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TOPICAL REVIEW — Recent advances in thermoelectric materials and devices

An overview of thermoelectric films: Fabrication techniques,
classification, and regulation methods*
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Thermoelectric materials have aroused widespread concern due to their unique ability to directly convert heat to elec-
tricity without any moving parts or noxious emissions. Taking advantages of two-dimensional structures of thermoelectric
films, the potential applications of thermoelectric materials are diversified, particularly in microdevices. Well-controlled
nanostructures in thermoelectric films are effective to optimize the electrical and thermal transport, which can significantly
improve the performance of thermoelectric materials. In this paper, various physical and chemical approaches to fabricate
thermoelectric films, including inorganic, organic, and inorganic—organic composites, are summarized, where more atten-
tions are paid on the inorganic thermoelectric films for their excellent thermoelectric responses. Additionally, strategies for
enhancing the performance of thermoelectric films are also discussed.

Keywords: thermoelectric films, fabrication techniques, classification, regulation methods

PACS: 72.10.-d, 73.50.Lw, 81.15.—z, 84.60.Rb

1. Introduction

Seeking affordable, renewable energy and reducing de-
pendence on carbon-based fossil energy have become main
themes around the world.!'=3 Thermoelectric (TE) energy
conversion has attracted widespread attention in recent years,
which has widely potential applications such as mini-cooling
systems, TE generators, and self-powered sensors.[*8] Ther-
moelectricity can be traced back to 1821, when the German
scientist Thomas Johann Seebeck observed the Seebeck ef-
fect, which is a fundamental effect for TE power generation.
Later, the French physicist Jean Charles Athanase Peltier dis-
covered the Peltier effect for TE cooling power refrigeration.
The dimensionless figure of merit, zT (zT = S26T /k, where
S, 0,520, T, and k are Seebeck coefficient, electrical conduc-
tivity, power factor, absolute temperature, and total thermal
conductivity, respectively), is an indicator to assess the perfor-
mance of TE material, and many researchers devoted to the
study of higher zT for expanding the role of TE materials in
more practical applications.!”! However, only modest progress
had been made for a long time until the early 1990s, when
low-dimensional TE materials were predicted to have a much
higher zT' than bulk materials due to size effects and quan-

[10-14] particularly, with the development of

tum confinement
miniaturization, high integration and large power density in

thermoelectric devices, the research of TE thin films has be-
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come a hot spot.

The thin-film TE material was originally developed
among low-dimensional TE materials, including monolayer
film and superlattice, which makes it easier to efficiently tai-
lor electrical transport and thermal transport of TE materi-
als. On one hand, the thin-film TE material can change the
electronic density of state (DOS) by introducing the quan-
tum effect.['01516] On the other hand, the thermal conduc-
tivity can be largely reduced by phonon scattering at inter-
face (film boundary and grain boundary) or phonon spec-
U7.181 Koga et al.!”! reported that the
superlattice period, layer thicknesses, and the superlattice

trum modification.

growth direction can be used to optimize the z7' of GaAs
superlattice, which is much superior to bulk GaAs. A
phonon-blocking/electron-transmitting structure in multiple-
quantum-well Bi,Tes/SbyTes superlattices has been fabri-
cated and a highest 7T value was obtained up to 2.4.120]
Consequently, higher performance can be achieved in well-
controlled TE films, in virtue of its unique structural char-
acteristics. TE films, including inorganic materials, or-
ganic materials, and inorganic—organic composites have been
widely studied and many marvelous TE films have been

21221 In consideration of their relatively ex-

commercialized.!
cellent TE properties, inorganic semiconductors materials
have been extensively researched, which can be divided

into three ranges according to the optimal working tem-
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perature region, namely low-temperature range (< 400 K)
represented by Bi;Tes;, medium-temperature range (600 K—
900 K) represented by PbTe and high-temperature range
(> 900 K) represented by Si-Ge.[?*! Additionally, organic
TE materials as well as inorganic—organic TE composites
can also diversify the potential applications of thin-film TE
devices.**2% To improve TE properties and design better TE
films, many methods have been developed, such as vacuum

g,128.29 [30]

evaporation,*’! sputterin I pulsed laser deposition,

1311 molecular beam epitaxy,*?! atomic layer

screen printing,
deposition,*?! electrodeposition, >33 and so on. More im-
portantly, tuning the carrier concentration, engineering the
band structure, and suppressing the lattice thermal conductiv-
ity have also been considered to optimize the electrical and
thermal transport of the films in essence.!!%17-36:37]

This paper is scheduled in the following way. First, var-
ious fabrication techniques of TE films, both chemical and
physical methods will be introduced in the Section 2. Then,
the different kinds of TE films, including inorganic (Sec-
tion 3), organic and inorganic—organic composites (Section 4)
will be summarized, especially the inorganic TE films which
were described according to the optimal working temperature
region in detail. Additionally, the strategies to optimize the
property of TE films will be briefly reviewed in Section 5,
paying particular attention to the oriented nanostructures to

improve TE performance.

2. Fabrication of thermoelectric films

The processing techniques of TE films are classified into
chemical and physical methods. For chemical methods, such
as chemical vapor deposition and electrochemical deposition,
precisely controlled TE films can be prepared, although these
methods probably have environment hazards. For physical
methods, like sputtering, molecular beam epitaxy, and screen
printing, the microstructure and properties of TE films are rel-
atively complicated to accurately control, because they en-
tirely depend on the processing temperature, pressure, post-
treatment, and so on.

2.1. Vacuum evaporation technique

Vacuum evaporation technique is a common physical va-
por deposition used in the preparation of TE films, where
evaporation source, substrate, and intermediate vacuum pro-
cess play important roles in the performance optimization
of the film.
Tan et al.!”’! prepared a ternary compound n-type

It includes co-evaporation and flash evapora-
tion.
Bi,(Te,Se); nanowire array film on SiO; substrates through
thermal co-evaporation technique, and z7 value of 1.01 was
achieved at room temperature. Highly oriented nanocrys-
talline Big4Sb;¢Tes thin films were also fabricated by the

flash evaporation.*®! In addition, Xu et al.*°! prepared SnTe

thin films on the polished aluminum nitride substrates via one-
step thermal evaporation method, and the maximum power
factor of 19.8 uW-cm~!-K~2 was achieved owning to its spe-
cial nanopillar structure. The process of evaporating TE films
is simple, low-cost, and compatible with microelectronics pro-
cess. However, the elemental composition is difficult to pre-
cisely control, especially when preparing thin-film materials
with complex components, and meanwhile the fabricated films
suffered from the weak adhesion with substrate.

2.2. Sputtering

In the sputtering process particles (solid atoms or
molecules) are commonly ejected from a solid target ma-
terial caused by the charged particles bombaring the solid
surface (target). The sputtering process can be divided
into four categories: direct current (DC), alternating current
Mag-
netron sputtering is extensively used in the preparation of
TE films.
porous sizes were grown through DC sputtering processes
and high TE power factor of 4.5 uW-cm™!-K~2 has been

obtained.[*”! Using DC magnetron sputtering, SboTes thin

(AC), reactive and magnetron sputtering processes.

Nanostructured SipgGeg, films with different

film with (015) crystal preferential orientation was obtained
via directly depositing antimony telluride (SbyTes) on flexi-
ble polyimide substrate, which has a maximum power factor
of 6.0 uW-cm~!-K2.1281 And Na,CoO, thin film was fab-
ricated by an RF-magnetron sputtering method and achieved
a power factor of 143 pW-cm~'-K~2.[*1l Similarly, a series
500-nm-thick Sb,Tes films were deposited onto SiO,/Si sub-
strates by radio frequency (RF) magnetron sputtering and the
zT value reached approximately 1.5.1*?! CoSb; skutterudite
thin films with different Sb contents have been prepared by
RF co-sputtering method, and a maximum power factor of
12.6 uW-cm~!-K~2 was obtained.*3] Meanwhile, through a
simple magnetron co-sputtering method, Zhang et al.[** fab-
ricated highly (00/)-oriented Bi,Tes thin films with in-plane
layered columnar nanostructure. The films deposited by mag-
netron sputtering are dense, uniform, and typically own strong
binding force with substrate. What is more, the TE films can
be deposited at relatively low temperature and the microstruc-
ture can be well controlled by adjusting the kinetic energy of
ionized ions.

2.3. Pulsed laser deposition (PLD)

Pulsed laser deposition, a versatile PVD technique, has
been used to manufacture TE thin-film with high growth rates,
multiple elements, and diverse structures and morphologies.
The high-power pulsed laser beam generated by the excimer
pulsed laser is focused on the target surface, leading to high
temperature and erosion, and further high pressure plasma.
The plasma is locally expanded and emitted. Subsequently,
it is deposited on the substrate to form a thin film. Using a
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Bi,Se,Te single crystal target, n-type nanocrystalline Bi—Se—
Te thin films were deposited by PLD and owned an optimal
power factor of 8.3 uW-cm™!-K~2.83%1 And a series of iron
doped bismuth selenide films were grown on Si (100) sub-
strates using PLD at different substrate temperatures.*! The
PLD technique allows fine control of stoichiometry since it can
grow a multi-compound film consistent with the target compo-
sition even the compound containing volatile elements. Due to
the high concentration of laser energy, PLD can evaporate in-
organic materials such as metal, semiconductor and ceramics,
solving the problem of thin film deposition of refractory ma-
terials. However, it subjects certain restrictions in the large-
scale preparation of TE films, owing to its difficulty to prepare
large-area film.

2.4. Molecular beam epitaxy (MBE)

Molecular beam epitaxy can be utilized to prepare high-
quality crystalline films on crystalline substrates in high vac-
uum or ultra-high vacuum (108 Torr~10~'2 Torr, 1 Torr =
1.33322 x 10 Pa). Yoo et al.'*! prepared Biy(Se,Te; )3
films with different Se and Te concentrations on GaAs sub-
strates through MBE method, and investigated the dependence
of thermal conductivity on film composition. Meanwhile, they
revealed that the Bip(Se,Te|_y )3 ternary alloys films had much
lower thermal conductivity compared to those of BipSesand
Bi,Tes films. What is more, a highly crystalline Big 4Sb; ¢Tes
film was deposited on Si substrate using MBE process, 47!
and high-quality Sb,Tes films were also prepared.*¥! Using
enhanced solid-source oxide MBE, Apreutesei et al. fabri-
cated high-quality Lag,SrggTiO3 TE films on SrTiO3 (001)
substrates.[*] MBE can generally be carried out at low tem-
peratures and precisely control the thickness, composition,
structure, and doping concentration. Although MBE is re-
markable to manufacture high-quality TE films, it has the limit
of high cost and maintenance costs, overlong deposition time,
and restriction in the large-scale application.

2.5. Printing fabrication techniques

Emerging studies on printing TE films have gained great
attention owing to their simplicity and affordability. Com-
pared with conventional manufacturing techniques, printing
has relatively simple patterning, superior material compati-
bility, less time consuming, large-scale fabrication, and re-
duced energy input and material waste. So far, lots of print-
ing techniques such as screen printing, inkjet printing, and
direct writing have been focused on the fabrication of TE
films and devices. For instance, through rationally opti-
mizing the printing inks consisting of TE particles, binders,
and organic solvents, Shin e al.% screen-printed TE films
on flexible fiber glass fabrics, and relatively high room-
temperature z7 values of 0.65 (p-type Big sSby sTes) and 0.81

(n-type BipTez 7Seq 3) were achieved. TE films fabricated by
inkjet printing of Sb; 5BigsTes and BiyTe, 7Seq 3 nanoparti-
cles own the power factor of ~0.77 uW-cm~!-K~2 (p-type)
and 1.83 uW-cm ™K~ (n-type).>!! Using dispenser printer,
Se doped Bi,Tes (n-type) film and Te doped Big 5Sb; 5Tes (p-
type) film were fabricated on a custom designed polyimide
substrate, and further a TE generator was designed with a
series-parallel prototype of 50 couples. 3!

2.6. Chemical vapor deposition (CVD)

Chemical vapor deposition is used to produce high-
quality and high-performance solid materials, especially in
the semiconductor industry. Generally, the substrate is ex-
posed to volatile precursors, and then the volatile precur-
sors will react and/or decompose on the substrate surface to
produce the desired deposition. In CVD process, the pro-
duced volatile byproducts are usually removed by gas stream
through the reaction chamber. CVD is implemented in a
variety of formats, like metal-organic chemical vapor depo-
sition (MOCVD), plasma enhanced chemical vapor deposi-
tion (PECVD), and low-pressure chemical vapor deposition
(LPCVD), which are usually different in the initiation of the
chemical reaction. A unique columnar grain structure p-type
Si—Ge thin films synthesized by LPCVD was obtained with
a high in-plane zT value of 0.2 at 300 K.53! Through using
MOCVD technique, Mahmood et al.'3*! deposited ZnO thin
films on a sapphire substrate and studied the influence of the
annealing temperature on the property of ZnO films. In gen-
eral, the TE film with high purity, little residual stress, and

good crystallization can be obtained by using CVD method.

2.7. Atomic layer deposition (ALD)

Atomic layer deposition is a chemical fabrication tech-
nique of depositing thin-film on substrates by exposing their
surfaces to alternate gaseous species (usually called precur-
sors). Over time, ALD has been successfully applied to the
thin films fabrication of semiconductors, metals, alloys, and
oxides. Kim et al.[>! synthesized undoped ZnO thin films by
ALD method, and concluded that using the strong oxidant-
ozone, undoped ZnO film could get a higher power factor of
5.76 uW-cm™'-K~2 than 2.89 uW-cm~!-K~2 for the water-
based ZnO film. In addition, Al,O3/ZnO superlattice thin
films were deposited by ALD, and a relatively higher in-plane
zT of 0.014 was achieved.?* The TE films deposited by ALD
have fewer impurities due to the surface reaction, regulatable
thickness in angstrom scale by a self-limited reaction, and high
quality by the self-limited reaction on the surface. However,
ALD requires high consumption, long deposition time, and
high requirements for precursors which should be volatile but
not decomposed.
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2.8. Electrodeposition

Electrodeposition, a process of coating by electrolysis, is
analogous to a galvanic cell acting in reverse. So far, com-
monly used electrodeposition includes reaction deposition, co-
deposition, and two-step deposition. Electrodeposition is at-
tractive in the fabrication of TE films for its rapid, low-cost,
and room-temperature process. Kim e al.’®! successively
electrodeposited p-type Sb-Te and n-type Bi-Te films, and
obtained thin-film devices consisting of electrodeposited Bi—
Te and Sb-Te thin film legs. Later, they fabricated a device
based on a new double-layer-leg thin-film concept by flip-chip
bonding of 242 pairs of thin-film legs.’”! Using electrode-
position technique and a post-annealing process, the nanoin-
clusion y-SbTe in SboTe; film was achieved.?*! Although the
electrodeposition process is simple, the influencing factors are
quite complex. The performance of deposited film depends not
only on the current, voltage, temperature, solvent, solution pH
value and concentration, but also the solution ionic strength,
electrode surface state and other factors. It is relatively diffi-
cult to control the composition and thickness of films, espe-
cially in the preparation of ideal and/or complex composition
films.

3. Inorganic thermoelectric films

The most widely studied and developed thermoelectric
thin-film materials are still inorganic semiconductors, from
chalcogenides, such as Bi;Te;, for room-temperature ap-
plications, PbTe, suitable for medium-temperature applica-
tions, to silicides, like SiGe, optimal for high-temperature

21231 In recent years, due to the development

applications.|
of material system and the exploration of new synthesis
and preparation technology, researches on skutterudite com-
pounds, which has typical “electronic crystal-phonon glass”
characteristics, quantum well, superlattice, and oxide thermo-
electric materials have made a great breakthrough, which in-
spired researchers to explore high-performance TE materials.
The crystal structure, physical properties, and TE performance
of several representative inorganic film materials are discussed

in this section.

3.1. Low-temperature thermoelectric films
3.1.1. (Bi,Sb),(Te,Se); compounds

(B1,Sb),(Te,Se)s solid solution material, a V-VI com-
pound semiconductor, is one of the earliest and most ma-
ture TE materials. It has been recognized as the best room-
temperature TE material with larger Seebeck coefficient and
electrical conductivity and lower thermal conductivity.>®! Bis-
muth telluride (BiyTe3) is one of the best commercial TE ma-
terials. Stacking along the c axis of the unit cell by van der
Waals interactions, it crystallizes into a hexahedral layered
structure with five atomic layers (Te;—Bi-Te,—Bi-Te;).[>! As

is depicted in Fig. 1, Te;—Bi has a layer spacing of 0.174 nm,
which is a combination of covalent bond and ion bond. The
Te, atoms are covalently bonded to the surrounding six Bi
atoms by sp>d® hybrids with a layer spacing of 0.203 nm.
The interlayer spacing between Te; and Te; is 0.260 nm, the
combination of van der Waals forces. Accordingly, BiyTes
crystals are prone to dissociation between Te; and Te; atoms.
However, it displays unique properties like high Seebeck co-
efficient (~—220 uV-K~!), good electrical conductivity (~
4% 10*S-m~"), low thermal conductivity (~1.5 W-m~!-K~1),
and small band gap (0.14 eV) at room temperature. What is
more, it exhibits a low melting temperature of 585 °C.!17:60]
The effects of different fabrication techniques on the TE per-

formance of (Bi,Sb),(Te,Se)s films are summarized in Table 1.

.d,.d,, d1=0.174 nm
" d,=0.203 nm

Te,-Bi-Te,-Bi-Te,

Fig. 1. (color online) The crystal structure of BiyTes.15%

Taking advantage of low-dimensional structures and
topological insulators, quintuple atomic layer films of Bi,Tes
and Sb,Tes had been calculated in theory, showing high z7°
at room temperature, z7' = 7.15 for Bi;Tes quintuple atomic
layer film, z7 > 2.1 and zT > 2.2 for SbyTes one and four
quintuple layer films, respectively.[”!7?] In addition, a zT'
value of ~2.4 had been obtained in experiment by prepar-
ing multiple-quantum-well BiyTes/SbyTes superlattices. 2!
Employing PLD technique, Bi;Tes films with different mor-
phologies at the micrometer/nanometer scale were deposited,
and the zT was expected more than 1.5.173! Zhang et al.*!
fabricated highly (00/)-oriented BiyTes thin films with in-
plane layered grown columnar nanostructure by a simple
magnetron co-sputtering method. They demonstrated that this
special nanostructure can not only achieve high power factor
(33.7 uW-cm~!-K~2) through unblocking electron transport,
but also suppress the thermal conductivity (0.86 W-m~!.K~1)
due to phonon scattering by grain boundaries and inter-
faces. The n-type BixTe;7Sep3 layered and columnar film
with layered structure was achieved by simple magnetron
co-sputtering method, and z7° = 1.27 was obtained at room
temperature. (%] Besides, a ternary compound n-type Biy(Te,
Se); film, which is depicted in Fig. 2, was prepared by ther-
mal co-evaporation technique, and the room temperature z7T°
of 1.01 was achieved.”?”! Song er al.[%! fabricated p-type
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Table 1. Effects of different fabrication techniques on the TE performance at room temperature of (Bi,Sb),(Te,Se)3 films.

Film Fabrication technique 6/10* S m~!  S/uV-K ! SZo/pW-em K2 HW-m '.K~' T  Ref.
Bi, Tes MBE 10.04 —167 28 1.87 045  [61]
Bi,y Tes electrodeposition 1.59 —59.5 5.59 — - [57]
Sb,Tes electrodeposition 0.28 441.2 54.8 — - [57]
Bi,Tes thermal co-evaporation 7.94 —248 48.7 — — [62]
Bi,(Te,Se)s thermal co-evaporation 4.9 —189 17.5 0.52 1.01  [27]
Bij 5SbgsTes thermal co-evaporation 7.6 226 38.0 0.91 1.28  [63]
SbyTes magnetron co-sputtering 8.2 229 41.6 1.06 1.22  [64]
BiTes magnetron co-sputtering 8.4 —200 33.7 0.86 — [44]
BiyTes 7Seg 3 magnetron co-sputtering 6.9 —241 40.0 0.95 1.27  [65]
Bip45SbyssTe3  magnetron co-sputtering 7.3 208 31.3 - - [66]
Big.4Sb ¢Tes flash evaporation + annealing 6.4 236 35.6 1.05 1.0 [38]
BiysSb 5Tes DC magnetron sputtering + annealing 12.3 198 48.2 — — [67]
Big 5Sby 5Tes magnetron sputtering 14.6 191.3 53.0 - — [68]
SbyTes DC magnetron sputtering 2.8 136 52 0.37 042 [28]
Bi,Tes screen printing + annealing — — 21.0 1.0 0.61 [69]
Bi;Tes 7Se0 3 screen printing + annealing 4.77 190 — 0.65 0.90 [70]

500 nm

Fig. 2. (color online) SEM images of a ternary compound n-type Bi,(Te,Se)3
films [(a) and (b)] ordered nanowire array and [(c) and (d)] ordinary films
with [(a) and (c)] surface view, (b) oblique view, and (d) cross-sectional
view.[27]

Bi,Sby_,Tes thermoelectric thin films with various chem-
ical compositions by a magnetron co-sputtering process.
The largest power factor at room temperature reached
31.3 uW-cm~'-K~2 for Bi45Sb;s5Te3 film. The p-type
(015)-preferential Bi; 5SbgsTes multilayered film was de-
posited by a simple thermal co-evaporation technique, having
a room-temperature z7' of 1.28. And the in-plane transport
mechanism was shown in Fig. 3.1931 Zhu er al.[®71 achieved
the preferential growth transformation from (015) plane to
(00!) plane of BipsSb; sTes film by a facile post-annealing
process, as illustrated in Fig. 4, and TE performance was en-
hanced. As a result, the power factor of (00!) preferential
growth Big 5Sb; 5Tes film (48.2 uW-cm ™! ~K‘2) is three times
higher than that of the (015) preferential growth film. What
is more, (00[)-orientation p-type SbyTe; and Big s5Sby sTes
also could be synthesized by sputtering method.[*%8] Shen

et al.'?8! directly deposited Sb,Tez on flexible polyimide sub-
strate, and obtained an Sb,Tes thin film with (015) crystal
preferential orientation, having a maximum power factor of
6.0 uW-cm~'- K2, Byung Jin Cho et al.'®"! printed Bi,Te3
thick film, and annealed at 500 °C in Bi and Te powders am-
bient, achieving a power factor of 21 uW-cm™!-K~2, a ther-
mal conductivity of 1.0 W-m~1-K~!, and a zT value of 0.61
at room temperature. Using a post ionized defect engineering
process, a maximum z7" of 0.90 was obtained with the screen-
printed n-type BiTeSe thick film at room temperature, which
is almost comparable to that of the bulk Bi;Te; 7Sep 3 and is a

2-fold increase over the same screen-printed film without the
[70]

hydrogen ambient annealing.

(Bil.ssbo.sTe3)

A ~ 200 nm
o}

dikia

interfac

d L
= A
~ 200 nm

dhle

B ~ 200 nm i
(Bi;5SbysTe;)

—— high energy carrier

Fig. 3. (color online) The in-plane transport mechanism of the (015)-
oriented Bi; 5Sby 5 Te3 multilayered film with alternating stress field.[6!

3.1.2. Bismuth antimony (Bij_,Sbhy)

Bi;_,Sb,, an infinite solid solution with hexagonal struc-
ture, has been among the most attractive low-temperature
TE materials for many decades, in virtue of their highly
anisotropic transport properties, small effective mass and high
mobility carriers. Because of its higher Seebeck coefficient

047210-5



Chin. Phys. B  Vol. 27, No. 4 (2018) 047210

i (a) DC magnetron sputtering
: c I growth
i direction:
i o a¥ b ab-plane
i w
i Ll Lo jf‘ " !
v 9 P
| » o AT

>» 9 9. 99 Y - |

B A A !
substrate substrate substrate i
initial nucleation seed crystal growth seed crystal layer |

subsequent 3D island growth o, < o;+ o,

c preferential growth
direction:

e p (015) plane

fast growth rate

o e PIIR
= n "

o " (o)
i substrate \/ substrate \/ substrate i
i hexagonal flake crystal second |
' flakes growt nucleation i
i (b) ' post-annealing process
L et :
; ; @l 4}\'
' : e '
: . @Y |
: ; substrate N ;
i 2D layer ;
: ‘ { atoms migrate from | :
i * “the top to the bottomy! f
i % ; /
i \\ N atoms coalesce to /<L
E substrate from thf layer substrate
i I L™ preferential growthi
i ta) “.p of (00l) plane i
i - pyramid particle «-—i——"b

i substrate layered structure substrate

Fig. 4. (color online) (a) The growth mechanism of (015)-oriented
Bip 5Sb; 5Tes film; (b) the transformation mechanism of preferential growth
from (015) plane to (00/) plane in Big 5Sb; 5Te3 film.[67]

and lower thermal conductivity, the zT value of Bij_,Sby is
larger. As a result, it has been considered as one of the best n-
type TE materials for cooling below room temperature. Feng
351 reviewed that a maximum z7 of ~0.42 for a Bi;_,Sby

thin films was observed when x = 0.18 at 60 K in 2008.
[74]

etal.
Later, Rogecheva et al.'”*' in the year of 2011 synthesized the
trigonal-orientated mosaic-single-crystal Big.9s5Sbg 45 films.
Moreover, they found that the electrical conductivity and the
Seebeck coefficient in the Bi;_,Sb, films can be increased at
the same time, which broke the negative correlation between
electrical conductivity and Seebeck coefficient in other materi-
als systems. Recently, nanostructured composites of Bij_,Sb,
nanoparticles and carbon nanotubes had been prepared, and
the study revealed that the TE properties of composites can be
considerably improved compared to CNT free nanostructured
Bi;_,Sb,.[”>! Besides, there is a strong anisotropy of TE prop-

erties between along and perpendicular to the uniaxial pressing

direction.

3.2. Medium-temperature thermoelectric films
3.2.1. Skutterudites

Skutterudite has drawn much attention in the last decade
and it is expected to be a promising TE material owing to its
high carrier concentration, excellent charge carrier mobility,
good Seebeck coefficients, and (when suitably doped) a small
thermal conductivity. Skutterudite refers to a material with
a CoAsj3 type structure, exhibiting a distorted version of the
MX;3-type perovskite structure (M = Rh, Co, Ir; X = Sb, P,
As).[76] Skutterudite has a complex octahedral structure with
two large voids in each cell, which is large enough to host
large metal atoms to form filled skutterudites. The void-filling
atom can act as an electron donor or electron acceptor, thus
changing the electron concentration and electronic conductiv-
ity. Moreover, these void-filling atoms vibrate in the voids,
causing a large scattering of phonons, and act as strong phonon
scattering centers, which can reduce the lattice thermal con-
ductivity. For instance, smaller and heavier atoms in the voids
introduce significant disorder to the lattice, leading to a re-
duction in the lattice thermal conductivity.!'!"7! Using Ba and
Yb to fill the voids in CoSbs, Shi er al.’’! obtained n-type
double-filled skutterudites Ba,Yb,Co4Sbi,. Meanwhile, they
revealed that the combination of Ba and YD fillers inside the
voids of the skutterudite structure provides a broad range of
resonant phonon scattering and consequently a strong reduc-
tion in the lattice thermal conductivity, which results in a high
zT of 1.36 at 800 K. 30-nm thick Co—Sb films were prepared
by MBE though two different methods, and the TE properties
were investigated.”8! They found that both films have bipolar
conduction, which leads to poor power factors. What is more,
by doping with Fe or Yb, they successfully produced p- and n-
type doped samples and the larger power factors are obtained.
Zheng et al.!”®! fabricated Co-excess and Sb-excess CoSbs
based thin films by RF and DC magnetron co-sputtering tech-
nique. They investigated that the thin film with excess Co
exhibits a significant n-type conduction behavior and trans-
forms to p-type conduction behavior with Sb rich, and the
power factor of the Sb-excess sample has a high value of
6.9 uW-cm~!-K~2 which is ten times of the CoSbjs thin film.
Ahmed er al.'® deposited CoSbs skutteruddite thin films by
using RF co-sputtering method, and they reported a maximum
power factor of 4.1 uW-cm~!-K~2 for the film deposited at a
200-°C substrate temperature. Recently, they synthesized a se-
ries of CoSbjs thin films with Sb contents at room temperature
via RF co-sputtering, and obtained a maximum power factor of
12.6 uW-cm~!-K 2431 Using the deposition potential in elec-

trochemical synthesis, Yadav et al. 811 exercise controlled the
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structural and electrical properties, and associated tuning of
TE properties of CoSbs thin films, and they achieved a highest
roomtemperature power factor of 7.0640.09 pW-cm~!- K2
at a deposition potential of —0.97 V.

3.2.2. Lead telluride (PbTe) and its derivatives

PbTe, a traditional TE material, crystallizes into the iso-
morphous cubic NaCl crystal structure with Pb atoms at the
cationic sites and Te at the anionic sites, which can efficiently
operate at medium temperatures owing to its high z7', excel-
lent chemical stability, low vapor pressure, and high melting
point (~900 K)!®*82] What is more, in virtue of its bandgap
(~0.32 eV), PbTe can be doped into either n-type (Pb-rich
PbTe) or p-type (Te-rich PbTe) TE material. In 2008, PbTe
films of different thicknesses were deposited onto precleaned
glass substrates under the pressure of 2 x 107> Torr by ther-
mal evaporation. 3] Zhang et al.[¥?1 prepared PbTe thin films
on silicon substrates by an ALD for the first time, and they
found that the formation of a PbTe thin film on the Si sub-
strates was strongly dependent on the growth temperature.

84,851 studied the indium-doped

Samoilov and Dashevsky ez al.!
PbTe films and the influence of oxygen treatment on transport
properties of PbTe:In polycrystalline films. Urban et al. (8%
presented the first electronic measurements of multicompo-
nent nanocrystal solids composed of PbTe and Ag,Te in na-
ture materials, which demonstrated synergistic effects can lead
to enhanced p-type conductivity. AgPb,,SbTer.,, (LAST),
a derivative of PbTe, has attracted much attention in recent
years. LAST can be seen as the reaction between AgSbTe; and
PbTe, resulting in the formation of AgPb,,SbTe,,, solid solu-
tion, the average structure of which is illustrated in Fig. 5.87]
In 2004, Hsu et al.'® reported a zT' value of 2.2 at 800 K in
the quasi-binary system of the n-type AgPb,,SbTe,,,. Last
year, Hmood et al.'® using solid-state microwave synthe-
sis method prepared AgPb,,SbTe;.,, compounds with differ-
ent elements ratio of m (0.0 < m < 10), and the maximum
power factor of 18.7 pW-.cm~'-K~2 was obtained for the
AgPbgSbTe o sample resulting from a higher Seebeck coef-
ficient. AgPb,,Sn,SbTes. 4+, (LASTT), developing with the
addition of Sn atoms to LAST, has high performance of p-type
TE properties, and could be considered as a p-type PbTe-based
material for practical applications.[®®! Ahn et al.'!) achieved a
ZT of ~1.1 at ~660 K for Agy.9PbsSn5Sbg g Tej, mainly due to
the very low lattice thermal conductivity of ~0.4 W-m~!.K~!
around 660 K. Another derivative of PbTe, AgPb,,BiTes,,
(BLST) has not yet been extensively studied, but its existence
has been known for a long time. In 2016, Falkenbach et al.[?]
reported the preparation and TE properties of nanostructured
BLST, which achieved a high 77" values close to the ones of
bulk samples. However, few studies have focused on the TE

properties of PbTe and its derivatives films.
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Fig. 5. (color online) Lattice parameters showing the LAST family
follows Vegard’s law, even though the system shows nanoscale phase
segregation.[87!

3.3. High-temperature thermoelectric films
3.3.1. Silicon—germanium (Si—Ge) alloys

Si—Ge alloy, intermetallic compound, with high melt-
ing point, good mechanical properties, is a relatively mature
high-temperature TE material. Furthermore, Si—-Ge films are
ideal candidates for many TE applications thanks to their low
cost, low toxicity and high compatibility with microelectron-
ics manufacturing. However, it has an obvious drawback of
high thermal conductivities, impeding the improvement on
zT'. Many researchers have used calculation and simulation on
thermal transport of different Si—Ge thin films, providing the-
oretical understanding of phonon scattering and its effect on
thermal conductivity.[?3-% Iskandar er al.!®! solved the ex-
act Boltzmann transport equation with spatial dependence of
phonon distribution function. Moreover, considering the dis-
persion of confined phonon modes in nano-sized films, they
deduced the thermal conductivity in single-crystal and poly-
crystalline Si—Ge thin-films, which help us to understand the
interplay between phonons scattering within the boundaries
and point-defects in Si-Ge thin-films in theory. Mascalil%®
studied the effects of embedding nanoparticles in semiconduc-
tor alloy matrices especially Sig7Geo 3 alloy crystal through a
new formula for thermal conductivity on basis of a hierarchy
of hydrodynamical models, and they confirmed that the em-
bedding nanoparticles can decrease the steady-state thermal
conductivity. Experimentally, Lu et al.!>3! synthesized high-
performance p-type Si—Ge thin-films by LPCVD, and obtained
a unique columnar grain structure, shown in Fig. 6, which in-
fluenced the films’ thermal conductivity deeply. They empha-
sized that the energy barriers at grain boundaries play a crucial
role in determining the charge transport properties which in-
duced the big different influence of the columnar grain struc-
ture on in-plane and cross-plane thermal transport. Owning to
the above theory, a high in-plane z7 of 0.2 at room temper-
ature has achieved by optimizing the growth conditions and
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Fig. 6. (color online) (a) SEM of the top surface morphology and TEM of
the cross-sectional structure of a polycrystalline Si—Ge thin-film grown by
LPCVD at 650 °C; (b) High-resolution TEM of grains and grain bound-
aries. The inset picture shows the diffraction pattern of a grain; (c) X-ray
diffraction (XRD) of Si—Ge thin-films. The vertical bars on the x axis
indicate the corresponding patterns of Si and Ge single crystals; (d) The
evolution of the grain size distribution of the Si—Ge thin-film with different
annealing times, varying from 0.5 min to 60 min. 3]

boron doping level. What is more, they obtained phospho-
rus doped Si—-Ge thin films by LPCVD and found that the
segregation of phosphorus dopants plays a vital role in grain
growth and TE transport properties.*’! Using the process of
metal-induced crystallization (MIC), Lindorf er a8 fab-
ricated thin films consisting of Si80Ge20/Al multilayers by
sputter deposition and subsequent annealing on aluminum ox-
ide substrates. They emphasized the ratio of Al to Si—Ge is
very important and annealing can change transport property
of the thin films. Efficient Si-Ge TE films had been success-
fully made by electrophoresis deposition, and the TE power
factor of SiggGeg film is about 19 uW-cm~!-K~2, owing to
the large carrier mobility.[*”) Rowe er al.!'%% showed a rapid
method for producing thin films of free-standing B- and P-
doped Si—-Ge NCs by a nonthermal plasma and inertial im-
paction. Through DC sputtering, Perez-Taborda et al.[*"! fab-
ricated large area Sip gGeg » nano-meshed films with different
porous sizes, and they found that the power factors are be-
tween 4.5 uW-cm~'-K~2 and 0.65 uW-cm~!-K~2. Further-
more, they used MIC to grow nanostructured Sig §Geg > films,
and achieved a zT of 5.6 x 10~ at room temperature with a

relatively large power factor of 0.16 pW-cm~!'-K~2.1101]

3.3.2. Half-Heusler compounds

As intermetallic compound, Half-Heusler (HH) alloy
has chemical formula of ABX, where A is generally the
most electropositive transition metal (e.g., Ti/Hf/Zr), B is
a less electropositive transition metal (e.g., Co/Ni) and X
is a main group element (e.g., Sb/Sn).['!7®] HH alloy has
an MgAgAs-type cubic structure with three filled interpen-
etrating face-centered cubic (fcc) sublattices and one vacant
fcc sublattice, possessing excellent mechanical and electri-
cal properties, and good thermal stability.['-192] Having rel-
atively narrow bandgaps of 0.1 eV-0.3 eV, HH alloy exhibits
high room-temperature Seebeck coefficients (~300 pV-K~1)
and high room-temperature electrical conductivity (~10°—
10% S:m~1).101 Zhu et al.1'%%) made intensive studies of HH
alloy materials, particularly emphasized the TE transport fea-
tures of n-type ZrNiSn-based HH alloys and p-type Fe (V, Nb)
Sb-based HH compounds. What is more, they have reported
p-type FeNb;_, Ti,Sb (0.04 < x <0.24) with a zT of 1.1 at
1100 K and Hf dopant FeNbSb heavy-band HH alloys with
a high zT of ~1.5 at 1200 K.[193:1941 Meanwhile, Wang et
al.!%] deposited the HfNiSn thin-films by a custom-designed
RF magnetron sputtering system, and investigated the effects
of substrate temperature on the films’ structure and TE prop-
erty. They found the films have preferred-orientated (111) plan
at substrate temperature of 400 °C, and TE properties of the
orientated film exhibit anisotropic characteristics. And they
obtained Seebeck coefficient of —68 wV-K~! and power factor
of 1.3 uW-cm~!-K~2 at room temperature. What else, p-type
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semiconducting epitaxial NiYBi films were directly prepared
on MgO (100) substrates by magnetron sputtering.!'*®! Kozina

et al. 17

I deposited multilayer stacks consisting of alternating
NiTiSn and NiZr( 5sHf 5Sn layers by means of DC-sputtering.
They achieved a high-quality crystalline structure by using Ni-
TiSn as buffer layer for epitaxial growth of different thin-films
and superlattices of both materials. Jaeger et al.['%%! fabri-
cated TiNiSn and Zr( sHf sNiSn single crystalline thin-film
by DC magnetron sputtering, and reported a power factor of
2.8 uW-cm™! K2 for Zry sHf sNiSn film at room tempera-
ture. Zhou et al.'% synthesized n-type Zr-Ni-Sn thin-films
with an amorphous microstructure by RF magnetron sputter-
ing and achieved a Seebeck coefficient of —112.0 uV-K~! and
a power factor of 26.6 uW-cm~!-K—2 at 393 K when the sput-
tering power is 80 W.

3.3.3. Metal oxide

Metal oxide with high thermal stability, chemical stabil-
ity, non-toxic, non-polluting, can be used in high temperature
and atmospheric atmosphere, which has a broad application
prospects as environment-friendly high-temperature TE mate-
rials. Layered cobaltites, including M, CoO, (M = Na or Ca),
Ca3Co0409, BizSr2,Co,0,, etc., are typical p-type oxide TE
materials, which own higher conductivity and Seebeck coeffi-
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cient, and lower thermal conductivity. Lee et al.!*!] fabricated
an Na,CoO; thin film by an RF-magnetron sputtering method
and found that the power factor (143 uW-cm™!-K~2) of the
Na,CoO; thin film is comparable to that of typical TE materi-
als, such as Bi, Te3 cation-doped (Ca;Co03),Co0; films were
prepared by a metalorganic decomposition process.'!!%l Diao
et al.""" studied the TE properties of Bi>Sr,Co,0y thin-film
grown at different temperatures, and obtained a large power
factor of 5.5 uW-cm™!-K~2 for the film grown at 700 °C. Fur-
thermore, the transverse TE effect in ¢ axis tilted Bi;Sr,Co,0,,

1121 The current state-of-the-

thin-films has been investigated. !
art n-type oxide TE material is represented by strontium ti-
tanates and doped zinc oxide. Using first-principles calcu-
lations, Zou er al.!''3] made it clear to understand the na-
ture of the anisotropic transport properties for SrTiO3 under
strain, and offered useful guidelines to design high perfor-
mance SrTiOj thin-films. In addition, the z7' for 20%-Nb-
doped SrTiO3 reached 0.35 at 1000 K.[''%! The largest z7
about 2.4 at 300 K has been estimated in a superlattice of
SrTiO3/ Nb:SrTiO5[113] Using deionized water and ozone as
oxidants, and diethylzinc as a zinc precursor, undoped ZnO
thin-films have been deposited by ALD.>! The schematic di-
agram is illustrated in Fig. 7.
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Fig. 7. (color online) Schematic illustration of the ALD mechanism for the growth process of (a) ZnO-W and (b) ZnO-O. All films were grown on a
glass substrate, first, cycle temperature-dependent thermoelectric properties of ZnO-O and ZnO-W. (c) Electrical conductivity and (d) Seebeck coefficient.
Drastically different properties of ZnO films are observed depending on the oxidant used (water versus ozone) during ZnO growth. Heating cycle and
subsequent cooling cycle are presented with filled and open symbols, respectively.>!

It was found that using the strong oxidant-ozone,
undoped ZnO film could get a higher power factor of
5.76 uW-cm™1.K~2 than 2.89 uW-cm~!-K~?2 for the water-
based ZnO film. And the author deduced that the strong ox-
idant effect can explain those phenomena by a mechanism

involving point defect-induced differences in carrier concen-

tration between these two oxides and a self-compensation ef-
fect in water-based ZnO due to the competitive formations of

116} achieved a

both oxygen and zinc vacancies. Liu et al.!
power factor of 3.198 x 107* uW-cm~!-K=2 at 210 °C for
the film oxidized under 12-T condition, and confirmed that

both Al dopant and application of high magnetic field can
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be used to control structure and TE properties of doped ZnO
films. Gallium-doped zinc oxide (GZO) thin-films were pre-
pared by ALD.!!!7] The efficient Ga doping of GZO showed
a Seebeck coefficient of 60 tV-K~! and an electrical conduc-
tivity of 1.808 x 10° S-m~!, with a maximum power factor of
6.6 uW-cm~'-K~2. Furthermore, Nguyen er al.!''®! investi-
gated the effect of single Ga dopant (GZO) and dual Ga and
In dopants (IGZO) on the TE properties of host ZnO films.
They reported the z7" of the pure ZnO, GZO, and IGZO thin
films at 110 °C is 0.004, 0.012, and 0.019, respectively, and
indicated that the balanced control of both electron and lat-
tice thermal conductivities through dopant selection are nec-
essary to attain low total thermal conductivity. Han et al
CdO with ZnO was successfully alloyed at a molar ratio of
1:9 which significantly reduced the thermal conductivity by

(1191 They carefully selected

up to 7-fold at room temperature.
the Sc-dopant concentrations, obtained a higher power fac-
tor of 7.1 uW-cm~!.K~2 at 1173 K, and achieved the high-
est zT' ~0.3 at 1173 K for the Zny9Cdg.1Scp.0101.015 sam-
ple. Al,O3/ZnO thin films were deposited via ALD, and a
ZT value of 0.14 was obtained for the most efficient structure
by manipulating them with a nano-thick Al,O3 interface. 120!
Hoong et al.l">! successfully deposited Al,-doped ZnO and
Zn,Fe3;_,04 thin films onto glass substrates using inkjet print-

ing with a minimum of 50 print cycles.

4. Organic and composite thermoelectric films

Compared with classic inorganic TE materials, organic
TE materials are unique in flexibility, light weight, intrinsi-
cally low thermal conductivity, non-toxicity, inexpensiveness,
rich resources, and easy of processing. Therefore, they can be
used for low-temperature flexible TE devices. Among organic
TE materials, the conductive polymers such as polyaniline
(PANI), polyacetylene (PA), polypyrrole (PPy), polythiophene
(PTh), poly(3,4-ethylenedioxythiophene) (PEDOT), poly(3,4-
poly(styrenesulfonate) (PEDOT:

PSS), and their nanocomposites have sparked intense inter-
[21,60,122,123] Cop-

ethylenedioxythiophene):

est and gained remarkable achievements.
ductive polymers have intrinsically low thermal conduc-
tivity, about 1-3 orders of magnitude lower than that
of inorganics, broad range of electrical conductivity from
107 Ss-m~! to 10° S:‘m~!, and the Seebeck coefficient of
10 uV-K~'~103 pwV-K~1.[122] What is more, like the in-
organic TE materials, they also have the general trade-
off relationship between electrical conductivity and Seebeck
coefficient.['?3] Many researchers have focused on enhance-
ment of organic TE materials by control the oxidation level,
doping, crystallinity, and nanocomposite, and so on.[124-120]
The TE properties of typical conductive polymer TE films are
briefly discussed in this section.

4.1. PANI-based thermoelectric films

PANI is a promising candidate for use in next-generation
TE devices owing to its relatively low cost, easy process-
ing, and environmental stability. Furthermore, the electronic
conductivity of PANI is easy to control (e.g., ease of re-
versible conversion from an insulating into a conducting state)
by the processing conditions and the disorder degree in the
structure.[®%1271 Figure 8 shows the chemical structure of
PANI, in which y expresses the oxidation level and the three
different structures: y = 1 (leucoemeraldine), y = 0.5 (emeral-
dine), and y = O (pernigraniline).

Fig. 8. Chemical structure of PANIL.

However, PANI has a very poor TE response, because of
its relatively low electrical conductivity and low Seebeck co-
efficient. Until now, almost all the reported power factors of
pure PANI are no more than the order of 1078 uW-cm~1.K—2,
which is about 2~3 orders of magnitude less than those of in-
organic TE materials.!'?”! The electrical conductivity of PANI
is deeply affected by molecular arrangement, interchain sep-
aration, oxidation level, crystallinity, and doping. So far,
many researchers have tried to increase the electrical con-
ductivity and Seebeck coefficient of PANI. Li et al.!'?8] pre-
pared HCI-doped PANI by chemical oxidative polymeriza-
tion, and they found that electronic conductivity and z7 in-
crease with increasing HCI concentration, but the Seebeck co-
efficient decrease. For 1-M HCl-doped PANI, they achieved
the maximum z7 of 2.67 x 107 at 423 K. Sun et al.l!?)
fabricated -naphthalene sulfonic acid-doped PANI nanotubes
with larger Seebeck coefficient of 212.4 uV-K’l, lower elec-
tronic conductivity (0.77 S-m~') and thermal conductivity
(0.21 W-m~1.K~=1). They demonstrated that tubular nanos-
tructures are effective for improving TE properties. Wang
et al.l'”’l used self-assembled supramolecule (SAS) (3,6-
dioctyldecyloxy-1,4-benzenedicarboxylic acid) as an additive
and introduced into PANI films. They concluded that the ad-
dition of SAS greatly enhanced the TE power factor, max-
imum at 0.31 uW-cm™1.K~2. 1.1130
PANI films by pulse electrodeposition method in different

Yang et a I synthesized
acidic solutions. By integrating high Seebeck coefficient tel-
lurium nanorods with the conducting polymer PANI, Wang et
al.'31 prepared a high-performance PANI/Te hybrid films, il-
lustrated in Fig. 9, which were realized by carefully control of
the polymer conformation and interfaces between PANI and
Te nanorods. They found that the ordered conformation of the
PANI chains surrounding the Te nanorods increased the carrier
scattering and provided a high-speed carrier moving channel
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resulting in an enhanced electronic conductivity. Moreover,
the well-matched nanoscale interfaces improved carrier trans-
port properties yet keep the thermal conductivity at a rather
low level of 0.2 W-m~ 1K~
neous optimization, they achieved a maximum z7" of 0.156 at

Based on the above simulta-

room temperature and 0.223 at 390 K.

NH, BiS
Q’ .(_QNHO_NH>, Te nanorods
solution processing é
OQ /O b
o S\

&7

(¢}

Fig. 9. (color online) Illustration of PANI/Te hybrid film processing with
the embedded pictures showing the morphologies of Te nanorods and the
hybrid film with a Te content of 60 wt%.13]

4.2. PPy-based thermoelectric films

PPy, an electroactive polymer, has ignited great interest
as a promising TE candidate due to its good electrical conduc-
tivity with relatively low thermal conductivity, facile synthe-
sis, no toxicity, compositional flexibility, and good mechanical
property. It is relatively stable and easy to fabricate by chem-
ical or electrochemical polymerization. Wu et al.['3%! fabri-
cated two flexible and free-standing PPy nanotube films (PPy-
1 and PPy-2), and obtained a maximum z7 of 7.84 x 10~%
at 370 K for PPy-2 film. Besides, they concluded that the
smaller size and longer length of PPy nanotubes are helpful
to enhance the electrical conductivity and Seebeck coefficient
but basically not affect thermal conductivity. An ultrathin PPy
film was prepared by an electrochemical method in a cell of
three electrodes.!!33] Moreover, controlling the applied volt-
age, a highest zT of 6.8 x 1073 was achieved. Li et al.!*¥]
studied the electrical transport properties of p-type crystalline
and amorphous PPy through first-principles and the thermal
transport properties by molecular dynamics simulations. For
hexafluorophosphate doped PPy, they confirmed that the crys-
talline phase leads to extra high electrical conductivity, and the
amorphous phase possesses high Seebeck coefficient and low
thermal conductivity. Besides, they deduced the z7' along the
chain direction of crystalline phase is higher than that of the
amorphous phase. Using a common vacuum filtration method,
Liang et al.l'3 prepared a super flexible polypyrrole/single-
walled carbon nanotube composites, and they found that there
is no obvious deterioration of TE performance after mechani-
cal bending or stretching.

4.3. PEDOT-based thermoelectric films

PEDOT, a prominent and extensively explored conduct-
ing polymer system, has been studied as a leading organic TE
material due to its low thermal conductivity, low density, so-
lution processability, and environmental stability. Figure 10
depicts the chemical structure of PEDOT, which has a simple
electronic band structure with a bandgap of 0.9 eV. Further-
more, the p-type and n-type PEDOT possess higher Seebeck
coefficient of about 100 uV-K~! and 140 uV-K~!, respec-
tively. But it has relatively low electronic conductivity, which

limits its using in TE devices. 001361

Fig. 10. Chemical structure of PEDOT.

As is known, incorporating conductive species can in-
crease the electrical conductivity of electronically conductive
polymers. Bubnova et al.!'3"] polymerized PEDOT: tosylate
(PEDOT: Tos) by directly mixing the EDOT monomers and
an oxidative solution of iron (III) tris-p-toluenesulfonate, and
obtained a zT' of 0.25 at room temperature. They found that
accompanied with the interaction between the adjacent poly-
mer chains and the Tos counterions on the outside of the
chain stacks, the electronic conductivity of PEDOT: Tos is en-
hanced. Khan ef al.!'3® studied the effect of pH on TE prop-
erty of PEDOT: Tos films by simply using acid (HCI) or base
(NaOH) aqueous solutions. The pH treating lead to different
oxidation level of PEDOT: Tos films and the maximum PF of
0.26 uW-cm~'-K~2 was achieved at pH < 7.

The addition of poly(styrenesulfonate) (PSS) into PE-
DOT have been reported to enhance the electronic conduc-
tivity, resulting in an increase in electronic conductivity of
about 9% compared with PEDOT: Tos. Recently, most stud-
ies on PEDOT: PSS films have focused on the improvement
of electrical conductivity. Shi et al.!'?* concluded different
physical and chemical approaches which can effectively im-
prove the electronic conductivity of PEDOT: PSS, and sum-
marized the electronic conductivity enhanced mechanism in
detail. Adding solid chloroplatinic acid (H,PtClg) into the
pristine PEDOT: PSS solution, Wu et al.!'*! enhanced the
electrical conductivity of PEDOT: PSS films by three orders of
magnitude to 1.094 x 103 S-m~!. They concluded that com-
pared with polar organic solvents, solid acid like HyPtClg is
more effective to enhance the electrical conductivity of PE-
DOT: PSS films. Besides, they deduced the mechanism is at-
tributed to PEDOT doping by Pt ions, phase segregation of
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PSS chains from PEDOT: PSS, and the conformational change
of PEDOT chains. Yi et al.'*! enhanced TE properties of PE-
DOT: PSS films through binary secondary dopants, dimethyl
sulfoxide (DMSO) and poly(ethylene oxide) (PEO). They em-
phasized the binary secondary dopants both increased electri-
cal conductivities and Seebeck coefficients. Kim er al.[14]
proposed a solution treatment to promote crystal formation in
PEDOT: PSS through a structural rearrangement process by
H,SO4 post-treatment. In this case, electronic conductivity
increased with the improvement in crystallinity, and achieved
the highest value of 4.38 x 10° S-m~!
they viewed that structural rearrangement formed highly or-
dered and densely packed PEDOT: PSS nanofibrils, which im-

proved both carrier concentration and mobility, resulting in

. As shown in Fig. 11,

an increased electronic conductivity. More recently, Fan et
al."'*?! enhanced TE properties of PEDOT: PSS films by se-
quential post-treatments with common acids and bases. Zhang
et al.!'"¥! significantly enhanced the electrical conductivity of

2H2SO 4 wees H2SO4+HSOx

PEDOT: PSS from 30 S-m~! up to higher than 10> S:m~! by
treated with water-soluble vitamin B3. In addition, Beretta

et al. 144

studied the TE properties of inkjet-printed commer-
cially available PEDOT: PSS films in detail and achieved the
in-plane z7 no less than ~1073.

Using layer-by-layer assembly technique, Cho et al.['4]
fabricated a completely carbon-based polymer nanocompos-
ite by alternately depositing PANI, PEDOT: PSS-stabilized
graphene, and stabilized double-walled nanotube (DWNT)
from aqueous solutions, which is illustrated in Fig. 12. This
quad-layer film obtained a higher roomtemperature power
factor of 27.1 uW-cm~!-K~2, which can be compared with
commercially available bismuth telluride. Jiang er al.[140]
prepared PANI/PEDOT/PSS composite films and investigated
the solvent effects of deionized H,O and NH3-H,O on elec-

trical conductivity and Seebeck coefficient of the compos-

ite films.

They obtained a maximum electrical conductivity

/V

H,O

—PSS

T

Fig. 11. (color online) Diagram of the structural rearrangement of PEDOT:PSS. The amorphous PEDOT:PSS grains (left) are reformed into crystalline

PEDOT:PSS nanofibrils (right) via a charge-separated transition mechanism (middle) via a concentrated H, SOy treatment. !

5 & —a
graphene

in PEDOT: PSS

(PANi/graphene—FEDOT:PSS/PANi
/DWNT—-FEDOT:PSS)

(c) ANi

141]

polyanilinc (PANI)

N VaaVaaWan U

Fig. 12. (color online) (a) Schematic view of the layer-by-layer deposition process; (b) The structure of TE film components used; (c) Images of aqueous
PANI solution, graphene and DWNT stabilized by PEDOT: PSS, in water. AFM topographical images of the corresponding suspensions cast onto silicon

wafers are shown next to graphene and DWNT suspensions. [14]
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(6.35 x 10° S:‘m~!) of the composite film, which is much
higher than pure PANI and pristine PEDOT/PSS. A flexible
and freestanding PEDOT: PSS/PVA/BST (PPBST) nanocom-
posite TE films were fabricated by the blend of conduc-
tive polymer PEDOT: PSS, plastic reinforcer polyvinyl alco-
hol (PVA), and inorganic BiysSb; sTe; (BST) TE nanocrys-
tals, in addition, a power factor of 0.477 puW-cm~!'-K~2
and a zT value of 0.05 were achieved at 300 K.['47! Using
facile direct vacuum filtration method, Jiang et al. 1481 made
PEDOT:PSS/MoS, (PM) thin-films through simply added a
small amount of liquid-phase exfoliated MoS, nanosheets
into PEDOT:PSS solutions, and achieved an optimized power
factor of 0.456 uW-cm~'-K~2 for the PM film with 4-wt%
MoS, exfoliated in DMF. They found that the addition of
MoS;, nanosheets not only enhanced the electrical conduc-
tivity (1.25 x 10° S-m~!) dramatically, owing to organic sol-
vents effectively removal some PSS during the film formation,
but also slightly increase the Seebeck coefficient from 14.5 to
19.5 uV-K~ 1.

5. Strategies to enhance the thermoelectric per-
formance of films

Compared with bulks, the TE films possess its unique fea-
tures in electric and thermal conductivity mechanism. In a re-

u, [ bulk materials with two-dimensional

cent report by Zho
(2D) structures show outstanding properties, and their high
performance originates from both their low thermal conductiv-
ity and high Seebeck coefficient due to their strong anisotropic
features. As for low-dimensional TE thin films, it is much
easier to own natural anisotropy and tailor electrical trans-
On the

other hand, the thermal conductivity can be largely reduced

port and thermal transport compared to TE bulks.

by phonon scattering at film boundary, grain boundary and in-
terface without reducing the electrical conductivity.!!”-!8] Tn
particular, the phonon-boundary scattering is of vital impor-
tant for low-dimensional TE films.

Thanks to low-dimensional and unique structural charac-
teristics of films, higher z7" may be obtained in well-controlled
TE films. (20
sized multiple-quantum-well Biy Tes/Sb,Tes superlattices and

In 2001, Venkatasubramaniam et al.[?0! synthe-
a highest zT value of ~2.4 was achieved, which was attributed
to the reduced thermal conductivity of 0.4 W-m~'.K~!-
0.6 W-m~!.K~! by controlling the transport of phonons and
electrons without any effect on the power factor. The core idea
of enhancing the TE properties of films is to optimize the elec-
tron band structure by tuning the band filling to attain an opti-
mal carrier concentration and improve the electronic DOS near
Fermi level to optimize the power factor. At the same time, the
thermal conductivity is reduced due to more phonon scattering
centers without reducing the electrical conductivity, contribut-
ing an increase in z7'. In recent years, lots of strategies and

concepts have been developed to enhance the electrical and
thermal transport in films, including modulation doping, en-
ergy filtering, and band convergence, [1%-13.26:37.39,150-152]
However, the interrelated relationship among TE parame-
ters obstructs the improvement of TE performance, such as ¢
and S having an inverse relationship with the carrier concen-
tration (n), the effective mass (m*), and the carrier mobility
(1) making another mutually counter-indicated relations. For
the sake of getting the maximum available z7" and exploiting
the full potential of a given TE material, Zhu et al.!?! advanced
that these advantageous strategies must be integrated to decou-
ple electrical and thermal transport to optimize TE properties
synergistically in the context of deep understanding of the un-

1531 demonstrated a

derlying transport phenomena. Lee et al.
negative correlation between electrical conductivity and ther-
mal conductivity in 2D SnS; nanosheets, which is beneficial
for zT' enhancement to reach above 3 at high temperatures
(900 K).

Additionally, great efforts have been made to optimize
the TE properties of films by controlling its microstructure
and oriented growth.[#49373-154] Deng er al. 11331 reported that
the BiyTes-based TE film with preferential growth of (001)
plane facilitates the optimization of TE performance, because
the (007)-orientation is in favor of growth of layered structure
and the enhancement of carrier mobility and electron scatter-
ing parameter of films. The maximum power factor value
of 38 uW-cm~'-K~2 has been achieved at 360 K. What is
more, this special column structure with layered nanostructure
in each column scatters more phonon at the increased grain
boundaries and thus decreases the thermal conductivity. Zhu

(671 also enhanced the TE performance of Bij sSb; sTes

et al.
film about three times by transforming the film from (015)-
orientation to (00/)-orientation using a facile post-annealing

process.

6. Summary and outlook

TE materials have attracted extensive interest for their en-
vironmentally friendly in power generation and refrigeration,
providing solutions to solve the energy crisis and pollution.
TE materials in 2D film structures have potential applications
in microdevices, which is in line with ongoing miniaturiza-
tion of electronic circuits. Nowadays, most TE films are inor-
ganic semiconductors like BirTes, PbTe, Si—Ge, due to their
excellent TE properties. The emerging organic TE materi-
als, such as PEDOT, PANI, PPy, and their composites have
also drawn the eyes of many researchers. To explore high-
performance TE films, many methods for film manufacture
have been developed, such as vacuum evaporation, sputtering,
screen printing, MBE, ALD, and the like. Great efforts have
been made to optimize the electrical and thermal properties in
films, including tuning the carrier concentration, engineering
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the band structure, and suppressing the lattice thermal con-

ductivity. All in all, some significant advances in TE films

have been achieved in the last few years. However, how to

synergistically control the electrical and thermal transport in

TE films is still challenging. Engineering the well-controlled

nanostructures in TE films to create some sort of channels for

the easy transmission of electrons but blocking the transmis-

sion of phonons would probably become an effective regula-

tion direction in the future.
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