundary is related to 
the density of states and phonon speeds of different modes on 
both sides of the boundary, which are independent of the sur-
face asperities.[227] The TCR is an intrinsic problem of every 
TEG but becomes especially challenging for generators that 
need to manage high energy fluxes, such as thin-film TEGs. 
For many bulk TE devices, the contact layer is usually directly 
sintered together with the TE leg. Therefore, surface asperity is 
usually not a big problem between the TE legs and the contact 
layers. Meanwhile, to suppress the Kapitza resistance, one pos-
sible approach was proposed by English et al. stating that if the 

interfaces are geometrically well defined, the concept of phonon 
bridges might be applicable to mitigate the TCR (Figure 13): A 
phonon bridge has a spectral density of states (DOS) that eases 
the transfer of phonons from one side of the interface to the 
other.[228]

3.4. Electrical Contact Resistance

The electrical contact resistance in the metal–semiconductor 
junction is one of the oldest issues to be addressed in semi-
conductor-based devices. For TE devices, the TE legs are usu-
ally semiconductors, while the contact layer is usually a metal 
to minimize the electric and thermal losses. Depending on 
the formation of the junction, metal–semiconductor contacts 
can possess a rectifying (Schottky) or nonrectifying (ohmic) 
behavior. Therefore, the metal–semiconductor junction has 
to be properly designed so that electrical charges can be con-
ducted easily.

The subject of metal–semiconductor contact formation is 
too broad to be discussed in detail here. The interested reader 
should refer to specific references for details.[229–231] Ideally, 
if the contact surfaces are clean and possess sharp profiles of 
atoms, the contact resistance is determined by the work func-
tion of the metal (φM) and the electron affinity (χSC) of the 
semiconductor. Here, we define that if φM is larger than χSC, 
the metal is referred to as high work-function metal. Contra-
rily, a low work-function metal means φM is smaller than χSC. 
Principally, to build ohmic contact behaviour, metals with a low 
(high) work function are favorable for contacting n-type (p-type) 
semiconductors. However, this assumption is oversimplified, 
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Figure 13. Schematics showing the concept of Phonon Bridge, as sug-
gested in ref. [228]. A) the mismatching of phonon DOS between contact 
layer and TE leg, B) an intermediate layer that adjusts the spectral DOS 
to optimize the transfer of phonons across the interface.
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and a more realistic boundary region can be treated as a dipole 
layer with a finite length scale (usually on the order of several 
Å) because of the charge flow for the Fermi-level alignment. In 
addition, a thin layer of new compound usually forms due to 
the chemical reaction at the contact. Therefore, one can expect 
the formation of new electronic interface states. With the pres-
ence of interface states, as proposed by Bardeen,[232] the density 
of states (DOS) increases at the Fermi level, which effectively 
pins the Fermi level in the interface states. The Fermi-level 
pinning effect induced by interface states is unfavorable for 
TE devices, since it preserves the Schottky barrier height. It 
was proposed that covalent semiconductors have a high inter-
face state density so that the barrier height is essentially inde-
pendent of the metal; meanwhile, ionic semiconductors exhibit 
a low density of interface states, therefore, their barrier height 
is strongly dependent on the metal.[233,234]

Among the state-of-the-art TE materials, oxides, half-Heusler 
compounds, MgAgSb, TAGS, and Zintl phases are more ionic, 
while for SiGe, CoSb3, PbTe, and Bi2Te3, the chemical bonds 
are more covalent. The variety of TE materials requires dif-
ferent solutions to achieve a satisfying contact. In the following 
sections, we present the contact designs of several well-studied 
TE materials.

3.4.1. Skutterudite

The contact material of SKU was studied broadly due to 
its prospective potential application at mid-temperatures, 
such as with waste heat from vehicles. Here, we list some 
of the contact designs with the electrical contact resist-
ance in parentheses (if available): Ti/Ce0.85Fe3.5Co0.5Sb12 
(<5 µΩ cm2);[44] Mo–Cu/Ti/CoSb3 (20–30 µΩ cm2);[221,235] 
Nb/Cu28Ag72/CoSb3 (<5 µΩ cm2);[236] W–Cu/Ti/CoSb3 
(<50 µΩ cm2);[210] Ti/Zr/CoSb3 (19 µΩ cm2);[237] Co–Fe–Ni 
alloy/SKU;[238] Co2Si/NdFe3.5Co0.5Sb12 and CoSi2/Yb0.35Co4Sb12 
(1 to ≈2 µΩ cm2).[239] Among these designs, Ti-based and Zr-
based contacts suffer from chemical interactions during aging, 
thus, they are not promising candidates as a contact material.

In 2015, a patent filed by Jie et al. reported the contact behavior 
between the p-type skutterudite Ce0.45Nd0.45Fe3.5Co0.5Sb12 
and a Cr–Fe–Co or Cr–Fe–Ni alloy.[240] They reported that the 
matching of the electronic work function of the alloy with the 
filled skutterudite played a crucial role in determining the elec-
trical contact resistance. The sensitivity of the contact resistance 
to the work-function matching allowed an extremely low con-
tact resistance (≈0.4 µΩ cm2). Their work demonstrated that 
work-function matching is an effective guiding principle for 
choosing the right contact material for thermoelectric materials 
in general, as long as there is no severe reaction occurring in 
between.

3.4.2. SiGe Alloy

One of the most notable applications of the TE technique is the 
RTG that was employed for space probes. In some of the RTGs, 
SiGe alloys were employed as the TE leg to match an application 
temperature of up to 1000 °C. The diagrams of the RTG show 

the contact designs using silicon–molybdenum (Si–Mo) com-
pounds on the hot side, while multiple Cu–W layers were used 
on the cold side.[241] However, the detailed composition of the 
Si–Mo compounds was not clear. Lin et al. reported the fabrica-
tion of an (Si–MoSi2)/SiGe junction, but the reported contact 
resistivity exceeded 2000 µΩ cm2, which is too high to be appli-
cable.[242] Another work done by Lin et al. employed a W–Si3N4 
electrode for SiGe with TiB2–Si3N4 or MoSi2–Si3N4 as an inter-
mediate layer via a hot isostatic pressing process.[243] Although 
the contact resistivity was still large (>100 µΩ cm2), the contact 
of W–Si3N4/TiB2–Si3N4/SiGe is promising due to the similar 
CTEs of tungsten (≈4.5 ppm K−1) and SiGe (≈4.2 ppm K−1). 
As a compound with high electrical and thermal conductivi-
ties, the TiB2 interlayer not only minimized the energy loss but 
also effectively prevented the interdiffusion of W and SiGe. 
In addition, through the mixing of Si3N4 into W and TiB2, a 
better CTE matching was realized since Si3N4 has a smaller 
CTE (2.5–3.0 ppm K−1). Therefore, by fine tuning the content 
of Si3N4 in the TiB2–Si3N4 layer, optimized CTE matching and 
contact resistance were attainable. The recent work of Yang 
et al. showed that with the contact design of W0.7(Si3N4)0.3–
(TiB2)0.8(Si3N4)0.2–Si80Ge20B0.6, a suppressed contact resistance 
of ≈75 µΩ cm2 was obtained.[244] The contact resistance was 
maintained even after ageing for 120 h at 1000 °C, showing its 
application potential.[244]

3.4.3. Bi2Te3

Depending on the application purposes of Bi2Te3-based TE 
devices, either for cooling or power generation, the contact 
solutions are different. For cooling applications, usually a thin 
layer of Ni with a thickness of 0.5–1 µm is coated on the Bi2Te3 
legs either through sputtering[245] or electroplating,[246] followed 
by a protective layer of copper or gold for soldering tin.[245,246] 
For power generation applications of Bi2Te3-based TE devices, 
the main issue of designing the contact is the balance between 
bonding strength and contact resistance.[219] Furthermore, the 
Ni barrier layer needs to be significantly thicker to prevent inter-
diffusion because of the relatively higher application tempera-
ture.[247,248] In addition, the insertion of Cr or a Ta–Si–N alloy was 
also reported as effective buffer layers to prevent the atomic dif-
fusion of the contact.[249–251] By directly hot pressing Ni powder 
onto Bi2Te3 powder, Liu et al. observed the formation of a p-type 
region in the n-type Bi2Te2.7Se0.3 because of the diffusion of Ni. 
The p-type region significantly increased the contact resistance 
by two orders of magnitude. This problem was partially solved 
by using a buffer layer such as NiSe2 or (Bi2Te2.7Se0.3)0.99(SbI3)0.01 
that effectively suppresses the contact resistance (1 µΩ cm2) 
while maintaining a decent bonding strength (16 MPa).[219]

3.4.4. PbTe

For PbTe-based TE devices, an Fe contact layer is the most 
common option.[217] The contact resistance between Fe and 
PbTe can be as low as ≈7.2 µΩ cm2. The only problem with 
Fe is the CTE mismatch, where the CTEs of PbTe and Fe are 
≈20 ppm K−1 and 12 ppm K−1, respectively. The solution to the 
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CTE mismatch usually relies on an intermediate layer of mixed 
Fe and PbTe.[217,252] Another applicable contact layer for PbTe 
is Ni. The CTE of Ni (≈13.4 ppm K−1) is higher than that of Fe, 
and the high contact resistance between Ni and PbTe can be 
reduced by the insertion of an SnTe layer.[253]

3.4.5. Half-Heusler

The contact design for HH-based compounds is relatively 
straightforward. A patent by Joshi et al.[254] and papers by 
Zhang et al.[255] and He et al.[52] reported contact on the hot side 
by simply brazing HH legs to the Cu electrode using a Zn–Cd-
based or Cu–Ag-based alloy. On the cold side, the TE legs were 
soldered to the Cu electrode using In52Sn48. The obtained con-
tact resistance was smaller than 1 µΩ cm2, while the bonding 
strength was as high as ≈40 MPa.[255] This design was proven 
effective for p-type MCoSb-, p-type NbFeSb-, and n-type MNiSn-
based compounds,[51] therefore successfully addressed the con-
tact issue for HH compounds.

4. Summary and Outlook

To realize the application of TE conversion techniques, prob-
lems regarding the design and assembly of TE devices have to 
be addressed. In this review, we summarize the architectures of 
TE devices including bulk and thin-film TE devices, flexible and 
wearable TE devices, pn-junction-based TE devices, and meta-
material-based transverse TE devices. Suitable device architec-
tures have to be selected to adapt many considerations such as 
heat–sink and heat–source temperatures, geometry matching, 
and performance optimization. Meanwhile, reliability is greatly 
required for TE devices. Hence, we discuss issues at the contacts 
of TE devices since they are a highly failure-prone region. The 
problems are summarized as the matching of coefficients of 
thermal expansion, chemical reactions, and contact resistance. 
Contact solutions for several TE materials are also reviewed.

Despite the recent development in TE devices and their 
promising potentials for applications, substantial work remains 
to be done to translate the high performance of TE materials 
to advanced TE devices. We emphasize the fact that to this day, 
commercially available TE products are limited to only few TE 
materials, applied at low temperature (≈225 °C at hot junc-
tion for TEG), and the discovery of new higher performance 
TE materials has not much translated into practical applica-
tions largely due to the low maturity level of device technolo-
gies. It is of great importance for the TE community to focus 
on addressing the device-level challenges and assembling prag-
matic and convincing TE products in a timely fashion.

Keywords
contact, device architectures, thermoelectric coolers, thermoelectric 
devices, thermoelectric generators
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