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can have a key part in that mixture. A  
2014 estimate found that 48 TWh yr−1 of 
energy is lost as waste heat from UK indus-
trial sources alone.[2] Capturing just 1% of 
that energy would lead to a reduction of 
0.25 Tg yr−1 in CO2 emissions.[3]

Thermoelectric devices are heat 
engines, a consequence of this is that 
the maximum efficiency is limited by the 
Carnot efficiency, η  = (TH - Tc)/TH. This 
dictates that energy can only be absorbed 
from the heat differential between the hot 
side (TH) and the cold side (TC); energy 
cannot be absorbed from the background 
temperature. In addition to the Carnot 
efficiency limitation, the efficiency of 
thermoelectric generators is also limited 
by the dimensionless material property 
ZT. The figure of merit (ZT, Equation  1) 
is composed of the interrelated mate-
rial properties of the Seebeck coefficient  
(S, V K−1), electrical conductivity (σ, S m−1),  
thermal conductivity (κ, W m−1 K−1) and 

the absolute temperature (T, K).[4] Thermal conductivity can 
be expressed as the sum of the electronic component (κe) and 
the lattice component (κL), Equation  2. ZT can, therefore, be 
written as expressed in Equation  3. Due to the interrelated 
nature of the properties comprising ZT, optimizing one prop-
erty leads to the detrimental effects on another.[4] One example 
of this is Wiedemann-Franz law, which states that electrical 
conductivity is proportional to the electronic component of 
thermal conductivity (σ  ∝ κe). This leads to an increase in 
electrical conductivity leading to a simultaneous increase in 
thermal conductivity, which counteracts each other in terms of 
ZT. This has led to slow progress in improving ZT, with heavily 
doped semiconductors striking the best balance between the 
interrelated material parameters. While a ZT of 1 was achieved 
in the 1950s in Bi2Te3 and PbTe,[5,6] increases have been slow 
throughout the years since. In the last decade, however,  
significant improvements in ZT have been reported in mate-
rials, such as Cu2S0.52Te0.48 with a ZT of 2.1,[7] PbTe–SrTe with a 
ZT of 2.5,[8] and SnSe with a ZT of 2.7.[9]
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Efficient thermoelectric devices require both p- and n-type 
semiconductor materials (Figure  1), so when calculating a 

The looming impact of climate change and the diminishing supply of fossil 
fuels both highlight the need for a transition to more sustainable energy 
sources. While solar and wind can produce much of the energy needed, to 
meet all our energy demands there is a need for a diverse sustainable energy 
generation mix. Thermoelectrics can play a vital role in this, by harvesting 
otherwise wasted heat energy and converting it into useful electrical energy. 
While efficient thermoelectric materials have been known since the 1950s, 
thermoelectrics have not been utilized beyond a few niche applications. This 
can in part be attributed to the high cost of manufacturing and the geo-
metrical restraints of current commercial manufacturing techniques. Printing 
offers a potential route to manufacture thermoelectric materials at a lower 
price point and allows for the fabrication of generators that are custom built 
to meet the waste heat source requirements. This review details the signifi-
cant progress that has been made in recent years in printing of thermoelectric 
materials in all thermoelectric material groups and printing methods, and 
highlights very recent publications that show printing can now offer compa-
rable performance to commercially manufactured thermoelectric materials.

1. Introduction

In a world that is continually becoming more aware of the impact 
of climate change and where there is an ever-depleting source of 
fossil fuels, there is a necessity to transition to more sustainable 
energy systems. Renewables such as wind, solar and tidal energy 
have the capability to produce meet much of our energy needs, 
yet a greater mix of energy saving and harvesting technologies are 
required to meet our future energy requirements.[1] In order to 
have a sustainable future, there needs to be a diverse mixture of 
renewable and sustainable technologies in use, thermoelectrics 
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device’s efficiency, a ZT “average” is required which takes 
into account the material properties of both the n- and p- type  
material (Equation  4).[10,11] This “average” ZT can be seen in 
Equation  5,[4] which shows the maximum efficiency of a ther-
moelectric generator considering Carnot efficiency and material  
property limitations. Figure  2 uses Equation  5 to show what 
efficiencies can be achieved with different ZTs.
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Figure  2 reveals that with the right temperatures, a ZT 
of 1 can yield efficiencies comparable to other renewable  
technologies.[12] While wind and solar renewable technologies 
have become ubiquitous in nations striving to become carbon 
neutral, thermoelectrics can only be found in niche applica-
tions, such as space,[13] watches,[14] or in Peltier coolers.[15] This 
in part can be rationalized when realizing the high cost of  
manufacturing thermoelectric devices, which contributes toward 

the cost of $0.80 per kWh for thermoelectric generators,[16]  
compared to $0.089 per kWh and $0.084 per kWh for PV and wind 
turbines respectively.[17] If thermoelectrics are ever to see wide-
spread use the cost of manufacturing thermoelectric generators 
and thus the cost per kWh of energy harvested needs to be reduced.

One way to reduce the cost of heat to electrical harvesting is 
to reduce the cost of manufacturing thermoelectric materials. 
Current commercial devices use hot pressing, spark plasma 
sintering, or a combination of both, to manufacture thermoe-
lectric materials. These techniques require high pressure, high 
temperature, expensive equipment and considerable manu-
facturing times. Printing, in contrast, can be done in ambient  
conditions, achieve rapid manufacturing speeds and use rela-
tively cheap equipment. There has been a significant advance-
ment of printed thermoelectrics in the recent past. Printing 
techniques (Figure  3) that have been studied include screen 
printing, inkjet printing, dispenser printing and more recently 
3D printing/pseudo 3D printing.

Spin coating (Figure 3a, a solution-process technique) while not 
strictly classed as a printing technique is often used in the labora-
tory to test the feasibility of ink formulations before scale-up using 
a different printing technique. The ink formula tion is applied to 
the center of a substrate that is still or spinning at a slow speed. 
Once the ink is applied to the substrate, the substrate is set to spin 
at a high speed. There can be multiple spin speeds used with var-
ious acceleration rates. The process when done pro perly, results 
in uniform films. The limitations with this technique are that it 
requires a flat substrate and only results in thin films.

Screen printing (Figure  3b) has traditionally been used for 
commercially printed products such as posters and textile 
products, but has recently found new usage in being used to 
produce printed circuit boards (PCBs),[18] and other electrical 
products such as printed resistors and dye-sensitized and 
perovskite solar cells.[19–23] Screen printing is a technique where 
ink is transferred onto a substrate through a mesh, apart from 
in areas of the mesh that are impermeable due to a blocking 
stencil. A squeegee or blade is moved over the screen to fill the 
open apertures with ink, then a reverse stroke allows the screen 
to momentarily touch the substrate along the line of contact. 
This results in the ink wetting the substrate and being pulled 
out of the mesh apertures as the screen retreats after the blade 
has passed. A wide range of thicknesses can be printed, from 
a few µm to several hundred. Any flat solid substrate can be 
used, with typical examples being aluminum, glass, or more 
generally with thermoelectrics, polyimide. A wide range of inks 
can also be employed. Limitations include restricted feature 
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Figure 1. Diagram of a typical design of a thermoelectric generator, with alternating p- and n-type legs connected electrically in series but thermally in 
parallel. The legs are connected together with an electrical conductor and the top and the bottom of the device are covered in an electrical insulator 
with high thermal conductivity (e.g., alumina).

Figure 2. Efficiency of thermoelectric materials with different ZT values 
at different ΔT values, with a cold side temperature of 300 K. Carnot effi-
ciency is also shown, which is equivocal to a ZT of infinity. Efficiencies are 
calculated using Equation 5.
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size, which may lead to issues in the final product if intricate 
parts are needed; and the drying process which may lead to 
shrinkage and a high surface roughness, possibly leading to 
faults or defects in the final product. Although the inks used 
can have a wide range of viscosities, typically, higher viscosity 
inks are used (typically 1 to 10 Pa s) than those used in other 
printing techniques.[24,25] Films that are produced in this fashion  
typically show lower electrical conductivity due to surface  
oxidation of the films, and due to the thermoelectric particles 
not being molten, so electrical pathways are harder to cross.[18,26]

Inkjet printing (Figure  3c) is a technique that involves 
building up an image on a substrate in a drop by drop fashion, 
controlled electronically. Drop on demand (DOD) is the 
most popular type, with other types being continuous inkjet 
printing.[27] DOD is where the ink is pushed into a chamber 

by a voltage-activated piezoelectric diaphragm. A change of 
voltage can cause the diaphragm to contract, this change of 
volume causes a higher pressure within the diaphragm com-
pared to within the printing chamber. This pressure differential 
pushes ink into the chamber (change of volume equal to the 
volume of ink dropped). When the voltage change is reversed, 
the volume of the piezoelectric diaphragm relaxes to allow in 
air so that more ink can be printed on the next activation of the 
piezoelectric diaphragm. Ink droplets are only produced when 
needed, so there is very little ink wastage. In inkjet printing, 
however, the printer head is susceptible to clogging and damage 
if the particle size within the ink is close to the diameter of the 
nozzle, and if a larger nozzle diameter is used, the resolution of 
the deposited image may be reduced. Inkjet inks are also prone 
to the “coffee ring” effect upon being deposited and dried, 
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Figure 3. Schematic diagrams of: a) spin coating, and various printing techniques: b) screen printing, c) ink jet printing, and the printing techniques 
capable of 3D printing: d) dispenser printing (direct ink writing/microextrusion), e) fuse deposition modeling (FDM).
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where the solute within the deposited ink flows to the outside 
of the deposited droplet via capillary effects as it dries, causing 
the inside of the droplet to be thinner, this can cause uneven 
characteristics within the ink.[28] Films and devices produced 
via inkjet printing are also very thin (≈0.4–1.6 µm).[29]

Dispenser printing (Figure  3d) is a simple process that  
consists of a syringe that deposits ink onto a substrate through 
a needle.[30] This printing method can produce thicker films up 
to several hundred microns with multiple passes,[31] allowing 
3D samples to be made. The printing equipment itself involves 
an ink reservoir within a chamber, and at the bottom of this 
chamber is a needle-like structure, or a nozzle. Force is applied 
to the ink reservoir in a downward motion and the ink is then 
deposited out of the nozzle or needle onto the substrate. The 
force needed to push the ink through the needle or nozzle is 
typically achieved via one of three methods: Piston, where a 
mechanical piston forces itself down onto the ink; Screw, where 
a mechanical screw device within the reservoir turns and forces 
ink down to the bottom to be deposited; or Pneumatic, where 
air pressure forces down on the ink.[32] The geometry of the 
device that is to be built is achieved by moving the substrate or 
the printer head, which can be moved in the x, y, and z axes. A 
wide range of viscosities can be printed (0.1–10 Pa s) by varying 
nozzle size, pressure, and dispensing time.[33] Colloidal inks 
have been used to achieve the desired viscoelasticity for 3D 
dispenser printing.[34] The main disadvantage of this method is 
that it is relatively slow per unit area of substrate compared to 
other methods outlined, as well as low printing resolution.[35]

The 3D printing technique of fuse deposition modeling 
(Figure  3e) involves the construction of fully 3D objects. Tradi-
tionally materials such as polylactic acid (PLA) or acrylonitrile 
butadiene styrene (ABS) are used as the filament (feedstock), 
in fused deposition modeling 3D printers. If used for thermo-
electrics then the ink must also contain a binder (such as  
cellulose) that would give the ink appropriate viscoelastic pro-
perties when printing, but not after printing when being used 
in a thermoelectric application. The 3D printing processes are 
typically automated by the desired 3D object being constructed 
on CAD software, which is subsequently broken down into  
different layers. The 3D printer then deposits the ink via a move-
able printer head in these predetermined layers, one on top of 
the other to eventually make the 3D shape on a stage, without the 
need for a substrate. If a printing design results in overhanging 
within the geometry, then temporary support structures can be 
built under the overhang to support the structure while printing, 
these can then be removed post-printing. This method, unlike 
the other printing techniques mentioned, can produce 3D shapes 
not limited in thickness. Printed objects can be produced that are 
made to fit on nonflat surfaces (e.g., a cylinder), to make custom-
shaped thermoelectric modules to fit bespoke applications (e.g., 
pipes).[34] 3D printing of thermoelectrics is currently limited by 
the production of filaments. Pseudo 3D printing (which can also 
be considered addictive manufacturing) is fundamentally the 
same as 3D printing, but the addition of the different layers (typi-
cally a couple of millimeters at a time) is supported with a sacrifi-
cial mold. After curing the mold is removed, leaving behind one 
solid piece which takes the mold’s shape.[36,37]

In recent years there have been many reviews covering  
different aspects of thermoelectrics, from materials,[38] 

historical footprints,[39] advanced designs,[40] unconventional 
materials,[41] wearables,[42] and high performance.[43] While 
these reviews may cover research that uses printing to a certain  
degree, this was not their focus. This review gives an in depth 
look at printed thermoelectrics, with particular attention to 
the significant progress that has been made, especially in the 
last decade. Initially, the review covers chalcogenide thermo-
electrics, starting with tellurides. The review then moves onto 
all other inorganic thermoelectric groups, before moving onto 
printed organic thermoelectrics such as PEDOT:PSS and CNTs.

2. Chalcogenides

Perhaps the most promising of the thermoelectric material 
groups, and the most widely explored are the chalcogenides. 
This group are compounds that contain at least one chalcogen 
element (group 16), that element being commonly selenium or 
tellurium.

2.1. Tellurides

The most researched thermoelectric element is tellurium. 
Tellurium is the heaviest nonradioactive chalcogen atom.  
Tellurium’s relative mass gives it a reduced lattice thermal con-
ductivity, which is a key characteristic for selecting materials 
to manufacture thermoelectric generators (TEGs) and thermo-
electric materials, as a low lattice thermal conductivity can pro-
duce a high ZT value. Telluride compounds are also less ionic 
than other chalcogen compounds which leads to an increase in 
carrier mobility, which in turn increases electrical conductivity 
and therefore an increase ZT.[44] The most commonly used of 
the tellurium based compounds is bismuth telluride (Bi2Te3) 
and its respective derivatives. A ZT of 1 at room temperature 
was demonstrated using Bi2Te3 in the 1950s.[5] During the same 
period, PbTe was also studied for medium-temperature applica-
tions (500-850 K), with a ZT of over 1 being demonstrated.[6]

Different telluride derivatives have different peak ZT and 
hence operating temperatures. Amongst the best ZT for low-
temperature applications, is the work done by Yamashita et al. 
who used induction melting to produce p-type (Bi0.25Sb0.75)2Te3 
doped with 8 wt% excess tellurium and n-type Bi2(Te0.94Se0.06)3 
doped with 0.07 wt% Iodine, 0.02 wt% tellurium, and 0.03 wt% 
CuBr. These materials produced ZT values of 1.41 and 1.13 for 
p- and n-type, respectively, at 308 K.[45] For increased tempera-
tures, lead telluride (PbTe) based materials have been widely 
explored. Fu  et  al. made PbTe0.8Se0.2 with 8% MgTe based 
alloy which achieved a ZT of 2.2 at 820 K,[46] which is among 
the highest ZTs ever reported. The materials were prepared,  
however, by melting the constituent powders in a vacuum-
sealed furnace for 10 h at 1273 K, followed by annealing at  
873 K for 4 d, which resulted in homogeneous ingots being 
formed. These ingots were then ground back down into powder 
form, before being compacted by spark plasma sintering (SPS) 
at 823 K under 60 MPa in a vacuum.

Telluride-based compounds do show promise, however, 
the aforementioned ZT values were obtained via nonprinting 
energy-intensive and time-consuming techniques. The current 

Adv. Mater. 2022, 34, 2108183
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literature surrounding printed telluride compounds has pro-
duced ZT values that are, for the most part, considerably lower.

2.1.1. Screen Printed Tellurides

The thermoelectric properties of screen-printed tellurides 
reported in the literature are shown in Figure 4 (also Table S1, 
Supporting Information), and examples of screen-printed ther-
moelectric modules are highlighted in Figure  5. All printed  
Te-based thermoelectric generators that report a power output 
are summarized in Table 1.

Weber  et  al. published using this technique for thermo-
electrics in 2006.[18] In this paper, Bi0.85Sb0.15 was used as the 
n-type material and Sb was used as the p-type material. Both 
materials were combined with ethylene glycol and were printed 
on polyimide with a thickness in the range of 1–3  µm. The  
electrical conductivity was measured to be 10 and 100 S cm−1 for 
n-type and p-type respectively. Other individual characteristics 
were not measured, but the thermopower for a Bi0.85Sb0.15–Sb  
thermocouple was, with a reported value of 97 µV K−1. A  
maximum theoretical thermopower of 141 µV K−1 was stated by 
the authors. Many improvements were suggested that could be 
done such as finding the ideal particle size, reducing the native 
oxide surface as much as possible, looking for the best ratio of 
metal powder and binder and searching for the best annealing 
temperature, factors which are well known to be vital. Due to 
the lack of proper Seebeck coefficient measurements and a 
lack of thermal conductivity measurements, no ZT values were 
reported.

Bi2Te3-based compounds have since also been screen printed. 
In 2010, Navone  et  al. investigated screen printed Bi2Te3.[47] 
Bi2Sb0.3Te2.7 was used as the n-type material and Bi0.5Sb1.5Te3 
as the p-type material, both were combined with polystyrene 
and toluene. These were printed on alumina (Al2O3) for a rigid 
substrate and on polyethylene naphthalate (PEN) for a flexible 
substrate. The films had thicknesses of at least 100 µm. In this 
work, the two materials were again combined and used to make 
a thermocouple. A 15  cm long TEG was made that consisted 
of five thermocouples connected in series, although a power 
output for the device was not stated. To improve film connec-
tion and particle unity, uniaxial pressure of 15 and 50 bar were 
employed to the rigid and flexible devices, respectively. This 
pressure improved thermoelectric performance significantly. 
Films that were printed onto the Al2O3 were annealed at 523 K  
in an argon atmosphere for 10 h meaning this postprinting 
process could potentially be energy intensive. The individual 
electrical conductivities for the materials printed on Al2O3 
were reported to be 31.5 and 7.8 S cm–1 for n-type and p-type, 
respectively, the thermocouple device made had an electrical 
resistance of 190 Ω. The thermopower of the thermocouple 
was reported as 123 µV K–1 at a ΔT of 50 K, an improvement 
from the work conducted by Weber  et  al.[18] An electromotive 
force (EMF) of 30 mV was measured for the same temperature 
differential (50 K). The thermal treatments used on Al2O3 sub-
strates were not possible for the flexible PEN films as this would 
lead to degradation of the substrate, so films that were printed 
on the flexible substrate underwent laser annealing using a  
473 mJ cm–2 Tamarack excimer laser. At 100 pulses, electrical 

conductivity was about 8 S cm–1, and films were noted to be 
crack free and damage free. A Seebeck coefficient of 160 µV K–1 
was measured, but this decreased with the number of pulses (up 
to 80 pulses) where it would stabilize at 90 µV K–1. The power 
factor for half a thermocouple (single thermoelectric leg) with the 
laser-treated samples was measured as 0.06 µW m–1 K–2. While 
these values were an improvement over the previous work,[18] 
they were still small compared to values that can be obtained in 
bulk materials produced by more energy-intensive means.

In 2012 optimization of post-screen-printing annealing was 
investigated. We et al. did this using n-type Bi2Te3 thick films.[52] 
They found that ZT and power factor values could be optimized 
if annealed in a nitrogen environment, at 773 K for 15 min. 
Beyond 773 K the electrical conductivity rapidly dropped, and 
this is likely due to the excess evaporation of metal powders. 
Bi and Te powders, therefore, were placed next to the samples 
within the annealing chamber. With these powders present, 
the electrical conductivity and power factor increase further 
with a longer annealing times. It was stated that the presence 
of the Te and Bi powders within the annealing chamber would  
suppress the evaporation of the same materials within the film. 
With these annealing parameters, a room temperature ZT 
value of 0.61 was achieved. The power factor, electrical conduc-
tivity, and Seebeck coefficient were 480 µW m–1 K–2, 260 S cm–1 
and ≈-137 µV K–1 respectively when annealed at 773 K. When  
further annealed for 10 min with ambient powders of Bi and Te 
the power factor increased to 2100 µW m–1 K–2, while having a 
thermal conductivity of 1.0 W m–1 K–1. We et al. also stated that 
thermal conductivity does not seem to be affected significantly 
by annealing time.

In 2013, Cao  et  al. made a Bi2Te3–Sb2Te3 based TEG 
(Figure  5a).[26] Here the n-type material was Bi1.8Te3.2 and the 
p-type was Sb2Te3 and they were combined with epoxy and 
printed on polyimide. The dimensions of each leg of the TEG 
were 39.3 mm × 3 mm with thicknesses of 67 µm and 62 µm 
for the n-type and p-type, respectively. A single thermocouple of 
these dimensions produced a voltage of 6 mV and had a peak 
output power of 48 nW at ΔT  = 20 K. The power produced, 
however, decreased to 23 nW after 50 days of testing. The 
Seebeck coefficient of this thermocouple was reported to be  
272 (±10) µV K–1. The individual Seebeck coefficients for mate-
rials, at room temperatures, were -126.5 (±7.5) µV K–1 and  
131 (±3) µV K–1 for the n-type and p-type materials, respectively. 
The Seebeck coefficient value obtained for the Bi1.8Te3.2 was 
considerably lower than the bulk value of -227 µV K–1 quoted 
by Cao et al. The value obtained for Sb2Te3, however, is higher 
than the quoted bulk value (110 µV K–1). Cao  et  al. stated the 
reason for the low power output was due to the high resistivity 
of the Bi1.8Te3.2 film, from the many pores in between particles 
of the Bi1.8Te3.2. This caused a large contact resistance between 
the particles and thus in the film as a whole. Oxidation of the 
Bi1.8Te3.2 film was also mentioned as a possible source of higher 
resistivity. Oxidation of bismuth tellurides is well known, 
We et  al. in 2012 showed that annealing in a N2 environment 
at higher temperatures can correct for this.[52] As is common 
for thermoelectric films, the thermal conductivity was not 
measured, thus no ZT value was obtained.

In 2014, Kim  et  al. screen printed on glass fabric 500  µm 
thick Bi2Te3 and Sb2Te3 as n-type and p-type materials 

Adv. Mater. 2022, 34, 2108183
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respectively.[48] These materials were bonded by an unspecified 
organic binder. The ZT values of both materials were relatively 
low compared to bulk counterparts and were 0.33 and 0.28 for 

the n-type and p-type, respectively. The electrical conductivity, 
thermal conductivity, Seebeck coefficient, and power factor for  
the n-type and p-type were 670 and 1500 S cm–1, 1.25 and  

Adv. Mater. 2022, 34, 2108183

Figure 4. Thermoelectric properties of screen-printed tellurides (materials are labeled in part e). Values presented represent the sample and tempera-
ture where the peak ZT value was observed, if ZT was not reported then values represent the peak power factor measured: a) electrical conductivity, b) 
Seebeck coefficient, c) power factor, d) thermal conductivity and e) ZT. This data is also represented in Table S1 (Supporting Information).
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1 W m–1 K–1, -141 and 98 µV K–1 (reported to be similar to hot pressed  
samples[48]), and 1332 and 1441 µW m–1 K–2 respectively. All the 
characteristics that were reported were measured as a function 
of the thickness ratio. This is the ratio between the printed ther-
moelectric film and the glass fabric substrate. This thickness 
ratio was controlled by varying the thickness of thermoelectric  
materials, with the glass fabric thickness fixed at 25  µm.  
Seebeck coefficient and ZT values remained largely unchanged 
with changing ratios, but electrical and thermal conductivity 
would increase. This is due to the increasing ratio of thermoe-
lectric material to insulating glass fabric presents less of a layer 
where the flow of phonons and charge carriers are being dis-
rupted by bundles of glass fibers. A prototype TEG (Figure 5b) 
was made which consisted of eight thermocouples of Bi2Te3 and 
Sb2Te3 thick films with dimensions 15 × 20 × 0.5 mm and was 
printed on Al2O3. This TEG produced an open-circuit voltage of 
90 mV at a ΔT of 50 K. The Al2O3 substrate would act as a heat 

sink, which lead to a enhanced power density of 3.8 mW cm–2  
at a ΔT of 50 K. The research team noted that the devices that 
were fabricated were very light (approximately 0.13  g cm–2)  
and had a large specific power output of 28  mW g–1 at a  
ΔT  = 50 K. A TEG device was made to demonstrate the  
possibility of energy harvesting from the heat that human 
bodies produce (Figure 5b). A simple glass fabric TEG with 11 
TE couples was made and placed on human skin. This TEG 
produced an open-circuit voltage of 2.9 mV and a power output 
of 3 µW with an ambient air temperature of 288 K (15 °C).

In 2015 Cao  et  al. continued their work on printed TEGs. 
The materials were n-type Bi1.8Te3.2 and p-type Sb2Te3 much like 
their previous work, and the goal was also similar, to create a 
TEG device with these materials.[49] These were again printed 
on polyimide and had dimensions of 20 mm × 2 mm and had 
thicknesses ranging from 70.5 to 78 µm. Each TEG (Figure 5c) 
produced had eight of these thermocouples connected by an 
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Figure 5. Screen printed thermoelectric modules. a) Printed Bi2Te3/Sb2Te3 thermocouples next to a 50 pence coin for comparison, also shown is the 
sample rolled onto a 13 mm ball point pen. Reproduced under the terms of an Attribution 3.0 International (CC BY 3.0) license.[26] Copyright 2013, 
The Authors. Published by IOP. b) printed Bi2Te3/Sb2Te3 thermoelectric generators printed on Al2O3 and flexible glass fabric substrates. Reproduced 
with permission.[48] Copyright 2014, RSC. c) Printed Bi1.8Te3.2/Sb2Te3 thermocouples on a Kapton substrate. Reproduced with permission.[49] Copyright 
2016, Elsevier. d) A TEG device consisting of 5 n-type elements of printed Bi2Te2.8Se0.2 nanocrystals on flexible polyimide. Reproduced under terms of 
an Attribution 4.0 International (CC BY 4.0) license.[50] Copyright 2016, The Authors. Published by Springer Nature. e) schematic illustration and photo 
of a Bi2Se0.3Te2.7/Bi0.3Sb1.7Te3 TEG produced using screen printing along with a laser multiscanning lift-off process. Reproduced with permission.[51] 
Copyright 2016, ACS.
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electrode. SbTe was used as the electrode material as it had 
an inherently lower contact resistance than the other material 
that was tested (silver paste). In this body of work, the effect of 
cold isostatic pressing (CIP) and two different binder systems  
were investigated. The binders were 4,4′-isopropylidenedi-
phenol-epichlorohydrin (BPA-ECH) based epoxy (3M) and 
epichlorohydrin-polyglycol (ECH-PG) based epoxy (Dow  
Chemical). The highest power factor achieved for the Bi1.8Te3.2 
was 141 µW K–2 m–1 which contained binder ECH-EG and was 
not pressed, although pressing did not negatively affect the 
performance, while the highest power factor the Sb2Te3 films 
were 215 µW K–2 m–1 which contained binder BPA-ECH and 
was pressed. The individual Seebeck coefficients with the same 
parameters were reported to be -134.38 and 103.67 µV K–1 for 
the n-type and p-type, respectively. These two power factor 
values were achieved because of the lower resistivity of the 
respective combination of materials and processes. Ignoring 
the effects of pressing, ECH-EG yielded lower resistivity than 
BPA-ECH. This is because BPA-ECH required butyl carbitol 
acetate thinner which was added and readily absorbed moisture 
within the atmosphere, this additional moisture increased oxi-
dation and subsequently increased resistivity. ECH-EG required 
no additional thinner, so this problem was not present. Within 
the samples that had undergone cold isostatic pressing after 
printing, there were less voids present in the samples. This led 
to a decrease contact resistance between the particles within 
the thermoelectric material. The Seebeck coefficient of TEGs 
made with these materials and processes were also investi-
gated using BPA-ECH. The Seebeck coefficient for TEGs made 
from a single thermocouple with BPA-ECH ranged from 193 to  

227 µV K–1. At a ΔT of 20 K, while the power output was meas-
ured to be 142 nW after cold isostatic pressing. ECH-EG was 
then added which was able to decrease the resistivity of the 
Bi1.8Te3.2 film and increased the power output to 444 nW. The 
optimum combination of materials and processes for TEG 
manufacturing is therefore n-type Bi1.8Te3.2 with ECH-EG, 
p-type Sb2Te3 with BPA-ECH, with SbTe contact electrodes, with 
the whole assembly undergoing cold isostatic pressing. Cold 
isostatic pressing (CIP) does not improve or deteriorate the per-
formance of Bi1.8Te3.2, while yielding a performance improve-
ment in Sb2Te3 sections, therefore, justifying the use of CIP.

In 2016, Varghese  et  al. showed that nanocrystals could 
be screen printed to make highly flexible thermoelectric  
materials.[50] In this work, n-type Bi2Te2.8Se0.2 nanocrystals were 
printed onto polyimide. A ZT of 0.43 at 448 K was obtained, 
which is not as high as bulk materials, however, the devices 
made offer much more flexibility. This was evidenced by a neg-
ligible change in electrical conductivity after 150 bending cycles, 
indicating the electrical integrity of the sample was intact. The 
power factor of the sample was reported as 560 µW m–1 K–2. 
The lattice thermal conductivity was 0.41 W m–1 K–1, which is 
lower compared to that of the pellet samples (0.66 W m–1 K–1) 
which were also made in this work. The lower thermal con-
ductivity stems from the nanoscale grains and porosities from 
nanocrystals. The printed films were used to manufacture a 
TEG device (Figure 5d) which consisted of 5 n-type elements. 
This TEG device generated a power density of 4.1  mW cm–2 
with a ΔT of 60 K. The electrical conductivity of the samples, 
however, even though it did not degrade after bending, was still 
considerably lower than that of pellet samples (≈53% lower).
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Table 1. Summation of Te based printed thermoelectric generators that report power outputs.

Material Printing 
technique

Substrate Thickness [mm] Power [µW] Power density 
[mW cm–2]

Cure time [min] Cure  
temperature [K]

Refs.

Sb2Te3/Bi1.8Te3.2 Screen Kapton 0.067 0.048 N/A 180 523 [26]

Sb2Te3/Bi2Te3 with organic binder Screen Glass fabric 0.5 N/A 3.8 N/A 803 [48]

Sb2Te3/Bi1.8Te3.2 with epoxy Screen Polyimide 0.078 0.444 N/A 180 523 [49]

Bi2Te2.8Se0.2 with α-terpineol and 
Disperbyk-110

Screen Polyimide 0.1 0.0041 4.1 45 703 [50]

Bi0.3Sb1.7Te3/Bi2Se0.3Te2.7 Screen SiO2/a-Si/quartz 0.65 76480 4.78 N/A N/A [51]

Bi2Te3 with PVA Shadow Mask PET 0.265 N/A 0.009 120 353 [55]

Sb2Te3/Bi2Te3 with epoxy Dispenser Polyimide 0.12 0.85 N/A N/A 473 [57]

Sb2Te3/Bi2Te3 with epoxy Dispenser Polyimide/glass 0.2 10.5 75 × 10–3 N/A 523 [58]

Se doped Bi2Te3 with epoxy Dispenser Polyimide 0.2 1.6 N/A 720 523 [60]

Bi2Te3 with epoxy Dispenser Polyimide 0.1-0.12 25 0.13 720 623 [61]

Bi0.5Sb1.5Te3/Bi with epoxy Dispenser Glass N/A 130 1.23 720 523 [62]

Bi0.5Sb1.5Te3/Bi2Te2.75Se0.25 with epoxy Dispenser Free standing 4.4 0.126 N/A N/A N/A [68]

Sb1.5Bi0.5Te3/Bi2Te2.7Se0.3 Inkjet Glass/polyimide 150 layersa) 341 N/A 30 673 [63]

Bi0.5Sb1.5Te3/Bi2Te3 Inkjet Polyimide 0.00156 0.127 N/A 120 723 [64]

Bi0.4Sb1.6Te3/Bi2Te2.7Se0.3 with Sb2Te3 3D N/A 1.5–2.0 1620 1.42 60 723 [34]

Bi0.55Sb1.45Te3/Bi2Te2.7Se0.3 with Sb2Te4
2– 3D N/A 0.35 2.8 0.479 30 723 [66]

Pb0.98Na0.02Te/Pb0.98Sb0.02Te 3D N/A 2 216300 153.7 3150 373-1023 [67]

Bi0.4Sb1.6Te3/ Bi2Te2.7Se0.3
b) Laser Bi0.4Sb1.6Te3 1.6 1450000b) 90.6b) 1440 673 [71]

a)No thickness was given so number of layers of print is shown;; b)The Bi2Te2.7Se0.3 n-type legs were not printed.
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Also in 2016, Kim  et  al. used screen printing along with a 
laser multiscanning (LMS) lift-off process.[51] The materials 
used here were n-type Bi2Se0.3Te2.7 and p-type Bi0.3Sb1.7Te3. 
These materials were printed on a SiO2 substrate using an 
unspecified organic binder and had a thickness of 650  µm. 
The LMS lift-off process essentially peels the flexible thermo-
electric material from the substrate after it has been screen 
printed. The advantage of this extraction method is that one can 
separate the flexible thermoelectric material from the substrate 
without degradation, as the laser uses a mixture of chlorine and 
xenon gas (wavelength 308  nm), which selectively reacts with 
the substrate (a-Si). This LMS process also allowed Kim et al. to 
use high-temperature annealing conditions (over 973 K), which 
helped with thermoelectric properties. The laser shots used had 
high energy density of 700 mJ cm−2, a frequency of 20 Hz, and 
a time duration of 30 ns. The Seebeck coefficient, electrical con-
ductivity, and thermal conductivity were -134 and 184 µV K–1, 
786 and 686 S cm–1, and 0.86 and 0.84 W m–1 K–1 for the n-type 
and p-type, respectively. The resulting ZT values were reported 
to be 0.49 for the n-type material, and 0.80 for the p-type  
material at 300 K. As is common with printed thermoelec-
trics materials a decreased electrical conductivity compared 
to bulk counterparts was observed. This is due to the porosity 
of the screen-printed films, the thermal conductivity is also 
lower for the same reason. In this body of work a freestanding 
TEG device was also built using the same materials. The 
TEG (Figure  5e) consisted of 72 TE couples with dimensions  
40  mm × 40  mm × 0.8  mm. The TEG achieved a maximum 
output power density of 4.78 mW cm–2 at a ΔT of 25 K and an 
open-circuit voltage of 500 mV. The device weighed 3.7 g, and 
so generated a power per unit weight of 20.8 mW g–1.

Shin  et  al. achieved a higher ZT value in 2017 by screen 
printing Bi0.5Sb1.5Te3 and Bi2Te2.7Se0.3 for p- and n-type, respec-
tively. The goal was to create a material that in theory could 
be used to create wearable devices for energy harvesting.[53] 
Bi0.5Sb1.5Te3 and Bi2Te2.7Se0.3 were combined with methyl cel-
lulose. These inks were printed on a fiberglass fabric structure 
and uniaxial hot pressing was conducted after the films were 
printed because of the poor conductivity of the as printed films. 
The low conductivity was due to loose thermoelectric particles 
in the film, and the hot pressing helped alleviate the problem 
by densifying the films. The printed modules had thicknesses 
ranging from 10 to 700 µm. The electrical conductivity, thermal 
conductivity, and Seebeck coefficient of the p- and n-type were 
reported to be 639 and 763 S cm–1, 0.97 and 0.37 W m–1 K–1 
and 209 and -165 µV K–1 respectively. The room temperature ZT 
values were 0.65 and 0.81 for the p-type and n-type, respectively.

One of the highest ZTs achieved in a printed tellurides was 
reported in 2018. In this paper, Han  et  al. report a ZT of >1  in 
the medium temperature PbTe–SrTe material, with added 2 wt% 
of tellurium.[54] The samples had a thickness ranging from 
20  to 30  µm. The electrical conductivity, Seebeck coefficient 
and the power factor of the produced samples were 84 S cm–1,  
≈400 µV K–1, and 1380 µW m–1 K–2 respectively, all recorded at 
623 K. Scanning electron microscopy (SEM) showed the addi-
tion of the extra tellurium into the material drastically reduced 
the porosity of the samples. The additional tellurium also  
prevented the charge carriers getting trapped via oxidation. 
One additional tellurium atom in the lattice structure resulted 

in two extra holes being formed, so doping with additional  
tellurium would result in increased hole concentration. This was 
confirmed via room temperature hall measurements, where the 
hall carrier concentration increased from 2.09 × 1019 cm–3 for  
PbTe–SrTe to 7.50 × 1019 cm–3 with the addition of 2 wt% tellurium.

2.1.2. Shadow Mask Printed Tellurides

In 2019, a printed flexible TEG based on a Bi2Te3–polyvinyl 
alcohol (PVA) composites was fabricated by Pires et al. using a 
shadow mask.[55] Bi2Te3 was synthesized in a solid-state reaction 
then ball milled with the subsequent particle size distribution 
ranging between 10 and 300  µm. Surface oxidation occurred 
as evidenced by the formation of Bi2O3 which after HCl treat-
ment was reduced with a subsequent improved power factor 
from 1.23 to 2.29 µW m–1 K–2. The inorganic material was 
then mixed with PVA to give different wt% ratios. Thick films 
were printed by drop casting the ink onto a mask. The 75 wt% 
Bi2Te3 to PVA with HCl post-treatment was best performing, 
exhibiting a negative Seebeck coefficient of -158 µV K–1, an 
electrical conductivity of 0.00172 S cm–1 and a power factor of  
0.04 µW m–1 K–2. The n-type composite had a relatively low 
curing temperature of 353 K for 2 hours. A 10 leg TEG module 
comprising of legs (0.2 cm × 2.5 cm) was printed via the same 
technique, with silver paint used as the connecting electrode. 
The power was shown to increase at higher ΔT. A maximum 
power for the device of 9 µW cm–2 was observed at a ΔT of 46 K.

2.1.3. Dispenser Printed Tellurides

Dispenser printing is another method that has been employed 
for telluride based printed thermoelectrics. Thermoelectric 
properties of dispenser printed tellurides reported in the  
literature are represented in Figure  6 (also Table S2 in the  
Supporting Information), while examples of dispenser printed 
thermoelectric modules are highlighted in Figure 7.

Chen  et  al. first reported dispenser printed thermoelectric 
tellurides in 2009.[56] N-type Bi2Te3 and p-type Bi2Sb1.5Te3 were 
used mixed with epoxy. The electrical conductivity, thermal 
conductivity, Seebeck coefficient, and power factor of the mate-
rials at 300 K were 8 and 14.4 S cm–1, 0.48 and 0.52 W m–1 K–1,  
-159 and 272 µV K–1, and 20 and 107 µW m–1 K–2, for the n-type 
and p-type materials, respectively. ZT values at room tempera-
ture of 0.0126 and 0.0615 for n-type and p-type respectively, 
were achieved. The electrical conductivity values obtained 
are also far smaller than ones found in their respective bulk  
counterparts, due in part to the insulating properties of the 
epoxy binder. The insulating nature of the epoxy, however, also 
gives rise to a reduced thermal conductivity.

Chen et al. reported further work on dispenser printed ther-
moelectrics in 2010.[57] n-type Bi2Te3 and p-type Sb2Te3 were 
used in conjunction with epoxy. The Seebeck coefficient of the 
p-type Sb2Te3 after curing at 473 K was reported to have a peak 
of ≈173 µV K–1 when measured across a temperature range of 
293 to 343 K, which is higher than the bulk material made by 
SPS. When the p-type material was cured at 623 K the particles 
would sinter and show necking, the sample would show an 
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increase in electrical conductivity by an order of a magnitude 
but a decrease of Seebeck coefficient to 120 µV K–1. Despite this 
trade-off, however, the power factor for a sintered material was 

higher. Due to the increased electrical properties and power 
factor for the sintered sample, a ZT of 0.37 was measured 
for the sintered sample. The Seebeck coefficient of Bi2Te3 

Adv. Mater. 2022, 34, 2108183

Figure 6. Thermoelectric properties of dispenser-printed tellurides (materials are labeled in part e). Values presented represent the sample and tem-
perature where the peak ZT value was observed, if ZT was not reported then values represent the peak power factor measured: a) electrical conductivity, 
b) Seebeck coefficient, c) power factor, d) thermal conductivity and e) ZT. This data is also represented in Table S2 (Supporting Information).
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had a peak of ≈-180 µV K–1 when measured across the same 
temperature range (293 to 343 K). There were no appreciable 
improvements in thermoelectric properties whether the sample 
was cured at 473 or 623 K, but sintering was not possible for 
this sample as the temperature needed would exceed the  
degradation temperature of the binder. The Seebeck coeffi-
cient for the n-type material approached bulk values but the 
electrical conductivity was two orders of magnitude lower than 
bulk. The ZT value obtained for the n-type material was 0.25, 
this sample was cured at 473 K. These ZT values were a major 
improvement over previous work. The thermal conductivities 
for the p-type and n-type were 0.42 and 0.25 W m–1 K–1, respec-
tively. Chen  et  al. also noted the ZT value of 0.15 for a non-
sintered sample of the p-type material, the lower ZT was due 
to the lower electrical conductivity. TEGs were also produced 
in this body of work, made up of a 10-couple prototype with  
5 mm × 500 µm × 120 µm dimensions. The device produced a 
power output of 0.85 µW with 34.4 mV being produced with ΔT 
of 20 K. This value is larger than screen printed devices made 
around a similar time.[47] Chen et al. noted the primary losses 
within the TEG came from device resistance, which was due to 
the contact resistance between the thermoelectric legs and the 
electrical contacts that bridge the legs together.

A year later in 2011, Chen  et  al. continued work on  
dispenser printed thermoelectrics.[58] The same materials 
were used as before in conjunction with epoxy (n-type Bi2Te3 
and p-type Sb2Te3). The films had thicknesses ranging from  
100 to 200 µm. The ZT values at 302 K were 0.18 and 0.19 for 
the n-type and p-type respectively. The thermal conductivity for 
both n-type and p-type was 0.24 W m–1 K–1. The Seebeck coef-
ficient for n-type and p-type was -157 and 160 µV K–1 with both 
samples cured at 523 K. While the ZT values (0.18 and 0.19 for 
n- and p-type respectively) are lower than that of their previous 
work,[57] there were some key advancements in terms of TEGs 
production and performance. A 50 couple TEG device with 
dimensions 5 mm × 640 µm × 90 µm was printed on polyimide. 
The device produced a power output of 10.5 µW (power density 
of 75 µW cm−2) at a ΔT of 20 K, with a current of 61.3 µA and a 
voltage of 171.6 mV. Chen et al. again noted the primary losses 
were from device resistance as explained in their previous work.

Also in 2011, Madan et al. worked on dispenser printed ther-
moelectrics.[59] Here, the effect of different curing times and 

temperatures were investigated. The n-type material was Bi2Te3 
and Sb2Te3 the p-type. These materials were combined with 
an epoxy system consisting of diglycidyl ether of bisphenol F 
epoxy resin, EPON 862 (Hexion Specialty Chemicals, Inc) and 
methylhexahydrophthalic anhydride MHHPA (Dixie Chemi-
cals, Inc) as the hardener. These were then dispenser printed 
on a glass substrate with printed film thicknesses ranging from 
100 to 200 µm. Films were then subsequently cured at tempera-
tures ranging from 423 to 623 K, for times ranging from 6 to 
48 h. The curing temperature did not seem to alter the elec-
trical conductivity of the n-type material significantly, but in the 
p-type material increasing curing temperatures increased the 
electrical conductivity by orders of magnitude. This is because 
at low curing temperatures charge carriers were limited by 
boundary scattering, but larger temperatures meant that sin-
tering would take place. This effect was not present in the n-type 
material, as no sintering took place. The Seebeck coefficient for 
the p-type material decreased after curing at 473 K. For n-type 
materials, the absolute Seebeck coefficient would increase sig-
nificantly with increasing curing temperature. Madan  et  al. 
stated that n-type defects are likely created by mechanical defor-
mation, during powder formation, providing excess n-type 
carriers. These defects increase with curing temperature. The 
power factor for the n-type material increased as the curing 
temperature increased from 423 to 473 K, and after that tem-
perature remained unchanged. The power factor within the 
p-type material increased with increasing temperature, due to 
the increased electrical conductivity. Increasing annealing time 
also increased electrical conductivity in the p-type material, 
due to grain growth, but no effect was observed in the n-type 
material. Increasing annealing time influenced Seebeck coef-
ficient for the p-type material which matched increasing tem-
perature previously explained. The absolute Seebeck coefficient 
for n-type material also increased with increasing annealing 
time. The power factor of the n-type and p-type films increased 
slightly with increasing curing time (6 to 12 h) but remained 
unchanged after. The peak characteristics were as follows for 
the n-type material: σ  = 24 S cm–1 when cured at 473 K for  
12 h, S = -287 µV K–1 when cured at 623 K for 36 h, power factor 
= 150 µW m–1 K–2. Thermal conductivity (0.24 W m–1 K–1) was 
lower than the bulk material due to the insulating property 
of the epoxy. A maximum ZT of 0.16 was achieved (cured at  
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Figure 7. Dispenser printed thermoelectric modules. a) schematic illustration and photo of dispenser printed 62-element mechanically alloyed 
Bi2Te3 with 1 wt% Se planar thermoelectric device on a flexible polyimide-based PCB substrate. Reproduced with permission.[61] Copyright 2012, ACS.  
b) Dispenser printed Bi0.5Sb1.5Te3/Bi circular thermoelectric device on top of a custom build measurement setup. Reproduced with permission.[62] 
Copyright 2014, AIP.
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623 K for 12 h). Peak characteristics for the p-type material 
were as follows: σ = 520 S cm–1 when cured at 623 K for 36 h,  
S  = 174 µV K–1 when cured at 473 K for 12 h, peak power  
factor = 840 µW m–1 K–2. Thermal conductivity (0.54 W m–1 K–1) 
was lower than bulk material due to the insulating property of 
the epoxy. A maximum ZT of 0.41 was achieved (cured at 623 K 
for 12 h).

In 2012, Madan  et  al. continued their work on dispenser 
printing.[60] In this work n-type Bi2Te3 and Bi2Te3 with 2  wt% 
Se were investigated along with the possibility of dispenser 
printing a single element type TEG. When 2% Se was added 
there was an increase to both electrical conductivity and  
Seebeck coefficient. The Seebeck coefficient was reported to be 
highest at -200 µV K–1 (at 293 K) and the electrical conductivity 
had a peak of approximately 475 S cm–1 (at 373 K). The sample 
showed a low thermal conductivity of 0.27 W m–1 K–1 due to 
the insulation properties of the polymer binder. The highest 
power factor was approximately 1500 µW m–1 K–2. A ZT value of  
0.17 (at 300 K) was achieved in this body of work. The single  
element TEG generated 1.6 µW at 40  mV and 40 µA with a 
ΔT of 20 K. The device had a power density of 25 µW cm−2. 
Although these power values are lower than the previous work, 
this is for a single element TEG, whereas the previous work 
was for a thermocouple TEG. The authors noted primary losses 
again are due to device resistance.

Madan  et  al. enhanced their previous work the same year, 
again using dispenser printing.[61] Bi2Te3 with 1  wt% Se was 
used as an n-type material and used to make a single element 
TEG. It was found that if the sample was cured after printing 
at 523 K, a ZT of 0.15 and a thermal conductivity value of  
0.26 W m–1 K–1 was attainable. If the samples were cured at  
623 K, however, then the ZT increased to 0.31 despite the 
thermal conductivity increasing to 0.38 W m–1 K–1. In both 
cases, the curing time was 12 h. The Seebeck coefficient was  
≈-170 µV K–1. The electrical conductivity had a peak of 140 S cm–1,  
which occurred when the sample was cured at 623 K. This 
electrical conductivity value, while lower than the bulk values 
due to the insulating properties of the polymer binder, is 
higher than most other printed thermoelectric samples. Due 
to the relatively high electrical conductivity within the film, the 
power factor was measured to be 470 µW m–1 K–2. A 62 single 
leg type TEG was also printed (Figure  7a), with dimensions  
5 mm × 700 µm × 120 µm. The device produced a power output 
of 25 µW at 0.23 mA and 109 mV at a ΔT of 20 K. This device 
had a power density of 130 µW cm−2. This represents a big 
improvement from the previous work done by Madan  et  al. 
regarding ZT values and single element TEGs.[60]

Madan et  al. also explored the possibility of using Bi on its 
own as a thermoelectric material, in conjunction with a tellu-
ride compound as a p-type material.[62] Bi was used as an n-type 
material, as it has decent electrical conductivity and is cheaper 
and less toxic than its telluride counterparts. The p-type mate-
rial was Bi0.5Sb1.5Te3 with 8 wt% extra Te. Both materials were 
combined with an unspecified epoxy. These were dispenser  
printed on glass and had an unspecified thickness. The  
electrical conductivity for both n- and p-type was lower than 
their bulk counterparts due to the insulating properties of 
the epoxy. The electrical conductivity values of the n-type and 
p-type films were 110 and 11 S cm–1 respectively. The absolute 

Seebeck coefficient for Bi was the same as the bulk material  
(84 µV K–1), while for the p-type material, it was positive and was 
also similar to the bulk material (250 µV K–1). Power factor was 
the same for both the n- and p-type material, at 86 µW m–1 K–2.  
The thermal conductivity was not stated, thus neither was ZT. 
A prototype TEG was made (Figure  7b), which consisted of a 
10-couple dispenser printed circular device printed on a custom 
made flexible PCB board (nickel and gold plated copper traces 
on polyimide). The device resistance was measured to be 100 Ω 
when cured at 523 K. An open-circuit voltage of 230 mV at a ΔT 
of 70 K was measured. A maximum power output of 130 µW at 
a ΔT of 70 K was achieved and the device had a power density of 
1230 µW cm–2 at a ΔT of 70 K.

2.1.4. Inkjet Printed Tellurides

Tellurides and their related compounds have also been inkjet 
printed. The products that are produced this way are typically 
much smaller in thickness compared to screen and dispenser 
printing. Thermoelectric properties of inkjet printed tellurides 
reported in the literature are represented in Figure  8 (also  
Table S3, Supporting Information) along with examples of 
inkjet printed thermoelectric modules.

Lu et al. used this method in their investigation in 2014 where 
Bi2Te2.7Se0.3 and Sb1.5Bi0.5Te3 were used as n-type and p-type, 
respectively.[63] The thickness was not precisely stated but instead 
was given as “150 layers.” The ZT value was also not stated as the 
thermal conductivity was not measured in this case. The electrical 
conductivity, Seebeck coefficient and power factor for n-type and 
p-type were reported to be 60 and 20 S cm–1, -139 and 177 µV K–1  
and 183 and 77 µW m–1 K–2, respectively. Lu  et  al. also printed 
both p- and n-type Bi2Te3 to print a complete TEG (Figure 8f,g).  
A single p–n leg produced 0.000341 W of power.

Chen et al. inkjet printed single-crystalline n-type Bi2Te3, to 
produce phase pure thermoelectric nanowires in 2017.[29] The 
thickness of these was reliant on the amount of printer passes 
or layers, that is, how many times the ink is deposited onto 
a certain area on the substrate. The thicknesses ranged from  
25 passes (0.4 µm) to 100 passes (1.6 µm). These samples were 
then annealed in either a nitrogen or forming gas atmosphere. 
They concluded that a Seebeck coefficient of up to -140 µV K–1 
is possible, with 100 passes and subsequently being nitrogen 
annealed. A power factor of 163 µW m–1 K–2 was also achieved, 
with 50 passes and forming gas annealing. They stated a ZT 
value of 0.26, due to a low thermal conductivity of 0.19 W m–1 K–1  
from phonon scattering due to the presence of nanowires.

A year later Chen  et  al. investigated directly how thick-
ness affects thermoelectric performance in the inkjet printing  
process.[64] Bi2Te3 and Bi0.5Sb1.5Te3 were used as n-type and 
p-type, respectively. The n-type material thickness ranged from 
50 to 150 passes, whereas the p-type material thickness ranged 
from 25 to 100 passes. Each set number of passes corresponded 
to thicknesses of 0.57 (±0.10) µm, 0.89 (±0.06) µm, 1.56 (±0.05) 
µm for 50, 100, and 150 passes of Bi2Te3. In the case of the 
Bi0.5Sb1.5Te3 the thickness was 0.37 (±0.04) µm, 0.62 (±0.08) µm,  
and 0.94 (±0.12) µm for 25, 50, and 100 passes, respectively. 
In this investigation, the thermal conductivity was only 
recorded for selected samples, therefore ZT is only reported 
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for those samples. The two samples were 100 passes for the 
n-type Bi2Te3 and 50 passes for the p-type Bi0.5Sb1.5Te3. The 
ZT values of the n-type and p-type were 0.04 and 0.13, respec-
tively. The electrical conductivity, thermal conductivity, Seebeck  
coefficient and power factor of the n-type and p-type samples 
were approximately 81 and 332.5 S cm–1, 1.19 and 0.55 W m–1 K–1,  
-117 and 83 µV K–1, and 110 and 180 µW m–1 K–2 respectively. A 
p–n TEG was also produced, consisting of 5 p–n thermocou-
ples (Figure  8h), generating 127 nW at a ΔT of 32.5 K, which 
at the time, was the highest reported value for an all printed 
thermoelectric generator with leg thicknesses under 5 µm. The 
experiment was simplistic, where the TEG was wrapped around 

a plastic cup, deionized water was poured into the cup, and the 
temperature gradient came from the temperature of the water 
and the ambient air (cold side). Flexibility tests were also done 
on the TEG, where the TEG device was tightly wrapped around 
a rod. Subsequent testing showed no appreciable degradation 
of properties of the TEG.

2.1.5. Painted Tellurides

In 2016, Park et al. investigated shape-engineerable thermoelec-
tric paint.[65] This involved synthesizing a paint to be applied 

Adv. Mater. 2022, 34, 2108183

Figure 8. Thermoelectric properties of inkjet-printed tellurides (materials are labeled in part e). Values presented represent the sample and tempera-
ture where the peak ZT value was observed, if ZT was not reported then values represent the peak power factor measured: a) electrical conductivity, 
b) Seebeck coefficient, c) power factor, d) thermal conductivity and e) ZT. This data is also represented in Table S3 (Supporting Information). Inkjet-
printed telluride thermoelectric modules. f,g) Photos of inkjet-printed Bi2Te2.7Se0.3/Sb1.5Bi0.5Te3 modules consisting of 3 pairs of p–n legs on glass and 
polyimide respectively. Reproduced with permission.[63] Copyright 2014, Wiley. h) Photograph of inkjet-printed Bi2Te3/Bi0.5Sb1.5Te3 module wrapped 
around a plastic cup. Reproduced with permission.[64] Copyright 2019, RSC.
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to geometries of any shape. A Bi2Te3 based inorganic paint 
was made, using a Sb2Te3 chalcogenidometalate (ChaM) as a 
sintering aid. This ChaM was made by dissolving Sb and Te 
in a thiol–diamine mixture. The ChaM was mixed in with 
glycerol and ethyl glycol containing Bi2.0Te2.7Se0.3 (n-type) and 
Bi0.4Sb1.6Te3.0 (p-type) which were both made via ball milling. 
The room temperature ZT of the paints were noted to be  
0.51 and 0.97 for the n- and p-type, respectively. These paints 
also had reasonable electrical conductivities which ranged 
from 650 to 750 S cm–1, which originates from the high  
carrier mobilities of 149 and 141 cm2 V–1 S–1 for the n- and 
p-type, respectively. The Seebeck effect for the n-type hit a peak 
of -134 µV K–1 at 375 K and 170–190 µV K–1 for the p-type. These 
relatively low values for Bi2Te3 and Sb2Te3 were due to the high 
carrier concentrations of 3.0 × 1019 cm3 for the n-type samples 
and 2.9 × 1019  cm3 for the p-type samples. The ChaM system 
also lowered the thermal conductivity of the n- and p-type  
samples to 0.5–0.6 W m–1 K–1 when compared to the bulk value 
of 1.5–2.5 W m–1 K–1 for bulk Bi2Te3 systems. A peak ZT of  
0.67 and 1.21 was achieved for the n-type and p-type respectively 
at 373 K. Several devices were made, however, the device with 
the highest power density was a simple single thermoelectric 
couple with leg lengths of 5  mm. The device was assembled 
on an alumina hemisphere substrates and achieved a power 
output of 4.0 mW cm–2 with a ΔT of 50 K.

2.1.6. 3D Printed Tellurides

Recently, 3D printing (mostly using automated printing of  
viscoelastic colloidal inks from a dispenser) has been found to 
be a powerful tool in thermoelectrics. The first published 3D 
printed thermoelectric papers used telluride-based materials. 
Thermoelectric properties of 3D printed tellurides reported 
in the literature are represented in Figure 9 (also Table S4 in 
the Supporting Information), while examples of 3D printed  
thermoelectric modules are highlighted in Figure 10.

In a progression from the painted work done by Park et al.,[65] 
in 2018 Kim  et  al. used a Bi2Te3 based material with all-inor-
ganic colloid inks using Sb2Te3 chalcogenidometallate (ChaM) 
ions as inorganic binders.[34] These samples were 3D printed 
in varied geometries (cuboid, disc, and half ring). The p-type 
and n-type material was Bi0.4Sb1.6Te3 and Bi2Te2.7Se0.3, respec-
tively, achieving a ZT of 0.9 and 0.6, respectively. The disper-
sion of ChaM particles within the Bi2Te3 decreased the void 
spaces within the sample, by allowing the Bi2Te3 to undergo 
electrostatic interactions, improving viscoelasticity and manu-
facturability. The amount of ChaM particles present in the 
ink ranged from 20 to 25  wt%. The large ZT value could be 
a result of the ChaM particles, as they decrease heat transfer 
within the sample, making the sample have an inherently lower 
thermal conductivity. The room temperature electrical conduc-
tivity and Seebeck coefficient of the cuboid, disc and half ring 
were 553.75 S cm–1 and 165 µV K–1, respectively. The tempera-
ture dependence performance of the material was characterized 
using cuboids of width 10  mm and thickness of 1.5–2.0  mm. 
The electrical conductivity of the p- and n-type materials was 
measured to be in the range of 500–550 S cm–1, and decreased 
with increasing temperature. The Seebeck coefficient of the  

p- and n-type materials had peaks of 199 and 145 µV K–1 
respectively, at 448.15 to 473.15 K. The temperature-dependent 
thermal conductivity of the n- and p-type printed samples was  
0.50–0.63 W m−1 K−1 over the entire measured temperature 
range (room temperature to 498 K). 3D Printed thermoelectric 
half rings were used to create a cylindrical TEG (Figure  10a), 
which was wrapped around an alumina pipe, which had hot 
water flowing through it. The TEG achieved a maximum 
output voltage of 27.0 mV and maximum power of 1.62 mW at  
ΔT = 39 K. The output power density was 1.42 mW cm–2 at the 
same temperature difference. It was noted that the device had 
a high contact resistance due to the use of Ag epoxy instead of 
solder.

A follow-up paper by Kim et al. refined the printing process 
to allow for much finer control over the 3D printing resolution, 
with dimensions <200 µm.[66] This was achieved by optimizing 
the particle size, size distribution and surface states of the ink 
materials, this all allowed for the inorganic thermoelectric inks 
to have an extremely high viscoelasticity. The p-type ink was 
Bi0.55Sb1.45Te3 with 25 wt% ChaM content of Sb2Te4

2–, while 
the n-type ink was Bi2Te2.7Se0.3 with 10% of the same ChaM. 
At 300 K the n-type and p-type had electrical conductivities of  
≈800 and ≈650 S cm–1 respectively, with increasing measure-
ment temperature came drops in the electrical conductivity up 
to the maximum measurement temperature of 500 K where 
electrical conductivities of the n- and p-type were ≈350 and  
300 S cm–1 respectively. This drop in electrical conductivity with 
temperature is typical for metallic-like behavior. Seebeck coef-
ficients are largely consistent through the measurement tem-
perature range, with the p- and n-types exhibiting ≈200 and  
≈-120 µV K–1 respectively. Similarly, the thermal conductivities  
of both types do not change much with the measurement tem-
peratures (300–525 K) and are ≈0.8 W m–1 K–1, with the excep-
tion that between 400 and 525 K the p-type thermal conductivity 
steadily increases to ≈1.2 W m–1 K–1. This leads to the p-type 
having a peak ZT  ≈ 1 at 350 K and the n-type having a peak 
ZT of ≈0.5 at 425 K. The intricate printing allowed for μTEGs 
(Figure 10b) to be produced, which yielded a maximum output 
voltage of 42.4  mV and a power of 2.8 µW at a ΔT of 82.9 K.  
Due to the μ nature of the devices, the power density is  
479.0 µW cm–2.

The same research group in 2021 took the same colloidal 
3D printing approach but applied the technique to PbTe.[67] In 
this work, however, Na doping of PbTe (substituting Pb for Na)  
thermoelectric particles is used to achieve negative surface  
charges for the colloids. This is in contrast to the use of  
Sb2Te3/Sb2Te4

2– in their previous work. The Na doping of PbTe 
lead to p-type printed samples. To make n-type, Sb was used 
instead of Na. This achieved positive surface charges which 
allowed for the formation of colloids. Various doping levels 
of Na and Sb (0.5%–2.0%  Pb atomic substitution) were tried 
for the p- and n-type inks respectively. Higher Na content gave 
higher electrical and thermal conductivities, while yielding 
lower Seebeck coefficients. This can be understood when 
looking at the carrier concentration, which increased from  
4.78 × 1019 to 1.6 × 1020 cm–3 when increasing Na doping from 
0.5% to 2.0%. The best p-type ZT values overall were seen 
for 2.0% Na, which at 700 K had a ZT of 1.4 (σ = 400 S cm–1,  
S  = 230 µV K–1, κ  = 0.8 W m–1 K–1). As is typical for PbTe, 

Adv. Mater. 2022, 34, 2108183



www.advmat.dewww.advancedsciencenews.com

2108183 (15 of 44) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

conductivities (σ and κ) were higher towards room temperature,  
while Seebeck values are higher toward the maximum 
measurement temperature of 800 K. There was a less clear 
trend seen with varying Sb doping concentrations, although 

again 2.0% doping was seen to give the highest ZT of 1.2 at 
750 K (σ = 200 S cm–1, S = -210 µV K–1, κ = 0.6 W m–1 K–1). The 
same thermoelectric property trends with temperature are also 
seen. A new tubular thermoelectric architecture is presented 
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Figure 9. Thermoelectric properties of 3D printed tellurides (materials are labeled in part e). Values presented represent the sample and temperature 
where the peak ZT value was observed: a) Electrical conductivity, b) Seebeck coefficient, c) power factor, d) thermal conductivity and e) ZT. This data 
is also represented in Table S4 (Supporting Information).
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for their printed thermoelectric materials, allowing p- and 
n-type materials to be easily connected around a pipe. A water-
cooled thermoelectric generator was made (Figure 10c) that had 
a maximum output voltage of 83.2  mV and power output of 
216.3 mW at a ΔT of 300 K. The device had a power density of 
153.7  mW cm–2. A passive cooled device managed to produce 
≈140 mW, with the drop in power output being caused by the 
lower achievable maximum ΔT of 250 K.

In 2019, Wang et al. fabricated a TEG device to extract heat 
from a hot water pipe (Figure  10d). Dispenser printing was 
used where the pressure was supplied by a screw.[68] In this 
work the n-type material was Bi2Te2.75Se0.25 and the p-type 
material was Bi0.5Sb1.5Te3 and both materials were combined 

with polylactic acid (PLA). These materials were printed in a 
half-ring shape, and subsequently compressed. The rings had 
widths of 12 mm, thickness of 4.4 mm and an internal diameter 
of 20  mm. A TEG of two thermocouples was assembled with 
Cu foils (20  µm) acting as the electrodes. This TEG was then 
fitted on a stainless steel pipe that was 20 mm in diameter, and 
hot water was flowed through the pipe and natural air cooling 
was used at the cold side. The TEG had an output voltage of 
3.4 mV and an output power of 126 nW with a ΔT of 10.5 K. The 
individual thermoelectric properties of the n-type material were 
measured and were recorded to be 0.039 S cm–1, -113 µV K–1,  
and 0.31 W m–1 K–1 for electrical conductivity, Seebeck 
 coefficient and thermal conductivity, respectively. The individual 
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Figure 10. 3D-printed telluride thermoelectric modules. a) 3D printing of a Bi0.4Sb1.6Te3/Bi2Sb2.7Se0.3 module, from left to right: photograph showing 
viscoelastic telluride-based TE ink, illustration of 3D printing process, photographs of 3D-printed TE materials, and photographs of fabricated half-ring-
based conformal TEG with an inset of the n- and p-type 3D printed half rings. Reproduced with permission.[34] Copyright 2018, Nature. b) 3D printing 
of a Bi0.55Sb1.45Te3/Bi2Te2.7Se0.3 µ module with dimensions <200 µm, from left to right: schematic illustration of printer setup, illustration of direct ink 
writing for 3D TE architectures, illustrative models of the printed µTEGs, photograph of fabricated µTEG. Reproduced with permission.[66] Copyright 
2021, Nature. c) 3D printing of a Pb1-xNaxTe/Pb1-xSbxTe thermoelectric module, from left to right: Na and Sb doping-induced viscoelastic TE PbTe inks, 
schematic illustration showing the sequential 3D printing of Pb1-xMxTe TE inks, photograph showing the 3D-printed PbTe structure with various shapes, 
photograph of the components for module assembly, photograph of the fabricated power-generating TE tube consisting of a unipair of p-type and 
n-type PbTe legs and schematic model of a power-generating tube consisting of ten pairs of TE legs. Reproduced with permission.[67] Copyright 2021, 
Wiley. d) Photograph of dispenser printed and compression molded thermoelectric n- and p-type legs and, schematic and photograph of dispenser 
printed and compression molded thermoelectric module. Reproduced with permission.[68] Copyright 2019, Elsevier.
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thermoelectric properties of the p-type material were as follows,  
0.065 S cm–1, 101 µV K–1 and 0.31 W m–1 K–1 for electrical  
conductivity, Seebeck coefficient and thermal conductivity, 
respectively. Theoretical experiments were also done to maxi-
mize efficiency. It was found that the larger the heat sink area 
was, the higher the ΔT was, and device thickness had a large 
effect on thermoelectric performance.

2.1.7. Laser Printed Tellurides

Another method of printing that is worth briefly mentioning 
is laser printing, with thermoelectric properties, materials 
and a device illustrated in Figure 11 (thermoelectric properties 
are also shown in Table S5, Supporting Information). Laser 
printing is less popular for thermoelectric materials manufac-
turing than other printing techniques, due to the low thermal 
conductivity of thermoelectric materials hindering the laser’s 
ability to melt the powder of the thermoelectric material.  
Nevertheless, lasers have been reported as being used for 
printing of thermoelectric materials in a few manuscripts. 
In 2013 laser-induced forward transfer (LIFT) fabrication 
was used to make a TEG (Figure  11f,g) by Feinaeugle  et  al.[69] 
In this body of work two n-type materials were used, Bi2Te3 
and Bi2Se3; along with a p-type material, Bi0.5Sb1.5Te3. The 
approximate electrical conductivity values were 0.25, 3.33, and  
16.67 S cm–1 for the Bi2Se3, Bi2Te3 and Bi0.5Sb1.5Te3, respectively. 
The Seebeck coefficients of the materials were −93 ± 8, −49 ± 3  
and 142  ± 7 µV K–1 for the Bi2Se3, Bi2Te3 and Bi0.5Sb1.5Te3, 
respectively. The approximate power factor for each material 
was 0.22, 0.80 and 34 µW m−1 K−2. A TEG device was also made 
in this body of work, which achieved a generator Seebeck coef-
ficient of 0.17  mV K−1 per thermocouple and a resistance of  
10 KΩ, a power output was not stated.

In 2019 a telluride based material with a large ZT value 
for printed materials was made by Shi et al.[70] In this body of 
work 100 mesh p-type Bi0.5Sb1.5Te3 was 3D printed (Figure 11h) 
using selective laser sintering (SLS). A ZT of 1.29 at 400 K was 
achieved, which is comparable to that of bulk and nonprinted 
materials. The electrical conductivity was reported as 403 S cm–1,  
lower than that of the bulk material stated in this work, which 
was reported to be a maximum of 736 S cm–1. The Seebeck  
coefficient was higher than the bulk material, at 190.51 µV K–1. 
The thermal conductivity of the sample was measured to be 
0.27 W m–1 K–1 at 327 K, less than 18% of the minimum found 
in the bulk material.

Qiu  et  al.,[71] also in 2019, manufactured 3D printed 
Bi0.4Sb1.6Te3 via selective laser melting (SLM), also known 
as laser powder bed fusion (LPBF). A ZT of 1.1 at 316 K was 
achieved in the building direction and 0.65 at 326 K perpen-
dicular to the building direction. To achieve this the samples 
were annealed at 673 K for 24 h postprinting. In the building 
direction, the electrical conductivity was highest at room tem-
perature (1200 S cm–1), with the Seebeck coefficient peaking at  
≈325 K (195 µV K–1) and thermal conductivity reaching a 
minimum at ≈325 K (1.1 W m–1 K–1). The printed samples had a 
high preferential orientation factor (up to 0.9), which is close to 
that of zone-melted single crystals. The SLM samples exhibited 
up to a 195% increase in compressive strength (91 MPa) compared 
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Figure 11. Thermoelectric properties of laser-printed tellurides (mate-
rials are labeled in part c). Values presented represent the sample and 
temperature where the peak ZT value was observed, if ZT was not reported 
then values represent the peak power factor measured: a) electrical  
conductivity, b) Seebeck coefficient, c) power factor, d) thermal conduc-
tivity and e) ZT. This data is also represented in Table S5 (Supporting 
Information). Images of laser-printed tellurides: f) photograph of two 
laser-induced forward transferred Bi2Te3/Bi0.5Sb1.5Te3 modules each with  
10 thermocouples, g) is a magnification of one of the junctions (repro-
duced with permission.[69] Copyright 2013, IOP). h) Bi0.5Sb1.5Te3 sample 
prepared by selective laser sintering 3D printing (reproduced with permis-
sion.[70] Copyright 2019, Elsevier), i) photograph of selective laser melted 
micro and macro Bi0.4Sb1.6Te3 thermoelectric generators, with zone 
melted and SPS Bi2Te2.7Se0.3 n-type legs, the insert is of as printed p-type 
Bi0.4Sb1.6Te3 bulks (reproduced with permission.[71] Copyright 2019, RSC).
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to zone-melted samples. Micro (4  mm × 4 × mm × 1.2  mm,  
28 leg pairs) and macro (4 cm × 4 × cm × 4 mm, 127 leg pairs) 
thermoelectric modules were made (Figure  11i), by using a 
Bi2Te2.7Se0.3 n-type legs manufactured by zone melting and 
spark plasma sintering for the macro and micro modules 
respectively. The power output of the micro module was not 
measured, but the macro module was seen to generate up to 
1.45 W.

In 2021 Welch  et  al. used selective laser melting (SLM) to 
manufacture selenium doped bismuth telluride.[72] The process  
resulted in highly textured columnar grains orientated in the 
build direction with nanoscale inclusions and a shift in the pri-
mary charge carriers resulting from sparse oxide inclusions and 
a tellurium segregation. The p-type material was seen to have a 
peak Seebeck coefficient of 143 µV K–1 at 368 K, while the elec-
trical conductivity was seen to be highest at 488 K (48.2 S cm–1). 
No other thermoelectric properties were measured, however.

2.1.8. Printed Tellurides Summary

Recent work by Kim et al.,[34,66] Lee et al.,[67] Shi et al.,[70] and 
Qiu  et  al.,[71] all on 3D printed tellurides, yield ZTs around 
or slightly above 1. While these 3D printing techniques are 
exciting as they allow devices more akin to commercial ones 
produced by SPS or hot pressing to be produced, more impor-
tantly, they produce similar ZT values to bulk materials pre-
pared by SPS or hot pressing. Thicker samples typically made 
by 3D printing are also seen to correlate to higher device per-
formance, as revealed in Table 1. These telluride based works 
highlight the progression that has been made in thermoelec-
tric printing within the last 3 years and indicate a trajectory 
toward outcompeting traditional thermoelectric manufac-
turing techniques.

2.2. Selenides

While the current materials of choice in commercial thermo-
electric generators are Bi2Te3 and PbTe for low and medium 
temperature applications respectively, in sustainability terms 
these are problematic due to the low Earth-abundance of Te, 
which is similar to that of Pt (1 µg kg–1).[73] While Te is relatively 
cheap at 78 $ Kg–1 in 2021 (aluminum is 329 $ Kg–1),[74,75] if Te 
thermoelectric generators were used in scale this cost would 
almost certainly rise sharply as resources dwindled.

Selenides have recently received more attention as possible 
printed thermoelectric materials. These materials, much like 
tellurides can be printed in a variety of ways. An example of a 
selenide is lead selenide (PbSe). PbSe has an electrical bandgap 
of ≈0.3  eV and so shows promise as a thermoelectric mate-
rial. It has decent electrical conductivity and can be doped. In 
general, however, the thermoelectric performance of PbSe is 
not as good as PbTe as the electron mobility of PbSe is smaller 
than that of PbTe, although they do have similar lattice thermal 
conductivity values.[76] A ZT value of approximately 1.6 at  
923 K was achieved by Zhao  et  al. in 2013, which at the time 
was the highest ZT value of a non-telluride chalcogen thermoe-
lectric compound.[77] PbSe was doped with 2% Na and 3% CdS, 

however, this was done using spark plasma sintering, a high 
energy method. Copper selenides, Cu2Se is another promising 
selenide which has the potential to be used in thermoelectrics. 
This compound undergoes intensified phonon scattering due 
to the complex structure and has a low thermal conductivity of 
approximately 0.5 W m–1 K–1 at 1000 K.[76] Liu et al. achieved a 
ZT value of 1.5 at 1000 K using Cu2Se in 2012.[78] Liu et al. noted 
that copper ions are highly disordered around the Se sublattice 
and are superionic with liquid-like mobility, hence the high ZT.

Perhaps the most promising of the selenides is, however, 
tin selenide (SnSe). SnSe’s desirable thermoelectric properties 
stem from the ultralow thermal conductivity value due to the 
very low lattice thermal conductivity (κL), which is among the 
lowest for crystalline materials (<0.4 W m–1 K–1 at 923 K).[9,79] 
Along the b-axis SnSe has a zig-zag structure, along which the 
ultralow thermal conductivity is observed. The strong anhar-
monicity in bonding gives rise to the low thermal conductivity. 
Thanks to these properties, Zhao  et  al. reported a substantial 
ZT value of 2.6 (±0.3) at 923 K along the b-axis of single crystals 
of SnSe.[9] Single crystals of SnSe however are energy expen-
sive to manufacture due to the high temperature and pressure  
conditions needed.

Polycrystalline SnSe has also been investigated. Sassi  et  al. 
produced polycrystalline SnSe in quartz tubes and these were 
then densified by SPS, this polycrystalline SnSe showed a ZT 
value of 0.5 at 823 K.[80] Shi et al. also produced polycrystalline 
SnSe (self-doped) by solvothermal synthesis followed by SPS, 
which again produced a large ZT value of 1.36 ± 0.12 at 823 K.[81] 
Much like single-crystal SnSe and traditional chalcogenide ther-
moelectric materials however, these results required expensive, 
high energy conditions. In 2018, Burton et al.[82] produced thin 
films of SnSe using a simple evaporation technique, this rein-
forced the previous work done on the low thermal conductivity 
of SnSe, as the samples showed even lower thermal conduc-
tivity of 0.08 W m–1 K–1 between 375 and 450 K. This was 
explained by the propagation pathway that the phonons must 
travel through on the SnSe nanosheets that had been formed by 
the thermal evaporation technique. The first reported working 
SnSe TEG was also manufactured in this study, which pro-
duced a power output of 0.09 µW. All these results are also only 
for the inherently p-type SnSe. The literature and research into 
doping of SnSe to make it n-type is relatively scarce compared 
to the p-type material.

Cu2Se has been shown to be spin coated,[83] Ag2Se to be 
printed,[84–86] and SnSe to be 3D printed.[36] Thermoelec-
tric properties of these printed selenides are represented in 
Figure 12 (also Table S6, Supporting Information), along with 
images of the printed materials and schematics of manufac-
turing techniques. Printed Se thermoelectric generators with a 
reported power output are summarized in Table 2.

2.2.1. Spin Coated Selenides

Lin  et  al. successfully made a Cu2Se thermoelectric film by 
spin coating in 2017.[83] This device was different to the pre-
vious devices mentioned so far in this review as it contains 
more Earth-abundant elements. The printed materials had a 
thickness of 55  nm, which is the thinnest device mentioned  

Adv. Mater. 2022, 34, 2108183



www.advmat.dewww.advancedsciencenews.com

2108183 (19 of 44) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbHAdv. Mater. 2022, 34, 2108183

Figure 12. Thermoelectric properties of printed selenides, with material printed displayed below the chart and substrates displayed in the bars. Values 
presented represent the sample and temperature where the peak ZT value was observed, if ZT was not reported then values represent the peak power 
factor measured: a) electrical conductivity, b) Seebeck coefficient, c) power factor, d) thermal conductivity and e) ZT. This data is also represented in 
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in the chalcogenide section (thinner than inkjet). The thin 
film exhibits a power factor of 620 µW m−1 K−2 at 684 K  
(κ  = 0.85 W m–1 K–1, ZT  = 0.5) when printed on Al2O3 and  
460 µW m−1 K−2 at 664 K when printed on flexible polyimide. 
These values were higher than other literature values men-
tioned in the body of work (<100 µW m−1 K−2) and according to 
Lin et al. among the highest for all flexible thermoelectric films 
to date. A sample (Figure 12f) also showed no degradation after 
bending cycles (1000 cycles in this case) much like has been 
shown by screen-printed Bi2Te3 previously.[50]

2.2.2. Printing Silver Selenides

In 2020, Mallick et al. produced Ag–Se based n-type thermoelec-
tric materials.[84] Here Se powder was mixed with dried Acheson 
silver DAG 1415M in a solution of polystyrene and toluene. 
These inks were then printed via doctor blading and screen 
printing, before being sintered for the formation of Ag2Se. The 
wt% of Se in the films was Ag1-x to Sex where x varies from  
0 to 0.80. A Seebeck coefficient of -216 µV K–1 was achieved, 
with an electrical conductivity of 110 S cm–1. A peak power factor 
of 522 µW m–1 K–2 was achieved for the film (0.3)Ag–(0.7)Se.  
A ZT of approximately 0.55 was achieved for an n-type mate-
rial at room temperature due to a thermal conductivity of  
≈0.3 W m–1 K–1 being observed. A flexible TEG (Figure  12g) 
Ag0.3 to Se0.7  wt % was made, and PEDOT:PSS was used as 
the p-type ink. The TEG consisted of 13 thermocouples and  
generated an open-circuit voltage of 181.4 mV and a maximum 
output power density of 321 µW cm–2 at a ΔT of 110 K. The 
TEG was also demonstrated by placing on a wrist and made an 
output voltage of 72.2 mV at ΔT of 30 K.

Mallick  et  al. employed a one-pot synthesis method for 
thermo electrics, in 2020.[85] Here in this work, a one-pot method 
was used to make a Ag2Se based material as an n-type material. 
Ag and Se powders were mixed with 2 wt% BYK additive in a 
polystyrene–toluene solution, followed by mixing for 72  h at 
1200  rpm. The ink was then doctor bladed and screen printed 
to produce thin films. Different samples were made with  

varying wt% of Se Ag1-x to Sex where x varied from 0.1 to 
0.6. The orthorhombic β-Ag2Se is formed after printing by  
thermally annealing at a moderate temperature, due to the 
dissociative adsorption of volatilized Se by Ag particles which 
allows a high conductivity transport path. A ZT value of over 
1 was achieved, while an average ZT of 0.94 was attained at 
room temperature. The film with x  = 0.40 was found to have 
the highest Seebeck coefficient 0f -210 µV K–1. The electrical 
conductivity ranged from 500 to 100 S cm–1. A power factor of  
≥ 1000 µW m–1 K–2 was observed for films where x was between 
0.20 and 0.40. It was also found that thermal conductivity ranged 
from 0.31 to 0.50 W m–1 K–1. A device was also made (Figure 12h) 
via printing where a generator consisting of two thermocouples 
yielded a output voltage of 17.6 mV with a high maximum power 
output of 0.19 µW for ΔT of 60 K. In this device, the p-type 
material was commercially available PEDOT:PSS.

More recently, a 2021 paper by Mallick  et  al. have also 
investigated new ways of incorporating 3D printing into the  
production of thermoelectric devices.[86] Mallick  et  al. first 3D 
printed three “scaffold” structures, each with different shapes 
and painted these scaffolds with commercially bought p-type 
PEDOT and their own formulated Ag2Se as the n-type material 
(Figure 12i). The n-type Ag2Se was again made using a one-pot 
method where silver and selenium were mixed with poly-
styrene and N-methyl-2-pyrrolidone, followed by an addition 
of ≈2  wt% BYK 430 additive. This mixture was left to stir for  
72 h at 1000 rpm at room temperature. For characterization pur-
poses, thin films were made of the p-type and n-type inks, and 
the Seebeck coefficient was found to be ≈-183 and 9.2 µV K−1 
for n-type and p-type, respectively. The electrical conductivities 
were ≈472 and 600 S cm–1 for n-type and p-type, respectively, at 
room temperature. The κ value for both inks was also found to 
be in the range of 0.5 and 0.7 W m–1 K–1. The ZT values for the 
n-type Ag2Se ink was found to be ≈1 at room temperature and 
10–2 for the p-type PEDOT.

A high-temperature resin was used to 3D print the scaf-
folds, and the inks were then painted onto these structures, and 
connected electrically in series and thermally in parallel. These 
painted scaffold TEGs were then sintered at 473 K for 20 min  
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Table 2. Summation of Se based printed thermoelectric generators that report power outputs.

Material Printing 
technique

Substrate Thickness 
[mm]

Power  
[µW]

Power density 
[mW cm–2]

Cure time  
[min]

Cure  
temperature [K]

Refs.

PEDOT:PSS/ Ag0.3 to Se0.7 wt% with polystyrene Screen PET 0.04 83.7 0.321 N/A N/A [84]

PEDOT:PSS/ Ag0.27 to Se0.63 wt% with polystyrene Screen PET 0.04 0.19 N/A 10 473 [85]

PEDOT:PSS/Ag2Se Painting High temp 
resin

N/A 7 N/A 20 473 [86]

SnSe with carboxymethylcellulose 3D ABS mold 10 20 N/A 10 393 [36]

Table S6 (Supporting Information). Images of the printed materials and schematics of manufacturing techniques: f) photograph of spin-coated Cu2Se 
thin film on polyimide (reproduced with permission.[83] Copyright 2017, Wiley). g) Photograph of PEDOT:PSS with screen printed Ag0.3 to Se0.7 wt% with 
polystyrene thermoelectric generator (reproduced with permission,[84] Copyright 2020, ACS). h) Photographs of screen printed Ag2Se films. i) various 
screen printed patterns with cross-section image taken using an optical microscope in the inset (ii) the printed-TEG of two thermo- couples during 
operation (Reproduced with permission.[85] Copyright 2020, RSC) i) schematic diagrams of the 3D-TEG fabrication process of Ag2Se thermoelectric 
modules for 3 different designs (reproduced with permission.[86] Copyright 2021, ACS), j) schematic diagram of the fabrication process of a printed 
SnSe and a photograph of a working device (Reproduced under the terms of an Attribution 4.0 International [CC BY 4.0] license.[36] Copyright 2019, 
The Authors. Published by Wiley).
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to allow the formation of β-Ag2Se in the n-type legs. These  
scaffold structured TEGs were then tested for performance with 
temperature differences of 10–70 K. The dimensions of the first 
TEG were 3 cm × 3 cm × 1.2 cm, and it produced ≈0.4 µW. The 
second TEG had 9 pairs of thermocouples and had a cylindrical 
gear like shape to it, the diameter and the height of the second TEG 
were 2 and 1 cm, respectively, where the dimensions of the thermo-
couple legs were ≈6 mm × 2 mm. The second TEG produced 7 µW 
for ΔT of 70 K. The third TEG had a saw-like design and was placed 
onto body skin. The third TEG produced an open-circuit voltage of 
4.2 mV at room temperature when it is integrated on body skin.

2.2.3. Psuedo-3D Printed SnSe

In 2019, Burton  et  al. used a mold to form printed SnSe 3D 
cuboids (Figure 12j) and achieved a ZT value of 1.7 at 758 K.[36] 
1.7 is the highest ZT of any printed thermoelectric material to 
date, exceeding even the values achieved in tellurides. In this 
study, p-type SnSe was used and a cube of approximately 1 cm3 
was made. This was achieved by additive manufacturing, depos-
iting ≈2  mm in a mold at a time with a SnSe ink containing 
a carboxymethyl cellulose binder, allowing this to set on top a 
hot plate at 393 K in air before further filling the mold another  
≈2 mm. This process was repeated until the desired size sample 
was achieved. A maximum power factor of 280 µW m−1 K−2 
was observed at 855 K. A proof-of-concept all p-type TEG was  
produced, which produced a maximum power output of  
20 µW at 772 K. This power value was a vast improvement 
over the SnSe thin-film counterparts (0.09 µW), also done by 
Burton et al.[82] This power output is far lower than the high ZT 
suggests is possible, this can be attributed to the large contact 
resistances between the thermoelectric elements and the Cu 
tape electrical connectors.

2.3. Sulfides

Another chalcogen that can be employed is sulfur and its related 
compounds. Sulfur is four to five time orders of magnitude 
more abundant than its related chalcogens, and so in theory 
would be cheap to use for thermoelectric applications.[87] Binary 
metal sulfides such as Bi2S3 and Cu2S are among the most 
researched sulfides for thermoelectric applications, although 
many chalcocite (Cu2S) related minerals have been investigated, 
such as stannite (Cu2FeSnS4), kesterite (Cu2SnS4), chalcopyrite 
(CuFeS2), bornite (Cu5FeS4), colusite (Cu26V2[As,Sn,Sb]6S32) 
and tetrahedrite ([Cu,Fe]12Sb4S13).[87]

Chen and Uher studied the bulk properties of Bi2S3 in 
1997.[88] They found that Bi2S3 has a ZT slightly in excess of  
0.05 at 250 K. While they found Bi2S3 compounds can have 
thermal conductivities comparable to or even lower than Bi2Te3, 
the lower ZT was attributed to a wide bandgap for thermo-
electrics of 1.3 eV which results in a low electrical conductivity 
of 10–4 S cm–1 at room temperature. He et al. showed that Cu  
deficient Cu2S exhibits a maximum ZT of 1.7 at 1000 K.[89] The 
high ZT is largely attributed to the low thermal conductivity 
of lower than 0.6 W m–1 K–1 over the whole temperature range 
studied (300–1000 K).

2.3.1. 3D Printed Cu2S

In 2019, Burton  et  al. applied their pseudo 3D printing tech-
nique of additive layer mold printing, previously applied to 
SnSe,[36] to Cu2-xS and achieved a ZT of 0.63 (±0.09) at 966 K.[37] 
While this is considerably lower than the ZT achieved in SnSe, 
Cu2-xS has the benefits of containing more Earth-abundant 
elements than SnSe and being non-toxic. The ZT of 0.63 was 
achieved in Cu1.97S at the maximum temperature studied, while 
no higher temperatures were studied due to the thermal insta-
bility of Cu2-xS at more elevated temperatures. Thermoelectric 
measurements were repeated on the same samples, which 
showed a steady drop in ZT with each cycle due to the thermal 
instability of Cu2-xS. Nevertheless at 966 K, the electrical  
conductivity, Seebeck coefficient, and thermal conductivity were 
43 S cm–1, 250 µV K–1 and 0.42 W m–1 K–1, respectively. The 
mechanically alloyed (MA) power, the ink, a schematic of the 
printing process and a photo of a typical printed sample can be 
seen in Figure 13.

3. Other Inorganic

While printed inorganic thermoelectrics have been extensively 
studied using chalcogenide materials, printing of other inor-
ganic materials has been much more limited. A number of 
papers have been published, however, which span from well-
studied thermoelectric material groups such as oxides and 
zinc-based compounds, to less well investigated thermoelec-
tric materials such as silicon and even pure metals. A variety 
of devices have been constructed from these printed mate-
rials which have been shown to have a diversity of functions, 
including thermocouples, hydrogen sensors, and heat flow  
sensors. Devices with reported power outputs are summarized 
in Table 3.

3.1. Metal

In 1794, the Seebeck effect was first observed by Alessandro 
Volta in an iron rod,[90] however, while metals exhibit high  
electrical conductivity they exhibit low Seebeck coefficients and 
have high thermal conductivities compared to semiconductors. 
This leads to heavily doped semiconductors having the highest 
ZT values.[4] Metals are still used in thermocouples however, 
and there have been a few studies looking at printing thermo-
couples which may also have the ability to be self-powered using 
the thermoelectric effect. Their thermoelectric properties are 
depicted in Figure 14 (also Table S7, Supporting Information), 
along with images of the printed materials and schematics of 
manufacturing techniques. Printing of materials is also known 
to lower their thermal conductivity due to increased phonon 
scattering sites compared to fully dense materials, therefore 
printed metals may act more like heavily doped semiconductors 
than typical metals and therefore be of interest to study.

Duby et al.[93,94] were the first to study the Seebeck coefficient 
of printed metals. NiCr, Fe, Ni, Ag, Ni/panipol and NiCr/Ag  
were all screen printed with a variety of binders (polyester,  
cellulose, polyaniline) and gave Seebeck coefficients of 9.37, 
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4.96, -10.3, 2.57, -12.5, and 4.14 µV K–1 respectively. Thermo-
couple devices were made, and while the current output and 
thus power was not measured, device voltages of up to 3.5 mV 
were reported. This work highlighted the ability to print ther-
mocouples but failed to fully investigate the thermoelectric 
properties of the materials that were printed.

Markowski  et  al.[91,95–97] published a series of papers on 
screen printed PdAg, Ag, and Ni, while these were also used 
as thermocouples they were also intended for thermoelectric 
microgenerators. While the thermoelectric properties of the  
isolated materials were not measured, the thermoelectric 
properties of the printed thermoelectric microgenerators were 
at near room temperature. The best results were observed 
when using Ag and Ni legs. These legs gave a combined See-
beck coefficient of 25 µV K–1, a conductivity of 18 300 S cm–1 

and a power factor of 1140 µW m–1 K–2. The devices themselves 
(Figure 14d) gave an output power of up to 110 µW with a ΔT of 
190 K, after having been cured at 973 K.

Markowski  et  al.[98,99] also looked into the thermoelectric 
properties of magnetron sputtered Ge doped with different 
combinations of Sb, W, Ta, Au, V, and Hf to make thermoe-
lectric microgenerators and laser power sensors with the other 
thermocouple arm being made from screen printed metal. The 
best magnetron sputtered thermoelectric materials properties 
were seen with atomic percentage composition of 88.6:8.2:3.2 
Ge:Au:Hf. A Seebeck coefficient of 140 µV K–1, electrical  
conductivity of 200 S cm–1 and a resulting power factor of  
392 µW m–1 K–2 were observed. While this composition offered 
the best material properties, the best thermoelectric genera-
tors were formed with 93:2.5:4.5 Ge:Sb:W as they could form 
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Figure 13. Schematic illustration and photos of the 3D printed process used to fabricate printed Cu2-xS: a) MA Cu2-xS powder, b) ink made of the MA 
powder and a water and sodium carboxymethyl cellulose binder solution, c–h) schematic diagram of the layer-by-layer mold printing technique, i) a 
photograph of a typically produced sample. Reproduced under the terms of an Attribution 4.0 International (CC BY 4.0) license.[37] Copyright 2019, The 
Authors. Published by RSC.

Table 3. Summation of nonchalcogenide based printed inorganic thermoelectric generators that report power outputs.

Material Printing 
technique

Substrate Thickness 
[mm]

Power |[µW] Power density 
[mW cm–2]

Cure time  
[min]

Cure  
temperature [K]

Refs.

Ag/Ni Screen Low temperature 
cofired ceramic

N/A 110 N/A N/A 973 [91]

Ge93Sb2.5W4.5
a)/PdAg Screen Low temperature 

cofired ceramic
0.003 19.6a) N/A N/A N/A [99]

Ag/Ni-2 Dispenser Polyimide 0.053 14.6 N/A 180 623 [92]

MnSi1.74/Mn0.7Fe0.3Si1.68 with PVC Doctor-blade N/A 0.500 N/A 11.7 60 423 [108]

ZnSb with α-terpineol and DisperBYK-110 Screen Si wafer 0.026 N/A 0.22 20 573 [109]

ZnSb/CoSb3 with α-terpineol and DisperBYK-110 Screen Alumina 0.050 N/A 0.1 10 773 [110]

IZO Spin coating Glass 0.000015 0.0001 N/A 70 373–623 [112]

TiN/NbN Screen α-alumina 0.002 N/A 100 60 1273 [117]

a)The Ge93Sb2.5W4.5 p-type legs were not printed.
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3  µm layers, instead of 0.7  µm of Ge:Au:Hf. Using screen 
printed PdAg as the second thermocouple arm and having  
35 junctions, an output power of 19.6 µW at a ΔT of 100 K was 
observed.

More recently Ankireddy  et  al.[92] investigated the thermo-
electric properties of printed Ag, Ni, and carbon. In this study, 
the thermoelectric properties of the individual materials were 
studied, with the values measured at room temperature. Ag 
and carbon were seen to be p-type with Seebeck coefficients of  
0.6 and 1.8 µV K–1, respectively. Two types of Ni were also 
printed which were called Ni-1 and Ni-2. The inks both used 
PVP as a binder, but the source of Ni and dispersion solvent 

was different. Nonetheless, both printed types of Ni were 
observed to be n-type with Seebeck coefficients of -4.5 and  
-5.3 µV K–1 for Ni-1 and Ni-2. All of the Seebeck coefficients 
were seen to be lower than those of the bulk materials, but 
by no more than an order of magnitude. The electrical con-
ductivities of the samples were 22 000, 11, 190, 940 S cm–1 for 
Ag, carbon, Ni-1, and Ni-2, respectively. This is also the first 
work to investigate the thermal properties of the printed metal  
samples for thermoelectric applications. The thermal conduc-
tivity was not measured, however, the thermal resistance of 
all the films is stated as 3.42 × 103, 2.65 × 106, 1.78 × 105, and  
2.73 × 104 K W–1 for Ag, carbon, Ni-1, and Ni-2, respectively. 
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Figure 14. Thermoelectric properties of printed metals. Values presented represent the sample and temperature where the peak power factor was 
measured: a) electrical conductivity, b) Seebeck coefficient, c) power factor. This data is also represented in Table S7 (Supporting Information). Images 
of printed metallic thermoelectric modules: d) photographs and diagrams of Ag/Ni module assembly i) low temperature cofired ceramic substrate,  
ii) after vias drilling, iii) after filling with Ag legs and curing (875 °C for 2 h), iv) mask for screen-printing top junction paths, v) mask for screen printing 
bottom junction paths, vi) final structure (reproduced with permission.[91] Copyright 2008, Elsevier), e) photographs of nickel, carbon and silver  
modules on Kapton (reproduced with permission.[92] Copyright 2016, Springer).
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Thermoelectric generators of every p–n type combination 
were made, with example devices pictured in Figure  14e.  
The optimum combination was seen to be Ag with Ni-2,  
that generated a power output of 14.6 µW at the largest ΔT of 
113 K.

3.2. Silicon

In 2007, Lechner  et  al.[100] studied the thermoelectric proper-
ties of printed nanocrystalline layers. The printed layers’ carrier 
concentration was modified with B to make p-type Si and with 
P to make n-type Si. The films were made by spin coating Si 
nanocrystals dispersed in ethanol onto polyimide. The resulting 
0.7  µm thin films were laser annealed. Samples doped with 
B to give a carrier concentration of 1019 cm–3 gave a Seebeck 
coefficient of 300 µV K–1, while those doped with P to three  
times the carrier concentration gave a Seebeck coefficient of 
220 µV K–1 and an electrical conductivity of 0.4 S cm–1. This 
yields a power factor of 1.9 µW m–1 K–2, which is roughly a 
factor of 103 smaller compared to bulk Si of the same carrier 
concentration.[101] The authors conclude this is due to the high 
porosity of the samples causing a large number of interfaces 
between the layers. This should have a benefit in lowering the 
thermal conductivity however, and from studying the Stokes-to-
anti-Stokes intensity ratio in the micro-Raman as a function of 
the laser power, they conclude the upper limit for the thermal 
conductivity of these samples is <10–2  W K–1 cm–1, which is 
at least 130× smaller than bulk Si. This gives a conservative  
estimate of ZT at 10–3, although in reality it could be closer to 
that of bulk Si at 10–2.[102]

Silicon thin films were inkjet-printed and photonic annealed 
by Drahi et al.,[103–105] while they were not investigated for full 
thermoelectric performance a thermal conductivity as low as 
0.26 W m–1 K–1 was observed.

Si thermoelectric generators were printed by Khan et  al.[106] 
using Si microwires. Si microwires were developed through 
standard photolithography and etching steps then transferred 
from a silicon on insulator wafer onto polyimide using stamp-
assisted transfer printing.[107] No thermoelectric material 
parameters were measured of the microwires, but a device was 
made using the technique (Figure 15a) and was shown to have 
an open-circuit voltage of 9.3 mV at a ΔT of 54 K. Power output 
is unknown, however, as no measurements of current were 
reported.

Manganese–silicon has also been investigated as a print-
able thermoelectric material, with the formation of both p-type 
MnSi1.74 and n-type Mn0.7Fe0.3Si1.68 allowing for a complete 
thermoelectric generator to be printed.[108] The devices were 
printed by the doctor-blade method using a polyvinyl butyl 
alcohol binder and methylbenzene solvent. Several 45 µm thick 
layers of the n-type material were printed on top of each over, 
with the optimum generator made with thickness layers of 
500  µm. These were dried and then insulated with a screen-
printed SiO2–B2O3 25 µm thick layer. On top this process was 
repeated with the p-type ink. This layering pattern was repeated 
with the optimum generator consisting of 10 of these p/n-pair 
layers. The printed devices were then hot pressed at 50  MPa 
in Nitrogen at 423 K for 60 min followed by SPS at the same 
pressure for 15 min at 1173 K. While no thermoelectric mate-
rials properties were measured, the printed devices were able 
to generate 11.7 mW cm–2 with a hot side of 973 K and a cold 
side of 293 K, while a device mounted on an engine exhaust 
(Figure 15b) was able to produce up to 5.5 mW cm–2.

3.3. Zinc

Another material set that has been printed for thermoelectric 
investigation is Zn-based compounds. In 2011, Lee  et  al.[109] 
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Figure 15. Printing of Si thermoelectric modules. a) transfer printing of Si nanowires: i) the steps related to transfer printing of Si wires from silicon 
on insulator wafers to flexible substrates, ii) results at stages of the transfer printing, wired picked-up by PDMS stamp (top left), PDMS stamps on 
adhesive SU-8 layer (top right), wires transferred to substrate after removing PDMS (bottom left), wires in bent mode (bottom right). Reproduced 
under the terms of an Attribution 4.0 International (CC BY 4.0) license.[107] Copyright 2016, The Authors. Published by IEEE. b) MnSi1.74/Mn0.7Fe0.3Si1.68 
printed module mounted onto an engine exhaust of a engine test bench consisting of 0.66-L turbo engine, heat exchanger and water jackets: i) overview 
of thermoelectric heat harvesting system, ii) thermoelectric devices are held between the heat exchanger and water jacket, iii) schematic view of heat 
exchanger and thermoelectric devices/water jacket. Reproduced with permission.[108] Copyright 2014 Springer.
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screen printed ZnSb in Si wafers. The ZnSb inks were made 
with a mixture of α-terpineol and DisperBYK-110 and the 
printed films were cured 20 min at 573 K followed by a further 
cure for 10 min at 853 K. The screen-printed films were 26 µm 
thick and at 853 K exhibited a Seebeck coefficient of 109 µV K–1 
and an electrical conductivity of 892 S cm–1, with a resulting 
power factor of 1060 µW m–1 K–2. While the thermal conduc-
tivity was not measured, basic devices consisting of 4 legs were 
made consisting of legs 2.5  cm × 0.5  cm in dimension. The 
maximum power output of these devices was measured to be 
0.22 mW cm–2 at a working temperature of 523 K with a ΔT of 
70 K.

The same group used the screen-printed ZnSb in conjunc-
tion with screen-printed CoSb3 to make a full p and n leg 
printed thermoelectric device.[110] The CoSb3 was observed to 
produce a Seebeck coefficient of -49 µV K–1 and an electrical 
conductivity of 211 S cm–1 at 773 K, giving a power factor of 
50.5 µW m–1 K–2. The ZnSb with CoSb3 devices can be seen 
in Figure 16 and consist of 2 legs of ZnSb and 2 legs of CoSb3, 
which are connected via screen-printed Cu paste and sand-
wiched between alumina. Each leg was 5  mm × 5  mm and 
50 µm thick, with 5 mm gaps between the legs. The thermo-
electric generator was able to output up to 0.1 mW cm–2 with 
an output voltage of 27 mV, both with a temperature difference 
of 50 K. This is seen to be lower than ZnSb by itself however, 
which is attributed to the structure not having been opti-
mized and to the high contact resistance caused by the nono-
ptimized bonding process. Nevertheless, a working all printed 
alternating p and n leg thermoelectric device was produced 
using abundant materials.

3.4. Oxides

Oxides of Zn compounds have also been investigated for printed 
thermoelectrics, with thermoelectric performances summa-
rized in Figure 17a–c (also Table S8, Supporting Information). 
In the simplest form, Hoong  et  al.[111] looked at inkjet-printed 
ZnO which was seen to be n-type, while also looking at inkjet 
printed ZnxFe3-x2O4 which was seen to be p-type. Curing for  
6 h at 473, 573, and 673 K were investigated, however, optimum 
results were seen with the curing at 673 K for ZnO and there 
was negligible difference between curing temperature for 
ZnxFe3-x2O4, therefore only results for curing at 673 K will be 
discussed here. The substrate for the inkjet-printed films was 
glass and all thermoelectric properties were measured at room 
temperature. A minimum of 50 print cycles needed to obtain 
homogeneous films, the thickness of which was 9  µm. The 
electrical conductivity of undoped ZnO was seen to be modest 
at 15 S cm–1, however with an aluminum doping level of  
0.04 the conductivity was improved to 90 S cm–1. The corre-
sponding Seebeck coefficients for these samples were -18 and  
-14 µV K–1, respectively, which gives corresponding power  
factors of 0.49 and 1.77 µW m–1 K–2. Compared to pellets of the 
same materials, the electrical conductivity is seen to be slightly 
improved, something rarely seen for printed materials. The 
Seebeck coefficients are seen to be lowered by approximately 
a factor of 3 however, so the power factors are ultimately  
significantly lower. ZnxFe3-xO4 was investigated as a p-type 
material, with various x values from 0.2 to 1.0 investigated. The 
optimum x value was seen to be 1.0, so only ZnFe2O4 will be 
discussed in more detail. Electrical conductivity was seen to 
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Figure 16. Process flow for the fabrication of a ZnSb/CoSb3 thermoelectric module using screen-printing. a) First step: Cu paste is deposited via screen-
printing on an alumina substrate and annealed at 773 K for 10 min, b) second step: ZnSb is deposited on the top substrate as a p-type material, and 
CoSb3 is deposited on the bottom substrate as an n-type material. The sample is then annealed at 773 K for 10 min. c) Third step: the top and bottom 
substrates are bonded using Cu paste. d) Photographs and schematics of the fabricated thermoelectric module. Reproduced with permission.[110] 
Copyright 2011, Elsevier.
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be 0.48 × 10–3 S cm–1 and the Seebeck coefficient 16 µV K–1, 
with the electrical conductivity seen to be similar to the pellets 
while the Seebeck coefficient was roughly half. Due to the low  
electrical conductivity, the films show a very low power factor 
of 12.3 × 10–6  µW m–1 K–2. The large difference in the elec-
trical conductivities between the n- and p-type materials is 
likely the cause for the lack of thermoelectric devices being 
produced, despite showing the ability to print both types of 
semiconductors.

Indium zinc oxide (IZO) has also been investigated through 
spin coating onto glass, using soluble metal oxide precursors 
containing metal-coordinated fuel and oxidizer ligands.[112] 
The films were 15 nm thick and the thermoelectric properties 
were only measured at room temperature. The highest power 
factor of 84 µW m–1 K–2 was seen with a In to Zn ratio of  
6:2 which gave an electrical conductivity of 327 S cm–1 and a 
Seebeck coefficient of 50.6 µV K–1. Before measurement, the 
spin-coated films were cured at 373 K for 10 min followed by 
a cure at 623 K for 1 h. A primitive device (Figure  17d) was 
made with the IZO films consisting of 15 legs (2 mm × 15 mm)  
separated with 2 mm gaps and connected with silver electrodes 
fabricated using a dispenser. With a ΔT of 10 K across the 
device an output power of 0.10 nW was achieved and an open-
circuit voltage of 11 mV.

(ZnO)5In2O3 and Ca3Co4O9 thick films of an unspecified 
thickness were screen printed on alumina with 70 wt% active 
ingredient, 29.4 wt% of an in-house organic vehicle, and 
0.6  wt% wetting agent ESL 809.[113] The printed films needed 

to be cured to achieve the best results, with the highest power 
factors being observed when Ca3Co4O9 was cured at 1173 K and 
(ZnO)5In2O3 was cured at 1623 K. Both were cured in a belt 
furnace for 15 min in an unspecified atmosphere. Power factors 
were only reported at 573 K and were 161 and 2 µW m–1 K–2 
for Ca3Co4O9 and (ZnO)5In2O3 respectively with Seebeck coef-
ficients of 156 and -176 µV K–1, and electrical conductivities of 
66.2 and 0.646 S cm–1. The electrical conductivity of Ca3Co4O9 
was seen to rise to 73.0 S cm–1 at 773 K. While the electrical 
characteristics were seen to be inferior to those of the bulk 
materials, the Seebeck coefficients were seen to be similar and 
in some cases higher. The results show that it would be pos-
sible to screen print a complete n and p leg oxide TEG, however, 
this was not done in this work, presumably due to the ≈100×  
difference observed in electrical conductivity. While power 
output is not stated, individual TEGs of each material were 
printed (Figure 17e,f).

Ca3Co4O9 was also screen printed by Nong  et  al.,[114] 
with films of ≈60  µm being printed onto a 290  µm thick 
Ce0.9Gd0.1O1.95 (CGO) substrate (KERAFOL). The ink was a 
powder dispersant binder mixture of unspecified quantities. 
The optimum results were seen when the printed films were 
sintered for 2 h in air at 1223 K. The samples produced here, 
are similar to those produced by Rudež et al.,[113] but they also 
explore Ag doping. At 612 K, the electrical conductivity was  
76.9 S cm–1, while with small Ag doping (Ca2.95Ag0.05Co4O9) 
the electrical conductivity was improved to 90.9 S cm–1. At this  
temperature, the Seebeck coefficient was seen to be 182 and  

Adv. Mater. 2022, 34, 2108183

Figure 17. Thermoelectric properties of printed oxides. Values presented represent the sample and temperature where the power factor was measured: 
a) electrical conductivity, b) Seebeck coefficient, c) power factor. This data is also represented in Table S8 (Supporting Information). Images of printed 
oxide modules: d) IZO module consisting of 15 legs (2 mm × 15 mm) separated with 2 mm gaps and connected with silver electrodes. Reproduced 
with permission.[112] Copyright 2016, ACS. e,f) (ZnO)5In2O3 (e top and f right) and Ca3Co4O9 (e bottom and f left) screen printed modules. Reproduced 
with permission.[113] Copyright 2015, Elsevier.
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154 µV K–1 for with and without silver respectively, with power 
factors of 300 and 180 µW m–1 K–2.

La1-xSrxCrO3 and In2O3 have also been screen printed onto 
alumina.[115] Ethyle cellulose and terpilenol were used to make 
the ink and glass power was also used in the In2O3 inks. 
The printed films were calcined at 1523 K for 2 h before any  
contacts were added to perform measurements. Increasing Sr 
content in La1-xSrxCrO3 was seen to simultaneously decrease the 
electrical resistivity and Seebeck coefficient, with La0.6Sr0.4CrO3 
(the highest level of Sr doping studied) having a Seebeck  
coefficient of ≈200 µV K–1 at 1400 K (LaCrO3 has a Seebeck of 
≈270 µV K–1 at 1400 K). This is due to SrCrO3 having metallic 
behavior,[116] and the closer LaCrO3 become to SrCrO3 the 
higher the carrier concentration becomes and thus the lower 
the electrical resistivity and Seebeck coefficient becomes.[4] The 
electrical resistivity (and thus conductivity) is hard to inter-
pret due to the sharp reduction in electrical resistivity with 
increasing Sr content making the plot hard to read, however 
the electrical resistivity has dropped from >4  KΩ cm to  
<0.1 KΩ cm when going from 10% to 40% Sr content. Data for 
the electrical conductivity of In2O3 is not shown, however, the 
Seebeck of LaCrO3 and In2O3 are simultaneously measured, 
implying In2O3 has a Seebeck coefficient of ≈-180 µV K–1 at 
1400 K. While no power output of a TEG was measured, a ther-
mocouple of La0.7Sr0.3CrO3–In2O3 was produced that produced 
400 mV with a ΔT of 1200 K. The thermocouple shows promise 
as a thermal sensor with a high sensitivity for temperature 
sensing in harsh environments.

NiO doped with Li and Na were screen printed onto alumina,  
to make a thermoelectric hydrogen sensor. The inks also 
contained a blend of terpineol and ethyl cellulose. Each printed 
layer (≈13 µm) of the films was dried for 5 min at 473 K, before 
being dried again at 1273 K for 2 h. Multiple layers were printed 
to achieve a thickness of up to 56 µm. While no thermoelectric 
properties were measured, a primitive device was able to output 
a potential of up to 8 mV when exposed to temperatures more 
than 358 K.

3.5. Nitrides

While not a typical thermoelectric material group, 
Hashimoto et al. screen-printed 0.5 cm2 Ti and Nb films before 
exposing them to a NH3-H2 atmosphere at 1273 K to turn them 
into 2 µm films of TiN and NbN respectively.[117] The NbN films 
exhibited conductivity values of up to 1000 S cm–1 at 673 K. 
Thermoelectric devices were seen to give a power output of up 
to 0.1 W cm–2.

4. Organic/Carbon

Carbon-based thermoelectrics are advantageous over inorganic 
materials in that they are largely nontoxic and are significantly 
lighter, making them potentially ideal for applications such 
as wearable thermoelectrics. Carbon-based thermoelectric 
materials have been shown to be processable onto flexible sub-
strates such as polyimides, polyethylene terephthalates (PETs), 
and paper.[118,119] When examining the materials properties for 

use in wearable textile TEG devices for example, it is essential 
that the design considerations account for mechanical dura-
bility and allow tuning for desired viscoelastic traits.[120] This is 
because the devices will be under mechanical stress when bent 
or stretched.[121–123] Printed TEGs formed from light weight 
and low atomic mass elements such as carbon, nitrogen, or 
sulfur offer potential for environmentally more sustainable 
atom economy than devices composed of less abundant Earth 
minerals such as germanium, selenides, and tellurides.[124–126] 
Carbon-nanotubes (CNTs), graphene, aniline, pyrrole, and 
thiophene-based polymers and nanomaterials are prime exam-
ples.[127–131] For the printed carbon-based TEGs to be commer-
cialized and useful in functional electronic devices, several 
optimizations must occur.[120,124,132] For instance, improving 
printing quality to yield homogenous films with high process 
reproducibility is necessary.[133] Other improvements involve 
synthesizing materials with thermal stability at least slightly 
higher than the operating temperature. The human body is 
not comprised of flat surfaces therefore, the materials should 
be malleable during product development and designed to fit 
the body’s curvature and offer potential for large surface area 
coverage.[124,134,135] If the TEG is introduced into clothing or in 
close/direct contact to human skin, it should be nontoxic and 
non-reactive during its operation lifetime.[120,136,137]

Most carbon-based thermoelectrics are solution processable, 
therefore inks with various rheological properties like viscosity, 
particle size, diameter, as well as surface tension can be tuned 
for an appropriate printing system.[138–142] When using inkjet 
or flexographic printing techniques, the ink viscosity is usually 
lower than in a technique like screen printing. This, however, is 
an oversimplification because even if the appropriate viscosity 
for each printing system is obtained, it is also important to tune 
for appropriate surface tension between the substrate and ink 
to prevent spreading beyond the designated pattern.[129,140,143] It 
is paramount therefore, to tune the surface energy of inks rela-
tive to the substrate to allow for droplets to wet on substrate and 
spread with a desired flow to form films within the expected 
pattern.[144,145] This is a challenge for large area film formation 
as the surface energy is dependent on the surface area of the 
substrate.[146,147]

The thermoelectric performance of printed carbon-based 
thermoelectrics varies significantly in the literature. To allow 
for comparison of the components that make up ZT and ZT 
itself, the peak ZT or power factor values reported for all papers 
in this section are summarized in Figure  18 (also Table S9,  
Supporting Information). Devices with reported power outputs 
are summarised in Table 4.

4.1. Printed Carbon-Nanotube (CNT) Based Thermoelectrics

CNTs can be printed as well dispersed suspensions can be 
formed.[141] In 2010 Najeeb et al.[148] conducted a study whereby 
a carboxylic acid functionalized, and a nonfunctionalized 
single-walled carbon nanotube/poly(3,4-ethylenedioxythio-
phene) polystyrene sulfonate (SWNT/PEDOT:PSS) composites 
were synthesized. A piezoelectric inkjet printer was employed 
to create patterned conductive strips from the solution with a 
width of 100  µm and lengths ranging between 1 and 5  cm. It 
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was discovered that the electrical conductivity for the function-
alized patterns was four times higher than that of the nonfunc-
tionalized SWNT composites due to improved dispersibility 

of CNTs owing to more hydrophilic interactions between the 
carboxylic groups and PSS components in the polymer matrix. 
Further still, when the natural gum (gum arabica) was used 
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Figure 18. Thermoelectric properties of carbon based printed thermoelectrics (materials are labeled in part e). Values presented represent the sample 
and temperature where the peak ZT value was observed, if ZT was not reported then values represent the peak power factor measured: a) electrical con-
ductivity, b) Seebeck coefficient, c) power factor, d) thermal conductivity and e) ZT. This data is also represented in Table S9 (Supporting Information).
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to aid dispersion of the functionalized SWNT an increase in 
the electrical conductivity (18×) was observed relative to the 
nonfunctionalized SWNT composite owing to the improved 
extended network between the SWNTs and PEDOT:PSS chains. 
The study showed that for ink-jet printing, controlling the  
dispersion of SWNT is vital in preparing the most conductive 
materials.

In a 2012 study conducted by Hewitt  et  al., a TEG module 
was fabricated by creating multiple layers of alternating p- and 
n-type multiwalled carbon nanotube (MWCNT) sandwiched 
between the insulating polyvinylidene fluoride (PVDF) layer, to 
separate the p and n components as expressed in Figure 19a.[149] 
The as assembled layers mimicked felt fabric and resulted in 
light weight and flexible modules which resulted in a power 
factor (PF) and power output that was directly proportional to 
the number of repeating layers. For the 72-layer module at a 
load resistance of 1270 Ω, an optimal power output of 137 nW 
was produced. Due to the unique layer by layer design with an 
insulating PDVF layer, it was realized that the resistivity was 
low due to the low concentration of carbon nanotubes at the 
p–n junction since the main constituent of the junction was 
comprised of the insulating polymer. Thus, for higher power 
outputs different designs with higher concentration of CNTs 
within the p–n junction, and or increasing the number of layers 
would be required.

In 2013 a flexible functional (carbon nanotube-thermoelec-
tric generator) CNT-TEG was synthesized on a polyethylene 
naphtholate substrate via a printing procedure utilizing a 

printing plate and the solution of the CNT–polystyrene com-
posite as shown in Figure 19b.[150] The device had a low weight 
per unit area of 15.1  mg cm–2. At a temperature difference of 
70 K, the TEG (Figure 19c) produced a maximum surface area 
power density of 55 mW m–2. The module however due to not 
having a corresponding n-type counterpart exhibited potentially 
lower power than if both p- and n-type thermoelectric legs were  
present. The device’s performance did not reduce much even at 
induced mechanical stress (bending). This provides researchers 
a potential route for printed CNT based devices with significant 
need for optimization.

Other printing techniques involve using commercially avail-
able instruments such as inkjet printers, offering more control 
than screen and printing plate-based processes with further 
potential to create patterned electrodes and legs through fine 
precision of, size (thickness)/(width), and shape (design) of 
elements in the modules.[151] Previous studies have shown 
it is possible to utilize inkjet systems to design patterned  
functional CNT-based semiconductor devices such as transis-
tors.[145,152–155] A flexible CNT-based thin film TEG was realized 
via an inkjet printing procedure by Horike et al.[156] The group 
utilized an oxygen electron injection from the HOMO (highest 
occupied molecular orbital) of the polyvinyl derivative into 
the LUMO (lowest unoccupied molecular orbital) of the CNT 
to form relatively stable n-type CNTs. The n-type CNTs were 
relatively stable with the CNTs retaining n-type characteristics 
for over 3 weeks in which a module was derived by folding 
p- and n-type SWCNTs on a flexible substrate. It became  

Table 4. Summation of organic based printed thermoelectric generators that report power outputs.

Material Printing 
technique

Substrate Thickness 
[mm]

Power  
[µW]

Power density 
[mW cm–2]

Cure time  
[min]

Cure  
temperature [K]

Refs.

MWCNT Casting PVDF 0.04 0.137 N/A 960 373 [149]

CNT–polystyrene Screen Polyethylene 
naphtholate

0.075 N/A 0.0055 N/A N/A [150]

PEDOT-Tos/carbon Inkjet Silicon 0.003 0.00113 N/A N/A 308 [176]

TTF-TCNQ+PVC/PEDOT-Tos Inkjet Silicon 0.03 0.128 0.023 N/A 383 [176]

PEDOT:PSS + ethylene glycol Screen Paper 0.02 50 N/A 423 30 [183]

PEDOT:PSS/graphene Roll to roll “plastic” 0.02 1.92 0.000024 N/A N/A [127]

PEDOT-Tos/Bi2Te3 Casting PET 0.006 0.160 N/A N/A N/A [185]

PEDOT:PSS Casting PES 0.003 N/A 0.099 N/A N/A [187]

PEDOT:PSS Casting Polyimide ≈0.001 N/A 0.001 “overnight” 353 [195]

PEDOT:OTf Spraying Polyimide 0.00065 1 N/A 10 343 [196]

PEDOT:PSS/TiS2:hexylamine Screen PEN 0.007 240 N/A 2 413 [198]

PEDOT:PSS/PTEG-1 Inkjet PEN 0.025 N/A 0.0000305 “overnight” 393 [199]

PEDOT:PSS Dispenser Glass N/A 0.00517 N/A 30 413 [200]

Poly[Cux(Cu-ett)]-PVDF-DMSO/
Poly[Kx(Ni-ett)]-PVDF-NMP

Inkjet PET 0.005 0.045 N/A 600 363 [201]

PEDOT:PSS-Te nanowires/
poly(Ni-ett)-PVDF-DMSO

Calligraphy Paper 0.08 0.028 0.000015 30 333 [202]

PEDOT:PSS/BBL:PEI Spraying PEN 0.01 0.056 N/A N/A 413 [203]

Sb2Te3-PEDOT:PSS/ Bi2Te3-PEDOT:PSS Aerosol Jet Polyimide 0.001 0.141 0.1 30 403 [205]

PEDOT + V2O5.nH2O Inkjet Paper 0.004 0.0034 0.266 “overnight” 373 [206]

P3HT + DWCNT Dispenser PET 0.03 0.0145 N/A 30 423 [207]
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evident that the dopants with the highest HOMO level gener-
ally produced n-type SWCNTs with higher negative Seebeck 

coefficient. The same relationship however was not observed 
between the HOMO level and increased electrical conductivity. 

Adv. Mater. 2022, 34, 2108183

Figure 19. Schematics for making and images of printed CNT based thermoelectric generators. a) Fabrication of all CNT thermoelectric module (i) 
Layer arrangement for the multi-layered fabric. CNT/PVDF conduction layers (B,D) are alternated between PVDF insulation layers (A,C,E). Every other 
conduction layer contains p-type CNTs (B), while the others contain n-type CNTs (D). The shorter insulating layers allow for alternating p/n junctions 
when the stack is pressed and heated to the polymer melting point of 450 K to bond the layers. Layers A−D can be repeated to reach the desired number 
of conduction layers N. When the film is exposed to a temperature gradient ΔT, charge carriers (holes h, or electrons e) migrate from Th to Tc resulting 
in a thermoelectric current I. (ii) The resulting thermoelectric voltage VTEP can be read across the ends of the first and last conduction layers. (iii) The 
thermoelectric fabric remains flexible and lightweight. Reproduced with permission.[149] Copyright 2012, ACS. b) Schematic for printing CNT-polystyrene 
composite TEG and c) dimensions and image of the manufactured TEG. Reproduced with permission.[150] Copyright 2013, AIP. d) Schematic for the 
manufacturing of an all SWCNT thermoelectric module by utilizing UV radiation to turn half of the n-type inkjet printed SWCNT legs p-type and a plot 
of the modules Seebeck performance. Reproduced with permission.[157] Copyright 2018, Elsevier.
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The improved stability seemed to be due to the monomers 
remaining on the CNTs surface thereby creating an encapsula-
tion reducing oxidation.

The Seebeck coefficient of the pristine p-type SWCNT was 
around 50 µV K–1 meanwhile the electrical conductivity was  
0.5 S cm–1 resulting in a power factor of 0.11 µW m–1 K–2. For 
the best-performing SWCNT film treated with the n-type dopant 
PVA, the Seebeck coefficient of -40 µV K–1, an electrical conduc-
tivity of 0.7 S cm–1 and PF of 0.10 µW m–1 K–2 was observed. 
A TEG consisting of 3 pairs of p- and n-type legs produced a 
voltage output of 2.2  mV at a ΔT of 10 K. There was a linear 
trend with increased output voltage when going from 1 pair to 
3 pairs of legs, thus inferring low contact resistance. It would 
be interesting to see if the low contact resistance remains after 
several hundred legs are connected.

In 2018 Horike  et  al., further developed the inkjet 
printing technique to formulate modules more efficiently 
(Figure  19d).[157] The group deposited the metal electrode on 
the quartz substrate and later inkjet printed the SWCNT leg 
patterns, later doped by the polyvinyl (acetate) by spin coating. 
Unlike the module design presented in their earlier work, this 
module was already preconnected having many n-type ele-
ments. To form the p-type elements, a photo mask was placed, 
and ultraviolet (UV) irradiation was used to de-dope (convert 
the n-type legs back to p-type) to formulate an alternating p-n 
module. The module produced a thermopower of 100 µV K–1 
for a 2 units (p–n, p–n) system. The easy fabrication process 
exhibited potential for large area TEG design with room for 
improvement.

4.2. Printed PEDOT:PSS-Based Thermoelectrics

The discovery of electrically conductive π conjugated organic 
semiconductors in 1977,[158] ultimately led to their research for 
thermoelectric applications.[159,160] The initial electrical conduc-
tivity and power factor of materials such as polyaniline were low 
at <8 S cm–1 and <10 µW m–1 K–2, respectively.[161] Advances have 
since been made by utilizing molecular dopants such as acids, 
solvents, and ionic liquids to tune the power factor.[160,162] Other 
methods to improve power factor include forming nanocom-
posites with highly conductive fillers such as silver nanowires, 
graphene nanorods, and carbon nanotubes whereby electrical 
conductivities of ≈800–1000 S cm–1 are routinely obtained by 
various research groups.[163–165] A two-step methanol and H2SO4 
treatment under thermal stress were shown to yield higher 
conductivities in PEDOT:PSS as exhibited in a record high  
4600 S cm–1 in a paper by Worfolk et al.[166] Reducing agents like 
NaBH4, OH–, NH3 etc. have been also been employed to tune 
the Seebeck coefficient of polymers such as PEDOT:PSS[167] 
and polyaniline (PANI)[168] composites through reducing the  
polymer’s charge carrier concentration.

Spin coating is one of the most widely employed printing 
method in organic electronics research, however due to scale 
up considerations, it is not ideal for processing thermoelectric 
modules. This is because most spin coating equipment print 
on substrates in the surface area range of a few millimeters 
squared,[169] although larger areas such as 8” Si wafers have 
been used with spin coating.[170] When fabricating modules, 

a printing method that delivers potential for large area device  
production is more ideal. To this end, the focus of this 
section will expand on printing techniques such as screen 
printing, inkjet, drop casting and other methods with greater 
scalability.[120,171,172]

PEDOT:PSS has emerged as one of the more successful 
inks in formulating organic thermoelectric generators.[126] It 
is, however, difficult to find fully PEDOT:PSS TEG modules 
in literature due to challenges fabricating stable n-type legs to 
complement the widely available p-type version. This is because 
when a carbon-based material (such as p-type SWCNTs) is 
doped via an electron injection from the HOMO of the donor 
(reducing agent) to the LUMO of acceptor (p-type SWNT), 
n-type characteristics are introduced (depending on the treat-
ment conditions).[126] These n-type characteristics are normally 
instantly lost in PEDOT:PSS, as the polymer is readily oxidized. 
In the case for PEDOT:PSS it is rare for PEDOT:PSS films to 
be turned n-type without compositing with nanoparticles.[173] 
When n-type PEDOT is achieved typically low electrical conduc-
tivity is observed, due to PEDOT losing hole carriers as they are 
reduced which are not sufficiently replaced by electron carriers. 
In the case for SWCNT, however, an increase in the electrical 
conductivity has been observed when treated with reducing 
agents.[174] PEDOT:PSS based TEG modules therefore are  
usually fabricated by connecting p-type legs in parallel with 
silver or copper electrodes while in some cases, the PEDOT:PSS 
is composited with foreign particles like copper chloride to 
induce n-type characteristics.[175]

In 2011 Bubnova  et  al.[176] synthesized poly (3,4-ethylenedi-
oxythiophene) tosylate (PEDOT-Tos) TEGs via an oxidative poly-
merization of EDOT (3,4-ethylenedioxythiophene) monomers 
with a solution of iron (III) tris-p-toluenesulfonate. The choice 
of PEDOT-Tos as opposed to PEDOT:PSS was due to pristine 
PEDOT-Tos films reportedly exhibiting significantly higher elec-
trical conductivities (200–1000 S cm–1) depending on the polym-
erization method.[177] Pristine PEDOT:PSS films, however, tend 
to exhibit much lower electrical conductivity between 0.5 and 
50 S cm–1 depending on grade and processing conditions.[178,179] 
The difference can be explained due to the tosylate anions 
being smaller than the much larger insulating polystyrene 
sulfonate anion thereby leading to fewer cases of charge car-
rier impedance across thiophene chain.[176] The as synthesized 
polymer film had a conductivity of 300 S cm–1, a Seebeck coef-
ficient of 40 µV K–1 leading to a power factor of 38 µW m–1 K–2  
at room temperature. When treated with tetrakis (dimeth-
ylamino)ethylene (TDAE) reducing agent at different rates 
(minutes), the as prepared PEDOT-Tos films exhibited a signifi-
cantly higher Seebeck coefficient while invariably suffering a 
significant decrease in the electrical conductivity. The trade-off 
was marked at specific oxidation profiles as determined by the 
XPS measurements in response to different exposure times 
to the reducing agent. At 22% oxidation an extremely high 
power factor of 324 µW m–1 K–2 was realized. Employing the 
3ω-method for thermal conductivity determination in thin-film 
materials, a lateral thermal conductivity of 0.37 (±0.07) W m−1 K−1  
was measured. When considering the thermoelectric prop-
erties, a record high ZT at the time of 0.25 was calculated.  
A simple TEG was constructed with a carbon leg and a p-type 
PEDOT-Tos leg, to make a thermocouple to which a ΔT of  
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1.5 K was applied across. The printed TEG gave different power 
outputs depending on the level of oxidation (altered by expo-
sure time to TDAE) in response to different load resistances. 
The highest power output recorded was 1.13 nW. The decreased 
power output above an exposure time of 10 minutes is related 
to the decreased electrical conductivity due to excessive reduc-
tion of PEDOT.

The group then synthesized a 54 leg TEG via the inkjet 
technique. Since PEDOT-Tos is insoluble, the group carried 
out an in situ polymerization of EDOT and tosylate inside 
the ink cartridges and used pyridine to slow polymerization 
enough to allow for an appropriate ink dispensation. Due to 
not having an n-type PEDOT-Tos, tetrathiafulvalene-tetracyano-
quinodimethane (TTF-TCNQ) blended with polyvinyl chloride 
(PVC) was used for the n-type leg which exhibited a Seebeck 
coefficient of -48 µV K–1. At the highest ΔT of 10 K the device 
gave a maximum power output of 23 nW cm–2.

In 2012 Bubnova  et  al.[180] utilized an organic electrochem-
ical transistor (OECT) to tune the thermoelectric properties of 
PEDOT:PSS. An inkjet printer was employed to pattern the 
TEG to allow a voltage gate channel. Increasing the voltage was 
corresponded with an increased Seebeck coefficient. At 1.3 V a 
high Seebeck coefficient of 400 µV K–1 was measured. Due to 
the OECT reducing the oxidation state of PEDOT:PSS at higher 
voltage however, a retardation of the electrical conductivity was 
observed. An initially low power factor of 2.3 µW m–1 K–2 at 0 V 
was optimized to 23.5 µW m–1 K–2 at 0.9 V due to a high See-
beck coefficient of around 120 µV K–1 and electrical conductivity 
of around 20 S cm–1. A ZT of 0.041 was estimated using the 
optimized thermoelectric properties and a literature thermal 
conductivity of 0.17 W m–1 K–1.[181] Although a way to tune the 
power factor of a PEDOT:PSS TEG was found, the limit on how 
high the power factor can be optimized via the redox-based 
improvements resulted in the relatively low ZT.

Other printing techniques involve simple ink soaking 
on paper substrates as demonstrated by Jiang  et  al.[182] The  
thermoelectric paper was prepared as shown in Figure  20a. 
The novel substrate produced a film with a very low thermal  
conductivity of 0.16 W m–1 K−1. To optimize the power factor, 
the PEDOT:PSS/paper composites were treated with different 
solvents (DMSO and Ethylene glycol) to form inks with varying 
concentration of solvent to PEDOT:PSS solution (0, 5, 30, and 
50 v/v%). The Seebeck coefficient of the Pristine PEDOT:PSS 
was 30 µV K–1 which reduced to 25 µV K–1 for the optimized 
30% v/v PEDOT:PSS-EG film. The electrical conductivity  
however improved from 0.2 to 50 S cm–1, thus, a power factor 
of 3.0 µW m−1 K−2 that led to a ZT of 0.0055. The film printed 
on paper had several advantages over those printed on glass 
substrates as the Van der Waals forces between the paper and 
PEDOT:PSS created a bond that could withstand water damage 
better than the one printed on glass substrate.

In 2014 Wei  et  al.[183] utilized a screen printing technique to 
create the first flexible PEDOT:PSS module printed on paper for 
practical applications. They utilized a standard 5% v/v ethylene 
glycol/PEDOT:PSS treatment that resulted in a power factor of 
25 µW m−1 K−2 at 25 °C. This was due to a high electrical con-
ductivity and Seebeck coefficient of 770 S cm–1 and 18 µV K–1 
respectively. To show large area application potential, a module 
with 300 legs was created, which was later used to power an LED.

The module dubbed M2 produced a power of 50 µW at 
a load resistance of less than 10 Ω as well as an open circuit 
voltage of over 40  mV at ΔT  ≈ 100 K. Due to the low voltage, 
however, a step-up converter was used. The converter required 
an input voltage of 20  mV to give a 2.2  V at no extra power 
input leading to an LED being powered. The device suffered 
stability issues. After 100 hours of usage at above 100 °C the 
device performance halved but the individual legs maintained 
their performance. It was therefore deduced that it may have 
been an interface-related degradation. This was confirmed by 
XPS showing PSS segregation at the interfacial layer thereby 
creating a larger surface area at the contact with the insulating 
component. Part of the reason why a higher power output was 
not achieved was due to not having an optimized device design 
and not having n-type counter legs. In addition, the interfacial 
instability would need to be solved. Therefore, to maximize 
power generation one would need to find a conductive paste 
that does not react with PEDOT or PSS. Thicker films than the 
20 µm films produced in this work would ideally also need to be 
produced, issues surround thicker pastes in that the electrical 
conductivity is reduced. In the same year Wei et al.[184] used the 
same printing method to print a module with 11 legs. In this 
case after an experiment that showed an apparent increased 
Seebeck coefficient with increased humidity, the modules 
power output was tested while spraying it with water. The films 
power factor improved from 23 to 225 ± 130 µW m−1 K−2 from 
30 to 90% humidity mostly due to its increases in Seebeck coef-
ficient from 17 to >49 µV K–1 and a minor increase in electrical 
conductivity (805 to 870 S cm–1).

The issue commonly observed with screen printing  
surrounds the requirement for high viscosity inks in which 
thermoelectric properties alter significantly, as well as the 
requirement for posttreatments to try off-set the loss in 
electrical conductivity. In 2016, Zhang  et  al.[127] created a TEG 
utilizing flexographic printing in a roll to roll (R2R) setup 
whereby PEDOT:PSS was utilized as the p-type component and 
a nitrogen-doped graphene for the n-type component. A max-
imum voltage of 3 mV and a power output of 0.24 mW m–2 was 
obtained at a ΔT of 10 K. Figure  20b represents the printing 
method employed. The procedure involved 3 cylinders dipped 
in the appropriate ink and applied sequentially to a substrate as 
shown in Figure 20bi. Figure 20bii,iii on the other hand depicts 
the importance of controlling surface energy of the inter-
face between the ink and substrate. To determine wettability 
the UV treated plastic substrate was compared to that of the 
plasma treated one. In appearance and surface coverage of ink 
and performance, it appeared that the plasma-treated substrate 
was more effective (Figure  20biii). For large-scale continuous 
printing, a R2R system would be more ideal as it is not as sen-
sitive to viscosity as inkjet printing, however challenges remain 
on improving wettability of substrates as well as finding stable 
n-type components with high thermoelectric power factor.

A 36 leg thermoelectric generator with thermoelectric voltage 
output of 36 mV at a ΔT of 7.9 K and power output of 115 nW 
(160 nW at a ΔT of 10 K) was created by Park et al.[185] via solu-
tion casting polymerization. PEDOT-Tos was utilized as the 
p-type component meanwhile Bi2Te3 was utilized as the n-type 
blocks connected to a PET flexible substrate. The TEG exhibited 
higher power output with temperature as well as great stability 
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whereby the resistance did not increase by a significant factor 
even after 120 d. Furthermore, the group showed this TEG 

fabrication procedure coupled with the conducing polymer 
(PEDOT-Tos) and inorganic block (Bi2Te3) to be stable upon 

Figure 20. A selection of PEDOT:PSS based printed thermoelectrics. a) PEDOT:PSS soaking on paper: i,ii) The flexibility of freestanding PEDOT:PSS/
paper composite films, iii) The soaking stability in water. Reproduced with permission.[182] Copyright 2014, Wiley. b) Roll to roll (R2R) printing a 
PEDOT:PSS module: i) Illustration of R2R printing of flexible thermoelectric devices; ii) UV treated plastic substrate and iii) plasma-treated plastic sub-
strate. The inset images show the contact angle between substrate and the inks. Reproduced with permission.[127] Copyright 2016, Elsevier. c) Painted 
PEDOT:PSS/silver thermoelectric module: i) Image of the flexible and twistable TEG comprising 16 legs, ii) generation of thermovoltage by the TEG 
attached on the forearm at room temperature of 25 °C, iii) dependence of calculated and measured thermovoltage values with temperature differences. 
Reproduced with permission.[186] Copyright 2018, Wiley. d) PEDOT:PSS/Poly[Na(NiETT)] embedded textile thermoelectric module. i) Step-by-step device 
fabrication and assembly process for a textile-integrated TEG: 1) Burning out holes through the knitted fabric, 2) Stencil printing p-type (red) and n-type 
(blue) material on both sides of the fabric to fill the holes, 3) Stencil printing silver interconnects (light blue) on a heat transfer membrane (light gray) 
for both sides of the device, and 4) Transfer printing interconnects by heat pressing the heat transfer membrane on both sides of the device. ii) Wear-
able TEG integrated into knitted fabric consisting of 32 p- and n-type legs arranged in a hexagonal close-packed layout and connected according to 
the Hilbert curve. iii) device consisting of 1072 polymer TE legs deposited on a 25 cm × 25 cm area of knitted fabric. Reproduced with permission.[123] 
Copyright 2019, Wiley.
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(bending) up to several cycles up to a curvature of 4 cm without 
significant increase in the resistivity.[185]

A year later in 2018 Wang  et  al.[186] used a redox doping 
strategy to achieve a power factor in PEDOT:PSS of  
203.1 µW m−1 K−2 at room temperature. The optimized power 
factor was due to BSA (benzene sulfonic acid) addition to the 
PEDOT:PSS solution to improve conductivity from <50  S cm–1 
to 1996 S cm–1. The effects of treating PEDOT:PSS solutions 
with sulfonic acid derivatives (differing in molecular size/func-
tional groups) were studied, resulting in the discovery that 
steric effects may be responsible for the observed difference in 
electrical conductivity measured. As the acid protonates the PSS- 
anion to PSSH, this reduces the coulombic interaction with 
PEDOT. This in turn allows PSSH to be selectively removed 
from the PEDOT:PSS increasing the carrier mobility, as was 
determined by Hall effect measurements. Generally, the study 
showed that the largest molecule the CSA (camphor sulfonic  
acid) had the lowest electrical conductivity (580 S cm–1) mean-
while the smaller molecules had higher electrical conductivity 
>1940  S cm–1. A wearable TEG was formed by connecting  
16 crudely printed legs in parallel. There was no n-type leg, there-
fore, silver paste was used to connect the p-type legs as shown 
in Figure  20c. Due to interfacial contact resistance however, 
there was a difference between the theoretical thermoelectric 
voltage of 5.6  mV and measured output of 4.6  mV at a ΔT of 
8 K (human skin to outside environment). The wearable TEG 
showed potential to generate more power during winter times.

In 2018 a record high power output for a purely organic TEG 
was recorded as 99 µW cm–2 at a ΔT of 29 K.[187] The optimized 
Seebeck coefficient and electrical conductivity were 20.6 µV K−1  
and 2500 S cm–1 respectively, leading to a room temperature 
power factor of 107 µW m–1 K–2. The thermal conductivity was 
recorded as 0.64 W m–1 K–1 at room temperature, resulting 
in a modest ZT of 0.05. A facile freestanding film technique 
developed by the same authors previously was utilized.[188] The 
printing method (casting), whereby PEDOT:PSS particles were 
dispersed in strong acid and a subsequent vacuum-assisted  
filtering was conducted, produced highly uniform PEDOT:PSS 
freestanding films that could be cut into required shape (legs). 
As indicated by XRD and Raman, the films produced a highly 
ordered PEDOT (π–π) stacking that contributed to the extremely 
high electrical conductivity. The TEGs were stable up to 250 °C,  
thereby showing promise for varied application. The interesting 
printing method allows for controlling larger PEDOT par-
ticles, leading to higher power factor and thus power output. 
The facile method allows several stacks of freestanding films 
to be potentially folded to scale up an organic TEG, a weakness 
in the design strategies for organic TEGs. The issue with R2R 
and ink-jet based systems is maintaining a high temperature  
gradient due to thin films obtained. The study showed progress 
and potential applications for more diverse TEG designs.

To test the effectiveness of printed organic printed TEGs 
on different paper as opposed to a plastic substrate like PET 
(polyethylene terephthalate), Andersson et al. used PEDOT:PSS 
and Ag inks to power an electronic circuit on paper.[119] In 
general, the films had a low power factors, with 1.3 µW m–1 K–2  
for the TEG printed on PET, and 0.8 µW m–1 K–2 and  
0.9 µW m–1 K–2 on photo paper and cardboard respectively. The 
purpose of the experiment, however, was to determine optimum 

substrate conditions. In this respect, the PET substrate had the 
most homogenously spread film with the lowest roughness, 
meanwhile the cardboard had the highest surface roughness in 
which the film thickness was more varied. The paper surfaces 
were porous, PET was not, which may explain the higher  
electrical conductivity achieved by PET as there were fewer 
impedance of carrier mobility by insulating paper fibers. The 
carbon paper and PET TEGs had a thermovoltage of 0.4 mV at 
ΔT 15 K, the photopaper 0.3  mV. There was a slight variation 
in the Seebeck coefficients, PET and carbon paper had  
25.5 µV K–1, photopaper had 21.5 µV K–1. The most notable 
difference, however, was the resistance. Carbon paper had the 
highest resistance at 760 Ω, while the smother photopaper 
and PET substrates produced lower resistances of 380 and  
390 Ω, respectively. The Ag resistance did not vary significantly, 
showing the contact resistance between silver and PEDOT was 
relatively similar for all substrates. More post or pre-printing 
PEDOT:PSS optimization via acid treatments, ionic liquids, 
reducing agents, or a mixture would be required to explore 
higher power factors.

More developments by Khoso et  al.[189] in 2019 showed that 
by systematically altering the PEDOT to oxidant (FeCl3) ratio 
in the polymerization of the monomer EDOT in the ratios 1:3, 
1:6, and 1:9 would lead to PEDOT nanowires, nanotubes, and 
nanocubes of different shapes and sizes. As shown by other 
studies where control of size and shape may contribute to ther-
moelectric properties of organic TEGs.[187,190–192] Khoso et al.[189] 
showed that, as the proportion of PEDOT lowered the nano-
sphere became nanocubes and the original size of 50–200 nm 
range became 50–300  nm. As the ratio reached 1:9 the cubes 
became less homogenous. The as prepared PEDOT coated tex-
tiles had relatively low thermoelectric properties with electrical  
conductivity, Seebeck coefficient, and thermal conductivity 
at 309 K of 16.67 S cm–1, 4.0 µV K–1 and 0.009 W m–1 K–1  
respectively. This corresponds to a power factor and ZT of  
0.027 µW m–1 K–2 and 0.0009 respectively. When the mostly 
nanocube PEDOT textile TEG was fabricated, however, the 
device had a significantly improved performance with an elec-
trical conductivity of 560 S cm−1 and thermovoltage 19.5  mV 
thus showing potential for human body heat waste recovery. 
Although some limitations in the studies method are the crea-
tion of the nanospheres and nanocubes in which it would 
create extra steps for large-scale formulations. As printed TEGs 
have untapped potential in wearable electronics, new methods 
to make films that are mechanically resistant in response to 
several bends folds and repeated thermal cycling would yield 
more commercialized products. Looking into the unique abili-
ties of ionic liquids to imbed into polymers like PEDOT:PSS, 
not only to improve the conductivity as high as 1439 S cm–1, 
but depending on the ionic or anionic counterpart they can act 
as the reducing agent too to improve Seebeck and electrical 
conductivity simultaneously.[163,193] The unique properties of 
ionic liquids may have greater potential in printing technolo-
gies as they can increase the viscosity of PEDOT:PSS solutions,  
creating thicker materials with higher conductance.[194]

Elmoughni  et  al.[123] synthesized a 32 leg PEDOT:PSS and 
poly[Na(NiETT)] imbedded textile TEG (Figure 20d) giving rise 
to an open circuit voltage (3 mV) at ΔT 3K (natural convection) 
and later scaled up to 864 legs in which the thermovoltage was 
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recorded as 47  mV at the same ΔT. The study is the first in  
synthesizing a fully organic p- and n-type textile TEG. To 
achieve skin contact, where the thermal gradient is maxi-
mized, hexagonal holes were burned in a commercial fabric 
and a stencil printing technique employed to print p and n 
legs with a design to maximize fill factor yet allowing for flex-
ibility of fabric. Cracks were discovered on the textile surface as 
inks dried due to mechanical folds. For the 32 leg device, at a  
doubled ΔT of 6 K, an open circuit voltage of <6  mV  was 
observed. If a similar relationship with ΔT for the 864-leg 
device with correction for contact issues was seen, one would 
potentially have a thermovoltage of over >84  mV.  This device 
shows promise for self-heated clothing as well as power for 
micro electronic devices, especially for winter applications as 
the thermal gradient may be higher due to body heat of 37 °C 
and outside environment of potentially <0 °C.

Xu et al. fabricated a PEDOT:PSS TEG by drop casting, which 
they powered with the heat from a human arm. PEDOT:PSS 
was optimized with triple postcasting treatments of CH3NO fol-
lowed by H2SO4 and NaBH4.[195] The acid treatments improved 
the carrier mobility by removing the insulating PSS anions 
from the polymer meanwhile the reducing agent treatment 
was optimized to tune the oxidation state of the polythio-
phene molecules by reducing carrier concentration. Following 
sequences of treatments at varying temperatures and con-
centrations of (NaBH4) the TEG produced a power density of  
1 µW cm−2 and a thermovoltage of 2.9 mV at a ΔT of 12 K. A 
Seebeck coefficient of 28.1 µV K–1 and an electrical conduc-
tivity of 1786 S cm–1 and power factor of 141 µW m−1 K−2 were 
determined for the optimized film. After the H2SO4 treatment 
following the initial CH3NO treatment, the carrier concentra-
tion increased from (1.1 to 1.35 ×1021 cm−3) probably due to 
increased H+ ions from the acids dissociating to the polymer. 
After the NaBH4 treatment, however, the carrier concentration 
halved as expected with a corresponding decreased electrical 
conductivity. The carrier mobility, however, did not decrease 
significantly. A favorable treatment condition to mitigate the 
thermoelectric trade-off (S to σ) was discovered. Figure  21a 
reveals that the TEG did not contain an n-type alternative which 
remains an issue in the development of an all organic TEG, 
as PEDOT:PSS p-type shows promise. The p-type legs were  
2 × 0.35 cm2. The facile free-standing films have the potential  
to be cut into appropriate shapes or increase thickness. 
Challenges lie, however, in large-scale reproducibility using 
current printing technologies. Increasing the container the 
films are created in and post-processed, could also increase the 
size of the TEGs.

In 2020 Yvenou et al,[196] used an ExactaCoat Benchtop 
Ultrasonic Spraying System to print a poly(3,4-ethylenediox-
ythiophene), fluoromethanesulfonate (PEDOT:OTf) thermo-
electric composite. This was achieved via an in situ oxidative 
polymerization of EDOT and iron(III) trifluoromethanesul-
fonate (FeOTf3). The printing technique allows for large area 
deposition of the polymer film with some control of thickness 
depending on the time and angle of spraying or viscosity of 
the solution which may depend on concentration of additives 
such as cosolvents. The study found that N-methyl-2-pyrro-
lidone (NMP) improved the electrical conductivity as reported 
in other studies. In general, increasing the NMP concentration 

lowered the resulting thin film’s thickness, dropping from 
800 nm with no NMP to ≈50 nm at 6% NMP. There is a clear 
dependence of NMP concentration and the resulting elec-
trical conductivity, with electrical conductivity increasing up to  
5 wt%, until it decreases drastically at 6 wt%. No clear depend-
ence for the Seebeck coefficient was seen. 5 wt% NMP obtained 
maximum electrical conductivity of 2215 (±665) S cm–1, with 
a film thickness of 132 nm thickness, a Seebeck coefficient of  
≈22 µV K–1 and a corresponding power factor of ≈107 µW m–1 K–2.  
The improved conductivity via polymerization with NMP was 
attributed to slower polymerization rate with more crystalline 
packing of polymers.[197]

The printed TEG shown in Figure  21b was fabricated  
utilizing the optimized 5 wt% NMP. 156 p-type spray printed 
PEDOT:OTf legs were printed with 156 silver electrodes thereby 
making a total of 312 legs on a 25 µm polyimide foil. A stack 
was made with four printed polymer films to increase film 
thickness, whereby one stack is 132  nm and the four stack is 
650 nm. This was done to improve the temperature difference 
between the hot and cold sides. Figure  21bii shows the rolled 
TEG fabricated by rolling up the LEGs printed on the polyamide 
foil and connecting them at each end with silver electrode. Nine 
thermocouples of the polymer silver TEG were cut off as shown 
in Figure 21bi to be used for power density measurements.

Nine thermocouples had a surface area of 15.12 cm2; each 
thermocouple had a mean surface area of around 1.68 cm2. 
When a load resistance of 167.4 Ω is applied the surface area 
power density is 16.5 nW m−2. When the TEG was exposed to 
a ΔT of 48.1 K, a 1 µW power output was observed. This result 
is similar to other PEDOT-based screen printed thermoelectrics 
and the researchers showed potential for controlling crystal-
linity of films through the concentration of NMP during polym-
erization. It is also interesting that the researchers were able to 
fabricate a 3D TEG by rolling up the thermocouples, allowing 
for the devices to curve to match the heat source. The printing 
method also allows for a scalable approach to fabricating TEGs. 
In keeping with other organic TEG development, development 
of an n-type counter leg is needed to improve power output; 
silver as a proxy for the n-type leg yields near 0 positive Seebeck 
voltage.

Rösch  et  al. used an origami approach to make a device 
with a substantial number of thermocouples.[198] They used 
PEDOT:PSS nanowires as the p-type material, while the n-type 
was a TiS2:Hexylamine-complex. A screen-printing machine 
was used to semiautomate the manufacturing process of the 
TEGs. In order to maintain minimal heat conduction through 
the substrate a 6  µm thin substrate foil of PEN was used, to 
which the 7 µm thick layers of the p- and n-type materials were 
printed. The p-type PEDOT:PSS nanowires ZT was estimated 
using a literature value of the thermal conductivity to be 0.062 
at 300 K (σ = 900 S cm–1, S = 25.6 µV K–1, κ = 0.286 W m–1 K–1), 
while the n-type TiS2:hexylamine-complex ZT was 0.22 at 300 K  
(σ  = 544 S cm–1, S  = -96.6 µV K–1, κ  = 0.69 W m–1 K–1) again  
estimated using a literature value of the thermal conductivity. 
The thermoelectric materials were printed in an alternating 
(checkerboard) fashion (Figure  21ci) on a single substrate, 
this then underwent two folding steps (one along each axis, 
Figure  21ii-v) to produce a vertically standing compact device 
(Figure 21cvi). The performance of the device was investigated 
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Figure 21. A selection of PEDOT:PSS based printed thermoelectrics. a) PEDOT:PSS dropcast module: i) Schematic diagram of the homemade flexible 
thermoelectric device, ii) Photograph of the homemade device (I), measurement setup for the open-circuit thermovoltage (II), and measurement setup 
for voltage on an external resistor framed by the red dot cycle (III). Reproduced with permission.[195] Copyright 2019 ACS. b) Spray printed PEDOT:OTf 
thermoelectric composite: i) picture of 312 spray-coated legs on a 25 µm thick polyimide foil, ii) 3D TEG composed of 156 linked and rolled thermo-
couples (R = 2.9 KΩ). Reproduced with permission.[196] Copyright 2020, RSC. c) Origami screen printed PEDOT:PSS/TiS2:hexylamine-complex module: 
i) 2D print layout for an origami TEG with 254 p-legs (blue) and 253 n-legs (yellow), ii) screen printed TEG, iii) first folding step stacking all columns 
plus one extra strip of substrate, iv) fully folded thermoelectric ribbon, v) thermoelectric ribbon creased at the fold lines, vi) fully folded thermoelectric 
generator fixed with a Kapton ribbon. Reproduced under terms of an Attribution 4.0 International (CC BY 4.0) license.[198] Copyright 2021, The Authors. 
Published by Springer Nature.
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which was shown to have a power output of 63.4 µW at a ΔT of 
30 K which increased to ≈240 µW at a ΔT of 60 K.

The aforementioned organic work looks into macrothermoe-
lectric generators, however, there have been recent developments 
in the printing of organic microthermoelectric generators 
(µ-OTEG). In 2020 Massetti  et  al.[199] inkjet printed into laser 
etched cone-shaped cavities (top diameter 20 µm, bottom diam-
eter 6  µm) in 25  µm thick polyethylene naphthalate (PEN). 
PEDOT:PSS was used as the p-type material, while PTEG-1  
(a [60]fulleropyrrolidine, with an additional polar trieth-
ylene glycol ether side chain) was used as the n-type material.  
The devices were cured overnight at 393 K in a N2 atmos-
phere, then capped with a poly(methyl methacrylate) layer. No  
thermoelectric properties of the materials were character-
ized. As can be seen in Figure 22a, the devices used an array 
of microcavities for each p- and n-type leg, this avoided the 
issue of a single misprinted micro-leg breaking the circuit 
of the device (Figure  22b). A maximum power density of  
30.5 nW cm–2 was observed at a ΔT of 25 K.

In 2021, Shakeel  et  al.[200] fabricated a p-type only micro-
thermoelectric generator by dispenser printing PEDOT:PSS 
onto glass. The samples were cured at 413 K for 30 min post-
printing. The thickness of the printed samples was not specified. 
The electrical conductivity was seen to be 5.85 S cm–1, the See-
beck coefficient 17 µV K–1, and the power factor 0.17 µW m–1 K–1.  
The device (Figure 22c) yielded a power output of 5.17 nW at a 
ΔT of 120 K.

4.3. Printed Organic n-Type Thermoelectric Polymers

Due to oxidation, forming stable n-type polymers is challenging, 
especially under printing conditions. There are examples in the 

literature, however. Organometallic polymers are widely used 
to form n-type polymers. In 2014, Jiao et  al.[201] inkjet-printed 
poly(metal 1,1,2,2-ethenetetrathiolate(ett))s/polymer compos-
ites to produce both p- and n-type materials. The n- and p-type 
organometallic coordination polymers (poly[Kx(Ni-ett)] and 
poly[Cux(Cu-ett)] respectively) were insoluble, so were ball 
milled with polymer solutions to make them solution process-
able. To characterize the thermoelectric properties, samples 
were cast onto glass substrates, followed by drying in a vacuum 
at 383 K for 10 h. Devices were made by inkjet printing 2–5 µm 
thick composite films onto PET, and drying the samples at  
363 K for 10 h. The optimal power factors were found when the 
organometallic polymers were mixed with PVDF in a 1:2 ratio,  
with NMP being used with the n-type and DMSO being 
used with the p-type. The maximum n-type power factor was  
1.6 µW m–1 K–2 at 400 K (σ  = 5 S cm–1, S  = -57 µV K–1) and 
again 1.6 µW m–1 K–2 at 400 K for the p-type (σ  = 5.7 S cm–1,  
S = 53 µV K–1). A six thermocouple inkjet printed thermoelec-
tric generator was shown to produce a output voltage and short-
circuit current of ≈15 mV and ≈3 µA respectively with a ΔT of 
25 K. A maximum power output of 45 nW was observed, which 
was noted to be low due to the large contact resistance between 
the device’s gold electrodes and the thermoelectric materials.

In 2016 Menon et al.[202] also relied on organometallic poly-
mers to print an n-type material, using poly(Ni-ett) blended 
with PVDF/DMSO. PEDOT:PSS with tellurium nanowires was 
used as the p-type material. The samples were printed using 
calligraphy to both sides of an 80  µm thick paper substrate. 
The samples were then dried at 333 K for 30 min. The p-type 
power factor was 0.021 µW m–1 K–2 at 295 K (σ = 0.0049 S cm–1,  
S = 204.1 µV K–1) and 0.041 µW m–1 K–2 at 295 K for the p-type 
(σ = 0.5 S cm–1, S = -28.3 µV K–1). A radial design was used to 
make a thermoelectric generator which consisted of 15 thermo-
couples producing 15 nW cm–2 at a ΔT of 45 K with a voltage of 
up to 85 mV being measured.

In 2021 Yang et al.[203] reported on a printable n-type polymer 
poly(benzimidazobenzophenanthroline):poly(ethyleneimine) 
(BBL:PEI) as an ethanol based n-type conductive ink. 10  µm 
films were spay coated on a PEN substrate in air then annealed 
at 413 K in a nitrogen atmosphere before being encapsulated 
in CYTOP. To make a device PEDOT:PSS was used as the 
p-type material and was processed under the same conditions. 
While power factors are not explicated reported, the peak elec-
trical conductivity of BBL:PEI is shown to be 8 S cm–1 and 
is when the weight ratio between BBL and PEI is 1:1. At this 
concentration, a Seebeck coefficient of ≈-120 µV K–1 is reported 
that correlates to a power factor of 11.5 µW m–1 K–2. The device 
consisting of a single thermocouple produced a power output 
of 56 nW at a ΔT of 50 K.

4.4. Organic Based Nanocomposite TEGs

Bae et  al.[204] synthesized Te–Bi2Te3 nano-barbell structures 
coated with PEDOT:PSS via a low-temperature solution 
reaction. Utilizing a spray-printing process, the solution was 
deposited on a flexible polyimide substrate. Different acid 
concentrations were used to treat the films to improve their 
performance. Higher H2SO4 concentrations led to higher 
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Figure 22. a) optical microscope image and b) photograph of µ-OTEG 
consisting of PEDOT:PSS and PTEG-1. Reproduced with permission.[199] 
Copyright 2020, Elsevier. c) Photograph of a dispenser printed µ-OTEG 
using PEDOT:PSS, with silver used to complete the circuit. Reproduced 
with permission.[200] Copyright 2021, Elsevier.
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electrical conductivity and lower Seebeck coefficient. At 80% 
H2SO4 concentration, the electrical conductivity was 70 S cm–1,  
the Seebeck coefficient 94 µV K–1, and the power factor  
60 µW m–1 K–2. Despite the loss in the Seebeck coefficient, the 
power factor was higher than the untreated film due to the  
significant increase in conductivity. A p- only type TEG device 
was made using a shadow mask to make several sprayed p-type 
Te–Bi2Te3 PEDOT:PSS composite legs, which were then con-
nected hot side to cold side with printed silver electrodes. 
There was a strong positive correlation between the ΔV and the 
number of legs at any specific ΔT. 6 legs had an open-circuit 
voltage of 1.54 mV at ΔT of 10 K.

Ou et al. synthesized Bi2Te3 nanoparticles and Sb2Te3 nano-
flakes via a solvothermal process.[205] Different concentrations 
of each material were then mixed with a PEDOT:PSS solution 
with a 5% ethylene glycol internal treatment to form two types 
of composites. A linear incremental relationship between the 
power factor and temperature was observed for both materials. 
The 15% w/w Bi2Te3–PEDOT:PSS and the 50% w/w Sb2Te3–
PEDOT:PSS TEG had an optimal power factor of ≈50 µW m–1 K–2  
at 362 K. An aerosol jet printer was utilized to print one leg 
of each material on a substrate. An external load resistance of 
50 Ω at a 70 K ΔT was applied to the printed materials. The 
15% w/w Bi2Te3–PEDOT:PSS composite had a power output of 
13 nW and a power area density of 100 µW cm–2, meanwhile 
the power output for the 15% w/w Sb2Te3–PEDOT:PSS was  
10 nW. Employing an AutoCAD design and the same printing 
procedure, 20 legs comprising of both materials type were fab-
ricated on a polyimide substrate. The legs were connected elec-
trically in series and thermally in parallel by silver electrodes. 
The open-circuit voltage was 12.5  mV, the short current was 
11.3 µA, and the maximum power of 141 nW at a ΔT of 50 K. 
The module shows potential for application in wearable devices 
and medium temperature heat recovery such as hot water pipes 
after some optimization.

Ferhat et al. inserted PEDOT within nanotemplates of vana-
dium pentoxide gel (V2O5.nH2O) to enhance the carrier con-
centration.[206] This was achieved by dissolving V2O5 in a 30% 
H2O2 water solution and stirred for several days, EDOT was 
then added dropwise to form the viscous solution. The solution 
was then diluted further in water to achieve a reduced viscosity 
from around 30 to 5 mPa s. An optimized molar ratio of EDOT 
to V2O5 was found at 0.03:1 to account for trade-offs between 
Seebeck coefficient and electrical conductivity. To reduce the 
high surface tension of 71 mN m–1 to an optimized 31 mN m−1, 
0.6%  vol/vol of Triton X-100 surfactant was introduced to the 
(PEDOT)0.03V2O5 ink. This is because if the surface tension is 
too high it compromises the jetting of the ink, meanwhile if the 
surface tension is too low the nozzle does not hold the ink. The  
ink was printed on photo paper via a DIMATIX DMP-381  
multimaterial inkjet printer. A large negative Seebeck coeffi-
cient of -350 µV K–1, an electrical conductivity of 0.16 S cm–1, 
and a power factor of 2 µW m–1 K–2 was recorded. A thermal 
conductivity of 0.68 W m–1 K–1 was measured resulting in a 
reported ZT of 1 × 10–3.  In comparison the p-type PEDOT:PSS 
had a Seebeck coefficient of 17 µV K–1, an electrical conduc-
tivity of 600 S cm–1, a power factor of 17 µW m–1 K–2, a thermal  
conductivity of 0.34 W m–1 K–1, and ZT of 1.3 × 10–2  at room 
temperature. For the module (Figure 23a), an optimal leg length 

of 5 mm, width of 3 mm, and leg thickness of 4 µm was selected 
after accounting for the trade off between maintaining a high 
ΔT and low internal resistance in the flexible substrate. At a 
ΔT of 20 K and load resistance of 515 KΩ a maximum power 
output of 0.34 nW was seen when 4 legs are connected. This led 
to an area power density of 0.266 µW cm–2. The study expressed 
progress in hybrid organic–inorganic n-type thermoelectrics, 
as evidenced by the (PEDOT)0.03V2O5 composite maintaining 
n-type character for over 6 months. Although the synthesis pro-
cess required several steps and days, the process was relatively 
simple. The low electrical conductivity of the material and the 
low power factor observed, mean the material requires further 
research. Optimizing the electrical conductivity of the n-type 
material would be a step towards commercialization, as printing 
using ink jet devices has the potential for large area printing.

In a study by An et  al.,[207] poly(3-hexylthiophene-2,5-diyl) 
(P3HT) was mixed with double-walled carbon nanotube 
(DWCNT) to form a P3HT/DWCNT composite. The resultant 
Seebeck coefficient, electrical conductivity, and power factor 
were 69.2 µV K–1, 80 S cm–1, and 40 µW m–1 K–2, respectively, 
at room temperature. A different composite was synthesized 
through a chemical bond between an amino terminated P3HT 
and functionalized DWCNT to form the long and short P3HT-
g-DWCNT composites. The short P3HT-g-DWCNT film out-
performed the long P3HT-g-DWCNT. The P3HT-g-DWCNT  
composites had lower amount of DWCNT aggregation than in 
the P3HT/DWCNT mixture, thus leading to better solubility. 
The Seebeck coefficient in the P3HT-g-DWCNT composites 
was significantly higher than the P3HT/DWCNT mixture at  
116.6 µV K–1, meanwhile the electrical conductivity decreased 
slightly to 38 S cm–1 leading to a power factor of ≈50 µW m–1 K–2.  
The measured thermal conductivity for the P3HT-g-DWCNT 
was 2 W m–1 K–1. The pristine DWCNT had a thermal con-
ductivity of 3.5 W m–1 K–1. In comparison, the mixed P3HT/
DWCNT was lower with a thermal conductivity of 3 W m–1 K–1. 
This showed that compositing DWCNTs inside the polymer 
reduced thermal conductivity, chemically grafted DWCNT as 
exhibited in the P3HT-g-DWCNT gave a material with an even 
lower thermal conductivity. The ZT for the pristine DWCNT 
was <0.0038,  the short P3HT-g-DWCNT 0.0068, the mixed 
P3HT/DWCNT 0.0045. A Flexible TEG (Figure  23b) was syn-
thesized via a dispenser printer utilizing the p-type P3HT-g-
DWCNT to form 15 legs at 2 mm widths and 15 mm lengths 
connected by silver electrodes. At a ΔT of 20 K, the optimal 
power output was 14.5 nW, at a load resistance of ≈18.2 KΩ.

Adv. Mater. 2022, 34, 2108183

Figure 23. Photographs of organic based nanocomposite thermoelectric 
modules. a) PEDOT within nanotemplates of vanadium pentoxide gel. 
Reproduced with permission.[206] Copyright 2018, RSC. b) P3HT/DWCNT 
composite. Reproduced with permission.[207] Copyright 2017, Elsevier.
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Jang et  al. utilized a simple drop casted printing method to 
prepare a Sb2Te3–P3HT composite thermoelectric material.[208] 
The material was composed of a 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ) doped P3HT polymer 
mixed with varying amounts of Sb2Te3. To determine the effect 
of F4TCNQ, varying concentrations of the dopant were mixed 
with P3HT. The electrical conductivity could be improved 
from 1 × 10–7  S cm–1 for the pristine P3HT film to 1.6 S cm–1 
for the 17% F4TCNQ film. A corresponding Seebeck coeffi-
cient of 100 µV K–1 was observed, resulting in a power factor of  
1.6 µW m–1 K–2 at room temperature. The Sb2Te3-P3HT-
F4TCNQ composite however had an inferior power factor com-
pared to the film without Sb2Te3. This is because the conduc-
tivity was significantly lower when the inorganic compound was 
composited with the polymer. 17% F4TCNQ doped P3HT with 
98%  wt Sb2Te3 gave the highest thermoelectric performance 
relative to other % wt Sb2Te3 loading. The reduced conductivity 
was attributed to greater phase separation between the constit-
uents of the composite at higher concentration of F4TCNQ in 
the films. An electrical conductivity of 0.16 S cm–1, a Seebeck  
coefficient of 208 µV K–1, and power factor of 0.86 µW m–1 K–2 
were observed for the optimized 17% F4TCNQ-P3HT-Sb2Te3 
film.

5. Conclusion

In this review, we summarized printed thermoelectric materials 
into three groups: chalcogenides, other inorganic, and organic. 
The most advanced of these is the printing of chalcogenides, 
which within, the most advanced group of materials are the  
tellurides. Screen printing, dispenser printing, and inkjet 
printing were all used to make tellurides, however, only one  
literature example is shown to exhibit a ZT of ≥1 and this is for 
PbTe which has a much higher ZT than Bi2Te3 when manufac-
tured by traditional methods such as spark plasma sintering. Of 
the three aforementioned printing techniques, screen printing 
does on an average yield the highest ZT values. For printing 
films of tellurides for thermoelectric applications, therefore, 
screen printing is most likely to yield the best performing 
material. Since 2018, however, examples of 3D printing tellu-
rides have been reported in the literature. Using 3D printing 
techniques for tellurides is seen to yield ZTs of ≥ 1, and almost 
all the other ZT values reported are still of a significant value 
(ZT ≥ 0.5). Comparing PbTe, for example, 3D printing is seen 
to yield a ZT of 1.4 for 3D printing, compared to 1 for screen 
printing. The development of 3D printing of tellurides, there-
fore, in addition, to be being able to manufacture elements of 
dimensions required for efficient thermoelectric generators 
and being able to form bespoke shaped generators, also pro-
vides improved thermoelectric material properties compared to 
printed films. Indeed, the ZT values for 3D printed tellurides 
are in the order of 70% of those manufactured by the more 
costly, time-consuming and shape restrictive current commer-
cial manufacturing techniques such as spark plasma sintering. 
3D printing has shown to be able to produce modules that can 
match the curvature of pipes (a common place where waste 
heat is found) or produce micro devices that could be used on 
microchips.

Comparably to general thermoelectric materials research, 
in the area of printed thermoelectrics, selenides have not been 
studied in as much detail as tellurides. Cu2Se has been spin 
coated, Ag2Se printed and SnSe 3D printed, however, with 
Ag2Se yielding a ZT of ≈1 and SnSe exhibiting the highest ZT 
of any printed material of 1.7. While the 3D printed SnSe value 
is the largest seen to date, due to single-crystal SnSe having 
the largest reported ZT (2.6) the 3D printed ZT value is again 
in the order of 70% of the value seen compared to the mate-
rial manufactured by spark plasma sintering. While possibly 
coincidental due to the low sample size, there are early indica-
tions that 3D printed samples should aim for 70% of the ZT 
seen for the same material manufactured via more traditional  
techniques. To date, the only other 3D printed thermoelec-
tric material is Cu2S, which is shown to achieve a ZT of 0.63  
(37% of that seen in SPS Cu2S).

Besides chalcogenides, many other printed inorganic 
materials have been investigated for their thermoelectric per-
formance. Metals such as Fe, Ni, and Ag have been studied, 
however, these are largely with the aim for making thermocou-
ples. This has led to many Seebeck coefficient measurements 
for these materials, but not many of electrical conductivity and 
none for thermal conductivity. The high conductivity of these 
materials would most likely result in them having low ZT 
values, but without thermal conductivity measurements, this 
is not known. In contrast, Si has a conductivity value typically 
considered too low for thermoelectric applications. Neverthe-
less, thermoelectric generators have been printed using Si 
nanowires and manganese–silicon. The doctor blade printed 
MnSi1.74/Mn0.7Fe0.3Si1.6 module was mounted onto an engine 
exhaust and produced 5.5  mW cm–2. A screen-printed ZnSb/
CoSb3 module was able to produce 0.1 mW cm–2. Several oxides 
have been printed, however no ZT values have been reported. 
The most promising of these groups seems to be the cobaltates 
where power factors of up to 300 µW m–1 K–2 have been seen.

Printed organic materials have also been investigated 
for their thermoelectric properties. These can be split into 
the groups of carbon nanotubes, conductive polymers, and 
composites. The main limitation with this group of materials is 
forming a stable n-type material. To circumvent this issue many 
groups have made p-type only devices or relied on an inorganic 
material to form the n-type material. Very limited thermoelec-
tric properties have been reported for printed CNTs, however, 
a module that was stable with flexing was shown to produce 
55 mW m–2. This highlights printed CNTs as a potential route 
to wearable thermoelectric generators. Conductive polymers are 
a more established area for thermoelectrics, with PEDOT:PSS 
being the go to material. The thermoelectric properties of 
PEDOT:PSS have been investigated after many printing tech-
niques: inkjet printing, soaking, stencil, screen printing, roll to 
roll, casting, and spraying. Screen printing was the technique 
that allowed for the device with the highest power output to be 
achieved 240 µW, while stencil printing allowed for the device 
with the most polymer legs to be formed (1072). Again many 
of the PEDOT:PSS thermoelectric generators created were 
flexible, indeed the stencil printed device was printed into 
fabric. This highlights that much of the aim of printed organic 
thermoelectrics is to make wearable thermoelectric genera-
tors. Many organic composites have been printed utilizing 
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PEDOT:PSS including Bi2Te3, Sb2Te3, and V2O3. While one of 
the aims of these composites was to gain improved thermoelec-
tric performance in organic thermoelectrics, the results were 
mixed with most performing worse than pure polymer exam-
ples presented in this review. V2O3 with PEDOT:PSS did make 
an n-type sample, albeit the sample was 97 molar% V2O3.

In summary, many printing techniques have been applied to 
thermoelectrics over the last few decades. These have histori-
cally often led to the formation of flexible devices as their 
unique selling point, due to their comparatively low ZT values 
compared to typical thermoelectric materials (e.g., Bi2Te3, 
PbTe) manufactured via traditional high energy and tem-
perature techniques (e.g., SPS). The advent of 3D printing of 
thermoelectrics, however, within the last five years has led to 
printing being a viable alternative to conventional thermoelec-
tric manufacturing techniques, achieving ZTs of around 70% 
of SPS alternatives. With the advantages of making custom 
shapes to match waste heat surfaces (e.g., pipes) and poten-
tially lower cost of manufacturing (due to low temperature and 
pressure manufacturing), printing of thermoelectrics holds 
great promise to become the dominant future manufacturing 
technique for thermoelectrics.

In order to become the dominant future manufacturing 
technique for thermoelectrics, there are a few challenges that 
printing must overcome. Printed materials result in lower 
electrical conductivities than standard manufacturing tech-
niques (e.g., SPS), in order to overcome this suitable dopants 
or conductive binders will need to be found to increase the 
electrical conductivities of typical thermoelectric materials. 
An alternative approach would be to utilize materials that 
are typically deemed too conductive for thermoelectrics. This 
review has shown that printed metals can act as thermoelec-
tric materials with higher Seebeck coefficients than typical pro-
duction routes for metals, but they are still too conductive for 
optimal thermoelectric performance. Intermediate bulk mate-
rial with higher carrier concentrations than typical thermo-
electric materials (1019–1021 cm–3),[4] could potentially yield the 
optimal ZTs for printed thermoelectrics. As is the issue with 
recently discovered thermoelectric materials,[43] finding suitable 
electrical contacts that minimize contact resistance between 
legs in thermoelectric generators yet do not chemically react 
with the thermoelectric materials will be key to allowing com-
mercial success of printed thermoelectrics. Due to the often-
rough nature of printed materials solid contacts cannot easily 
be added, therefore, printed contacts may hold the key as they 
can mold to the texture of the printed thermoelectric materials. 
Much of the cost of thermoelectric generator production can go 
on heat exchangers.[209,210] In order to utilize the advantage of 
bespoke shaped thermoelectric generators that printing offers, 
low cost heat exchangers will need to be produced that match 
the printed geometric shapes. One way to potentially circum-
vent this is to use a series of small heat exchanges instead of 
a single large heat exchanger that are used with commercial 
devices today.
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