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ABSTRACT

Organic-inorganic hybrid thermoelectric materials have obtained increasing attention because it opens the possibility of

enhancing thermoelectric performance by utilizing the low thermal conductivity of organic thermoelectric materials and the high

Seebeck coefficient of inorganic thermoelectric materials. Moreover, the organic-inorganic hybrid thermoelectric materials possess

numerous advantages, including functional aspects such as flexibility or transparency, low cost raw materials, and simplified fab-

rication processes, thus, allowing for a wide range of potential applications. In this study, the types and synthesis methods of

organic-inorganic thermoelectric hybrid materials were discussed along with the methods used to enhance their thermoelectric

properties. As a key factor to maximize the thermoelectric performances of hybrid thermoelectric materials, the nanoengineering

to control the nanostructure of the inorganic materials as well as the modification of the organic material structure and doping

level are considered, respectively. Meanwhile, the interface between the inorganic and organic phase is also important to develop

the hybrid thermoelectric module with excellent reliability and high thermoelectric efficiency in addition to its performance in

various electronic devices. 

Key words : Thermoelectric, Organic-inorganic hybrid thermoelectric materials, Nanoengineering, Thermoelectric

properties

1. Introduction

he depletion of fossil fuels and growing environmental

pollution have sparked global interest in renewable

energy development. Among the various approaches, ther-

moelectric energy conversion devices in particular have

received consistent interest in the renewable energy field,

because they can efficiently maximize the utilization of

waste heat from fossil fuel use. To realize high efficiency,

studies continue to be carried out to investigate and develop

more advanced thermoelectric materials and devices. Also,

considering the increased mobility and flexibility require-

ments of future electronic devices, the next generation ther-

moelectric material needs to be both highly efficient and

flexible. To be applicable to diverse forms of future elec-

tronic devices and equipment, the thermoelectric material

should be adaptable to various installations and forms. The

performance of thermoelectric materials is defined by the

figure of merit ZT = S2σT/κ. Here, S, σ, T, and κ refer to the

Seebeck coefficient, electrical conductivity, absolute tem-

perature, and thermal conductivity. The performance of the

thermoelectric material is higher when the thermal conduc-

tivity is low and the electrical conductivity and Seebeck

coefficient are high. Accordingly, to develop a material with

high thermoelectric efficiency, the electrical conductivity

and Seebeck coefficient of the material have to be increased

while decreasing its thermal conductivity. However, these

material properties have trade-off relationships, so some

limiting factors need to be resolved to control the properties

independently.1) For example, the Seebeck coefficient is a

representative material property that has a trade-off rela-

tionship with the carrier concentration, where an increase

in the carrier concentration leads to a decrease in the See-

beck coefficient (Fig. 1). On the other hand, the electrical

conductivity is improved with greater carrier concentration.

Consequently, a material with high thermoelectric effi-

ciency needs to achieve maximum performance within the

trade-off relationships between the carrier concentration

and the electrical conductivity, along with the Seebeck coef-

ficient. Also, in order to effectively decrease only the ther-

mal conductivity without decreasing the electrical conduc-

tivity, the movements of electrons and phonons have to be

controlled independently, to decrease just the lattice ther-

mal conductivity. Recently, such control has become possi-

ble through the application of inorganic nanostructures of

various forms.2-5)

Compared to conventional inorganic thermoelectric hybrid

materials, it has recently been reported that high efficiency

thermoelectric materials were produced through the syn-

thesis of organic-inorganic hybrid thermoelectric materials,

which also exhibited properties of light weight and flexibil-

ity. This result has garnered increasing attention because it
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opens the possibility of enhancing thermoelectric perfor-

mance by utilizing the low thermal conductivity of organic

thermoelectric materials and the high Seebeck coefficient of

inorganic thermoelectric materials.6,7) Moreover, such organic-

inorganic hybrid thermoelectric materials possess numer-

ous advantages, including functional aspects such as flexi-

bility or transparency, low cost raw materials, and simplified

fabrication processes, thus, allowing for a wide range of

potential applications. In this report, recent studies and

technological findings are detailed with a focus on the

improvement in thermoelectric properties achieved through

the synthesis of organic-inorganic hybrid thermoelectric

materials with nanostructures. 

2. Synthesis of Low-Dimensional Organic/
Inorganic Hybrid Thermoelectric Material

In order to effectively enhance the thermoelectric proper-

ties of organic-inorganic hybrids, optimization of the ther-

moelectric properties of each single phase of the organic and

inorganic material needs to be carried out in advance. Gen-

erally, inorganic thermoelectric materials are fabricated by

chemical synthesis, such as the solvothermal method, ball

milling, spark erosion, and electrodeposition. Enhancing the

thermoelectric performance of inorganic thermoelectric

materials is generally approached through the synthesis of

nanostructures (Fig. 2).8-12) For example, the room tempera-

ture thermoelectric properties of nanowires with 1-dimen-

sional structures, and 3-dimensional n-type Bi2Te3 and p-

type Sb2Te3 nanostructures composed of nanoscale grains,

can be improved using the quantum confinement effect,

energy filtering effect, and PGEC (phonon glass electron

crystal). 

Improvements in the properties of conducting polymers,

including electrical, optical, and thermoelectric characteris-

tics, have been reported recently and research using such

improvements is becoming more significant.13,14) In particu-

lar, conducting polymers with high electrical properties

such as polypyrrole (PPy), PANI, polythiophene (PTH),

poly(3,4-ethylenedioxythiophene) (PEDOT), and polyacety-

lene (PA) have great potential in thermoelectric materials,

having low thermal conductivity and being environment

friendly. Accordingly, studies are being actively pursued to

improve the polymers’ thermoelectric performance by carry-

ing out technology development for more effective synthesis

and property control, as well as better understanding of the

charge transport mechanism.15) Poly(3,4-ethylenedioxythio-

phene):polystyrene sulfonate (PEDOT:PSS) is a well-known

organic thermoelectric material with high stability at room

temperature and atmospheric pressure along with high

electrical conductivity and low thermal conductivity. PEDOT:

PSS can be synthesized using physical mixing, solution mix-

ing, and in-situ oxidative polymerization, and it has been

Fig. 1. Thermoelectric property control according to changes
in the carrier concentration.

Fig. 2. Improvement of thermoelectric properties through
nanostructure synthesis. (a) Polycrystalline micro-
structure, (b) polycrystalline microstructure composed
of grains with directionality, (c) nanostructure com-
posed of nanoscale grains, (d) nanostructure com-
posed of nanocoated grains, (e) nanocomposite
containing heterogeneous nano objects, (f) lamellar/
multi-layer nanocomposite

Fig. 3. PEDOT:PSS chemical structure.
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reported that appropriate control of the synthesis conditions

can improve the thermoelectric performance of PEDOT:

PSS.16) 

For example, the electrical conductivity of PEDOT:PSS

can be improved by controlling charge mobility based on the

PSS interval within the chain.16) This improvement is possi-

ble because the PSS acts as a pathway to aid charge trans-

port within the PEDOT chain (Fig. 3).17) However, while the

PEDOT:PSS produced using this method has improved

electrical conductivity, it does not exhibit a decrease in the

Seebeck coefficient, and as a result achieves improved ther-

moelectric performance. 

In addition, the properties of the conducting polymers can

be controlled through doping. For example, the doping lev-

els of PPy, PEDOT, and PANI which have been synthesized

electrochemically were found to be determined by the elec-

tron deficiency of the polymer backbone during the electro-

chemical oxidation/reduction process. Using this charac-

teristic, Bubnova et al. controlled the oxidation level of

PEDOT:p-toluenesulfonate (PEDOT:Tos) through de-dop-

ing using tetrakis(dimethylamino)ethylene (TDAE) to show

that an improved Seebeck coefficient can be obtained.18)

Additionally, Kim et al. used the well-known de-doping

material ethylene glycol (EG) to control the PEDOT:PSS

oxidation level, to obtain a ZT value of up to 0.42 at room

temperature.19) The doping of conducting polymers typically

results in improvement in their electrical properties, by

modifying their electronic structure, and improvement in

their electrical conductivity occurs through the modification

of the polymer structure. In general, changing the typical

coil structure of a conducting polymer into a well extended

linear structure improves its charge mobility, and through

this approach, the electrical conductivity of the polymers

has been enhanced (Fig. 4). Wang et al. used carbon nano-

tubes as the platform to synthesize regularly spaced PANI/

CNT composites, and the composite’s exhibited improved

electrical properties (Fig. 5) because the linear structure of

the PANI had increased charge mobility due to the rela-

tively high electron delocalization.20) This was a significant

finding, which revealed that improving the crystallinity of a

conducting polymer is an effective method of improving its

thermoelectric properties. Cho et al. synthesized a self-

assembling PEDOT nanowire using vapor phase polymer-

ization without using a template. The synthesized PEDOT

nanowire had a crystallinity close to a single phase and a

high electrical conductivity of 8797 S/cm.21)

Similarly, a thermoelectric hybrid containing organic and

inorganic materials with improved electrical conductivity

and Seebeck coefficient due to structural modification is

expected to exhibit enhanced physical and thermoelectric

properties than existing single phase nanostructures.

Recently, there were various reports on the high efficiency

synthesis of organic-inorganic hybrid thermoelectric materi-

als through the application of various chemical approaches,

self-assembly, and nanofabrication. In order to effectively

synthesize such hybrid materials, various elements need to

be considered. In particular, the characteristic of the inter-

face produced during the combination of the 2 phases is a

critical element that can determine the overall electrical

and thermoelectric properties of the organic-inorganic

hybrid. For example, in addition to the selection of organic

and inorganic materials that have suitable differences in

work function value, a synthesis method is required that

can effectively control the interfacial density within the

hybrid, as well as defects existing at the interface. First, the

ability of inorganic nanoparticles to be uniformly dispersed

in the organic material can have an impact on the reliability

and commercialization of the organic-inorganic hybrid.

Unfortunately, the dispersant (surfactant, stabilizer) com-

monly used to enhance nanoparticle dispersion is difficult to

completely remove during the synthesis process, and so the

dispersant remains as a residue, and can have a negative

effect on the hybrid thermoelectric property. To overcome

this problem, Lu et al. did not use a dispersant, but instead

employed an interfacial polymerization method to synthe-

size a cable shaped Au/PEDOT nanostructure.22) The PbTe-

PEDOT nanotube, synthesized in a similar manner, pro-

duced the maximum power factor without an oxidation

reaction at the interface.23) Also, to improve thermoelectric

properties by controlling the charge transport mechanism

at the interface, the carrier forms of the organic and inor-

ganic materials have to be the same, and the work function

values (~ 150 meV) have to be similar. See at al. synthesized

a p-type Te nanorod using an aqueous solution method

within an aqueous solution with PEDOT:PSS, so that a

PEDOT:PSS coated Te/PEDOT:PSS film type hybrid was

Fig. 4. Conjugate polymer crystallinity diagram. (a) semi-crystalline, (b) amorphous aggregate, (c) amorphous polymer structure.
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synthesized. The Te/PEDOT:PSS showed a ZT value of 0.1

which was approximately 103 times greater than the ZT of

the single phase Te nanorod and PEDOT:PSS. This result

was due to maintaining the hybrid’s high electrical conduc-

tivity without a significant decrease in the Seebeck coeffi-

cient. This was possible because the high conductivity

PEDOT:PSS surrounding the Te nanorod surface was con-

nected with no defects, so that the PEDOT:PSS could effec-

tively perform its role as the charge transport pathway.24)

3. Low-Dimensional Organic/Inorganic Hybrid 
Thermoelectric Material Property Evaluation 

and Technology Improvement

As discussed earlier, the thermoelectric properties of a

heterogeneous organic-inorganic hybrid can be improved

and avoid the limitations of the trade-off relationships, by

engineering of the interfaces that exist within the hybrid.

For example, the carrier filtering effect produced by the

energy level mismatch between inorganic nanoparticles and

an organic material can increase the power factor by

improving the independent Seebeck coefficient of the

organic-inorganic hybrid. Moreover, the charge transport

mechanism can be varied depending on the structural con-

stituent, and alignment of the conducting polymer chain at

the interface, which can then contribute to an improvement

in thermoelectric efficiency. As an example, the chalco-

genide-based Te, Bi2Te3, and PbTe, which have been

reported to exhibit high thermoelectric performances at

room temperature, were synthesized into a nanostructure

followed by synthesis with poly(3,4-ethylenedioxythio-

phene)-poly(styrenesulfonate) (PEDOT:PSS). The composite

material was reported to have high electrical conductivity,

and showed an improved power factor. 

The diameter and length of the Te nanowire fabricated

using the aqueous solution method and the amount of

PEDOT:PSS were controlled to produce the hybrid condi-

tions necessary to achieve an optimal power factor (Fig. 6).

According to this study, the electrical property of the hybrid

was far greater than the electrical conductivities of the poly-

mer and Te nanowire, and the hybrid had a ZT value of 0.1

at room temperature. Specifically, the electrical conductiv-

ity of the PEDOT:PSS was enhanced with no reduction in

the Seebeck coefficient by doping with dimethylsulfoxide

(DMSO). This was due to the conversion of the conducting

polymer charge transport mechanism from the hopping

transport to the carrier scattering mechanism.25) Du et al.

used an intercalation/exfoliation method to remove p-type

Bi0.5Sb1.5Te3, which has high thermoelectric properties at

room temperature, in nanosheet form, to synthesize PEDOT:

PSS hybrids with increased dispersion. In this case, the

power factor increased to 32 μW/mK2, which was roughly 3

times that of the single phase PEDOT:PSS. This research

result was significant in that it showed that the thermoelec-

tric efficiency can be maximized through the organic-inor-

ganic interfacial phenomena.26) Ju et al. used the ball-

milling method to obtain SnSe in powder form and synthe-

sized a SnSe nanosheet and PEDOT:PSS hybrid utilizing

the Li-intercalation process. The interesting point in this

study is that the electrical conductivity of the hybrid was

not affected by the amount of SnSe nanosheets, and only the

Seebeck coefficient was improved through the carrier filter-

ing effect at the interface. Furthermore, an additional

improvement in PEDOT:PSS electrical conductivity through

DMSO de-doping increased the SnSe/PEDOT:PSS hybrid

power factor up to 380 μW/mK2.27) In order to further improve

Fig. 5. Synthesis of regularly spaced PANI/CNT hybrid.
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such interfacial effects, Choi et al. synthesized a hybrid com-

posed of a 3 phase graphene oxide (rGO)/PEDOT:PSS/Te

nanowire. The thermoelectric property of the hybrid, which

simultaneously had two types of energy barriers (0.24 eV

Te/PEDOT:PSS, 0.31 eV rGO/PEDOT:PSS), revealed a

power factor of 143 μW/mK2 through the stronger carrier fil-

tering effect at the interface, which was approximately 102

times that of the single phase.28) 

4. Conclusions

In this study, the types and synthesis methods of organic-

inorganic thermoelectric hybrid materials were discussed

along with the methods used to enhance their thermoelec-

tric properties. In order to maximize the thermoelectric

properties of organic-inorganic hybrids, nanoengineering

can be utilized to control the nanostructure of the inorganic

material, the organic material structure, and the doping

level, to improve their thermoelectric properties. Also, the

interface structure, density, and defects within the hybrid

need to be considered to improve the thermoelectric proper-

ties, using organic-inorganic hybrid interfacial control. The

interfacial control technology can lead to the development of

thermoelectric modules with excellent high flexibility, high

reliability, and high performance thermoelectric efficiency,

based on hybrid organic/inorganic materials. Furthermore,

the interfacial control technology is expected to become a

key technology to maximize the efficiency of various elec-

tronic devices. 
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