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ABSTRACT 

 

Miniaturization of electronics and impending demand for bendable electronic gadgets 

creates a dire need for a thin and flexible film technology that would not only provide 

spot cooling for the crammed transistors, but also tap into the waste heat generated to 

produce a portable power source. Thin film thermoelectrics offer a viable solution and 

have several structural, chemical and economical advantages over inorganic 

thermoelectric materials. However, their low power factor compared to that of inorganic 

materials prevents them from being used for practical applications. The tradeoff between 

Seebeck coefficient and electrical conductivity restricts the improvement of power factor 

through increase in number of charge carriers. However, controlled modulation of the 

mobility of charge carriers has a potential to increase the electrical conductivity without 

adversely affecting the Seebeck coefficient. This research involves investigating a novel 

way to fabricate organic thermoelectric thin films with high power factor by modulating 

the morphology of the conducting polymer poly-(3,4-ethylenedioxythiophene) (PEDOT) 

and creating a composite with carbon nanotubes to control the mobility and hence the 

electrical conductivity of the thin films. Aligned PEDOT-carbon nanotube composite 

thin films were fabricated and characterized to study both the alignment of the polymer 

chains and change in their electrical conductivity. 

 

This research utilized the bottom up self organized molecular system templates to 

control the nano structure and ordering of the polymer–carbon nanotube composite. 
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Liquid crystal template was used to capture all the monomer (3,4-

ethylenedioxythiophene) EDOT molecules within the cylindrical cores of hexagonal 

mesophase oriented in effective net direction within domains, and the monomers were 

electro-polymerized to obtain aligned polymer chains. This aligned structure renders 

better anisotropic electrical conductivity along the polymer chain direction. A non 

percolated dispersion of carbon nanotubes and dopants was incorporated into the aligned 

PEDOT thin film by spraying as well as internally dispersing within the liquid crystal 

network before polymerization. The carbon nanotube and dopant incorporation into the 

aligned PEDOT thin films increased the electrical conductivity by about two orders of 

magnitude.  
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1. MOTIVATION AND INTRODUCTION 

 

The world’s first electronic computer called ENIAC, which was built in 1946 and 

weighed about 30 tons, used nearly 19,000 vacuum tubes that had to be cooled using an 

array of fans to keep them from burning.
1
 As time progressed, the advent of solid-state 

Silicon (Si) technology, and the more recent shift from ‘bipolar’ transistor technology to 

complementary metal oxide semiconductor devices, offered some respite in terms of 

electronic cooling by drastically reducing the energy dissipated per device. However, the 

escalating computing power of the micro-devices roughly doubles every 18 months, as 

famously observed by Moore’s law, and demands the exploration of powerful and 

efficient cooling technologies to prevent the components from melting. Furthermore, the 

heat radiation from everyday electronics like laptops and cellular phones poses a serious 

threat to the human body. The heat flux generated by these devices is loosely in the 

league of sun’s heat flux.
2
 Recently, a condition known as Erythema ab igne, or 

otherwise “Toasted skin syndrome” has been reported in a young individual due to 

constant laptop heat radiation reaching 50˚ Celsius (˚C).
3
 The more the microelectronics 

shrink, the hotter they get and more is the need for effective cooling which can 

complement the efficient performance of transistors. 

 

Several new technologies are being explored for the fundamental thermal energy 

management problem in computing. Liquid coolants are being pumped directly onto the 

chips rather than circulating air around them and 3-D packaging of circuitry is being 
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investigated for effective heat transfer passages by using heat sinks. But cooling an 

advanced computer at a facility like Leibniz Supercomputing Center in Munich, which 

can operate at nearly 3 petaflops, would need several cubic kilometers of air everyday 

and this heat can even amount to warming some of the centre’s buildings directly.
2
 More 

recently, waste heat recovery systems that are based on solid state thermoelectric 

materials are gaining prominence. Thermoelectrics (TE) not only absorb the low grade 

waste heat, but they can also utilize the temperature difference to generate voltage, 

thereby promising a secondary source of power. Green devices based on the 

conventional thermoelectric materials like Germanium (Ge) and Tellurium (Te) that can 

cool and regenerate power hold a huge potential in the electronic cooling industry. 

 

The turn of the millennium witnessed the need for flexible electronic materials for a 

variety of applications. This need was partially addressed by cramming a huge number 

of miniaturized standard Si-chip based microelectronics into a flexible substrate. But, 

this miniaturization of inorganic semiconductors is not feasible for applications that 

spread over a wider area like the more recent Organic LEDs and Organic Photovoltaics. 

With Si, one would need a large number of embedded chips to achieve uniform intensity 

and performance, but that would again lead to high heat generation which can possibly 

melt off the flexible substrate. Instead the focus is now shifting to bendable electronics 

made of intrinsically conductive and flexible thermoelectric materials, which have 

slightly lower performance, spread over a large area and bring down the temperatures. 

Also, the flexible TEs double as micro power generators by using the dissipated heat to 
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generate back voltage, which is very attractive for a wide range of biological and 

chemical sensory applications. 

 

The numerous applications and advantages of the organic TEs demand for high 

efficiencies of power conversion for practical use. This research focuses on investigating 

the fabrication of such a novel, flexible thermoelectric thin film, with a comparable 

performance, which could find applications in the bendable electronic industry by 

offering a flexible substrate alternative which could also efficiently take care of the 

thermal dissipation problem. This chapter gives a brief background and motivation into 

why the bottom up fabrication technique was adopted and offers a rationale for choosing 

the organic polymer as a base to the thin film rather than more traditional inorganic 

thermoelectric materials. 

 

The sea change and sophistication in the electronic industry demand for more versatile 

“nano” components that can be mass produced, decrease the cost commercially, pack 

components in more densely and improve the performance of the devices. The future of 

the communication industry demands ultra thin wearable, bendable and disposable 

electronics based on cheap and heavy performing nano electronics. The two most 

commonly used nano fabrication techniques in the electronic industry today are the top-

down approach and the bottom-up approach. The conventional top-down approach 

generally involves gradual material removal using lithography or micro-machining 

techniques and can fabricate ultra small structures with high accuracy and repeatability.  
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But it involves large investments, operating costs, limited application in terms of 

materials, non eco-friendly chemicals, and demanding clean room environments. 

Additionally, even the latest conventional lithographic techniques, such as focused ion 

beam technology for fabricating quantum sized features, are restricted to only 2-D 

planes.
4
 Though the ubiquitous silicon is the most popular and widely used material in 

the semiconductor industry, the inorganic materials have several limitations when we 

consider applications involving transparent, bendable, light weight and disposable 

electronics. As the characteristic length scales shrink and hit tens of nanometers (nm), 

the serial top-down approach faces serious limitations in terms of scalability and 

accuracy of small features. 

 

On the other hand, bottom-up manufacturing approach can routinely produce extremely 

small and complex nanostructures as small as 1 nm. This approach utilizes the bonds and 

interactions at the molecular level to form an assembly of desired nanostructures in a 

wide variety of materials including conventional silicon as well as organic polymers. 

The main advantages to the bottom- up approach are three fold: first, it is faster, more 

environmental friendly, relatively simple and cost effective. Second, it provides an 

added advantage of 3-D structural control which is very important for manufacturing 

arbitrary patterns, influencing properties precisely and for introducing site-specific 

functionality into the structures. Third, with the emergence of organic material 

alternatives, one can take advantage of molecular tuning to control the bulk properties 

like luminescence, electrical conductivity, strength, etc. Though this approach is still 
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being investigated for accuracy and repeatability, processes like self- assembled 

monolayers (SAMs) and dip pen lithography are gaining rapid importance in 

applications like manufacturing of Organic FETs, thermoelectric composites, etc. 

 

Conductive organic materials offer a viable alternative to traditional inorganic 

semiconductors like Si and Ge. Though the organic materials offer a relatively low 

mobility of charge carriers and cannot rival the high performance of highly-ordered 

single-crystalline materials, they offer several advantages: 

1. The inherent unique structural flexibility of organic materials offers a niche 

application for novel thin film electronics like organic electronic paper, smart 

cards, bendable phone displays, rollable electronic watches, etc. 

2. Low-energy, low-cost, high-yield and accessible processing techniques such as 

solution processing, spin coating, direct printing and evaporation, eliminate the 

need for high vacuum or high temperatures. This ushers in a whole new 

dimension of applications involving plastic substrates, which was not achievable 

previously due to the high temperatures of over 900˚ C required in Si 

lithography. 

3. Lower performance leveraged with a decrease in cost opens a new window for 

creating new consumer habits of replaceable and disposable everyday electronics 

such as electronic luggage tags, bionic e-skins
5
, e-textiles, large cheap 

interchangeable displays, low cost memory devices, etc. 
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4. Specific controllability of properties using bottom-up fabrication techniques such 

as self-assembly offers the possibility of surpassing the current performance 

challenged by inorganic materials in particular applications. 

 

Since their evolution in 1975, conductive polymers are one exciting class of organic 

materials that are extensively being invested in for research as they offer a great 

application potential. Traditional polymers are generally insulating, but if electrical 

conductivity is possible, for example in the case of conjugated polymers like poly-

aniline and poly-ethoxydithiophene, they are an extremely attractive alternative to 

inorganic conductors and semi-conductors because of their physical and chemical 

properties such as high strength to weight ratio, toughness, reduced processing cost, ease 

of fabricating complex structures and controllability of molecular structure. Their 

conducting or semi conducting properties, along with their low thermal conductivity 

make them feasible for applications in organic light emitting diodes, photovoltaics
6
 and 

more recently, thermoelectric devices.  

 

Traditional inorganic semi-conductor materials like Bismuth (Bi), Te and Selenium (Se) 

deliver high thermoelectric power and deliver nearly four times more efficient energy 

conversion than the organic materials. But, because of the diverse and unique material 

properties as discussed above, the inclusion of conducting polymers to form 

complementary hybrids is being extensively explored. However, the organic conducting 

polymers exhibit lower mobility and lower electrical conductivity (σ nearly 0.1 – 100 



 

7 

 

Scm
-1

) than the inorganic thermoelectric counterparts (σ > 1000 Scm
-1

), rendering them 

inefficient for independent practical conversion applications.
7
 Thus, there exists a dire 

need for enhancing the electrical conductivity of organic conducting polymers to make 

them commercially viable for a plethora of applications.  

 

This research focuses on investigating a novel method to fabricate organic conducting 

polymer based thermoelectric thin-film composite with high power factor. Since the 

properties of organic conducting polymers are dominantly affected by the molecular 

arrangement, designing and controlling the supra molecular ordering of these molecules 

at the nano and meso scales provides a facile route for enhancing the bulk properties 

such as electrical conductivity and thermoelectric performance. This research utilizes 

self-assembled molecular system templates to control the ordering and orientation of the 

polymer chains. The effect of deliberately dispersing short carbon nanotube fibers in a 

non-percolated fashion inside the ordered polymer matrix is investigated for 

enhancement of bulk electrical conductivity. Through this method, thin films of organic 

material composite with enhanced thermoelectric power factor can be fabricated owing 

to the controlled orientation arising from molecular ordering. 
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2. LITERATURE REVIEW 

 

2.1 Thermoelectric Materials 

 

Thermoelectric (TE) materials transform heat flow into electric voltage or vice versa, i.e. 

electricity into temperature difference.
8
 The conventional methods of converting thermal 

energy into electricity include the thermodynamic heat cycles such as Rankine cycles, 

which involve complex rotor equipments, high heat losses and impact the environment 

negatively due to production of green house gases.
9
 On the other hand, TE energy 

conversion is mechanically robust as it uses solid state technology that does not involve 

any moving parts, and is environmentally safe. TE energy conversion systems are quiet, 

compact, reliable, and maintenance free.
8, 10, 11

 With the increasing global demand for 

energy sources that are affordable, green as well as sustainable, TE materials are gaining 

prominence over the fossil fuels owing to the clean energy they can generate from a 

variety of sources including the abundant solar energy, geothermal sources, low grade 

waste heat from automobiles and electronic equipments. 

 

TEs can function either as thermoelectric generators (TEG) or Peltier coolers.
8
 TEGs 

collect the thermal energy whenever there is a temperature gradient and transform it into 

potential difference across the ends, while the Peltier Coolers generate a cooling effect 

on one end of the material by consuming electric energy. Their functioning can be 

explained basing on the two fundamental phenomena occurring in TEs. 
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2.1.1 Seebeck effect 

In 1800’s Seebeck discovered that when there is a temperature difference (∆T) created 

between the two end joints of 2 dissimilar materials held together, a voltage difference 

(∆V) that is proportional to ∆T is developed.
8
 The ratio of the voltage developed from a 

given temperature gradient (∆V/∆T) is a function of the intrinsic property of the material 

called the Seebeck coefficient (S).  

   
  

  
 

 

All the materials exhibit some Seebeck effect, but for practical application purposes, it is 

of a measurable magnitude only in some materials and these are called TE materials. The 

Seebeck effect is extremely low for metals (only a few μV/K) while it is much larger for 

semiconductors (typically a few hundred μV/K).
12

 The functioning of a TEG can be 

described by the Seebeck effect. A typical thermoelectric cycle involved the charge 

carriers i.e. electrons as the working fluid and follows the fundamental laws of 

thermodynamics closely resembling the Carnot heat engine cycle. Fig. 2.1 shows the 

schematic of the operation of a TEG based on Seebeck effect. The heat source or the hot 

junction is maintained at a temperature TH and heat is constantly pumped at the rate QH 

while the cold junction maintained at a temperature TL rejects the heat at a constant rate 

QL . It should be noted that the output electric power (   ) generated from a TEG 

depends on the difference between the input and output heat transfer rates as energy is 

conserved. 
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Fig. 2.1: Operating principle of a TEG based on the Seebeck effect. 

 

The major deficiency in TEG devices for extensive applications is their low efficiency of 

power conversion which is typically about 5%.
13

 Thus, so far, they have been restricted 

to niche applications like portable and remote power generation, or heat based sensing in 

military, medical, industrial, and aerospace fields where the primary requirement is high 

reliability without a restriction on the cost.
8, 13, 14

 However, in the recent times, with the 

increasing awareness and concern for alternative green sources of power, and the 

abundance of the sensible heat that dissipates into the environment increasing the green 

house effect, TEGs have received importance in large scale applications. TEGs offer a 

facile route to convert the low grade waste heat (typically <200˚ C) that cannot be 

captured using the conventional power generators into electric power. Since the 

conversion of even a fraction of the waste heat into electric power is advantageous, the 
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low conversion efficiency of TEG no longer imposes a critical drawback and the cost of 

the input energy becomes redundant factor.
8, 15

 Few examples include cogeneration 

systems
16

, automobile engine waste heat radiation
17

, industrial pipelines carrying hot 

effluents, etc. 

 

2.1.2 Peltier effect 

Peltier observed that when electric energy is passed through two dissimilar materials 

joined together, heat energy is either generated or absorbed at the junctions, based on the 

direction of flow of the current.
18

 This is called Peltier effect and the main cause of this 

phenomenon is the difference in the Fermi energy levels of the two materials. Peltier 

coefficient Π, is defined as: 

     

Thus Peltier and Seebeck effects are related to each other. The rate of liberation of heat 

at the hot junction QP is given by: 

   
 

 
 

 

The Peltier effect is the basis for several TE refrigeration applications. An example 

includes the small localized spot cooling for computers, optoelectronics, infrared 

detectors, etc. These devices do not impose a heavy heat load and effectively 

maintaining them at optimal temperatures has the potential to increase their 

performance. Especially, in the field of computing, cooling the processors can produce 
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computing speed gains of 30-200%.
19

 Fig. 2.2 shows a typical functioning of a Peltier 

cooler. 

 

 

Fig. 2.2: Schematic of Peltier effect based TE cooler.
20

 

 

Some versatile thermoelectric modules can function as both TEG and Peltier Coolers. 

They consist of both p-type (heavily doped to create excess holes) and n-type (heavily 

doped to create excess electrons) semiconductors suited to operate according to the input 

conditions.  

 

2.1.3 Thermoelectric figure of merit  

The potential of performance of a material for TE applications is mainly determined by 

its thermoelectric figure of merit (ZT), which is a dimensionless quantity defined as: 
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where S is the Seebeck coefficient, σ is the electrical conductivity, ρ is the electrical 

resistivity, κ is the total thermal conductivity and T is the absolute temperature. The 

numerator in the above expression, (      ) is called the power factor. Currently, the 

state of the art TE materials such as Bismuth Telluride based alloys and Lead Telluride 

based alloys possess a ZT value around 1 (Fig. 2.3) 
21

, with an efficiency of cooling or 

power generation around 10-30% of that of conventional thermal engines. Recent 

materials that exhibit ZT > 1 are expected to compete against more conventional of 

refrigeration and electric power generation.
22-24

Several different classes of materials 

have been studied for TE applications, including conducting oxides such as clathrates, 

skutterudites, metal alloys such as half-Heusler alloys, and pentatellurides. 
25

 In fact, 

Bismuth Telluride alloys have been shown to exhibit the best TE efficiencies till date. 

Materials that exhibit ZT nearly 2 have been observed to possess very low lattice thermal 

conductivities.
22, 23

 Fig. 2.3 illustrates schematically the Z values as a function of        

for some conventional TE materials.
26

 However, many of the above classes of materials 

are toxic and Te is one of the rarest elements on earth. Thus the production of these 

alloys on a large scale involves several problems such as high cost of production, 

toxicity and unavailability.   
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Fig. 2.3: Z values with respect to       plotted in comparison to ZT = 1 (hashed line) for 

a number of conventional state of the art TE materials and their applications.
26

 

 

2.1.4 Relationship between the thermoelectric properties and relationship with thermo- 

power 

Highly effective TE materials should possess higher ZT values. Most of the current day 

research in TE materials is focused on either finding new TE composites that can operate 

at broader and high temperature ranges (T< 250K and T>400K) or improving the ZT by 

improving the intrinsic TE nature of the material. ZT value can be maximized by 

achieving high electrical conductivity (σ) and high Seebeck (S) values while decreasing 

thermal conductivity (κ), especially through manipulation of the nanostructure at the 

molecular level. 



 

15 

 

It is desirable to tune a TE material to achieve high S and σ values simultaneously to 

increase the power factor. However, in conductors and heavily doped semiconductors, 

there is a limitation in improving the S and σ values because they are tied to each other 

through the Mott relationship, and the ratio is essentially constant at a given T.
27

 Fig. 2.4 

shows the schematic of the relation between S and σ values as a function of the carrier 

concentration at a given temperature for different categories of materials.
28

 The 

following equation demonstrates the actual correlation between them through the 

common factor of number of charge carriers (n): 

   
       

                
 

 

Electrical conductivity can be described as a function of the charge carrier concentration 

(n) and carrier mobility (μ) as dictated by the following equation: 

σ = n. e. μ 

 

Also the Wiedemann–Franz Law ties together the electrical conductivity and electronic 

contribution of thermal conductivity in conductors through the following relation, which 

simultaneously increases κe with any increase in σ: 

κe/σ = L. T , where the constant L= 2.44 x 10
-8

 WΩK
-2
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CCaarrrriieerr  CCoonncceennttrraattiioonn  ((LLoogg  ssccaallee))  
 

Fig. 2.4: Relationship between σ and S for different carrier concentrations at a given T.
28

 

 

To achieve highest conversion efficiency, it is important to have high ZT, which requires 

that the highest electrical conductivity for a given carrier concentration be achieved. 

Generally, σ and thereby the power factor are optimized in narrow-gap semiconducting 

materials as a function of carrier concentration (typically about 10
19

 carriers/cm
3
), 

through doping (usually highly conducting materials such as metal nanoparticles and 

carbon nanotubes (CNTs)), to result in the largest ZT.
23

  But, since the thermal and 

electrical conductivity correlate with the charge carriers, a new perspective must be 

introduced in order to conciliate the contradiction between high σ and low κ.
24

 Increasing 

the mobility of the carriers is another way to increase σ and power factor without 

affecting S and κ. 
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2.2 Organic Thermoelectrics 

 

High ZT values exhibited by the inorganic TE materials alone are not sufficient for 

creating a viable technology platform for practical applications. They should also be 

easily synthesized, stable, environmentally friendly and solution processable to create 

patterns on large areas. Because of the several disadvantages associated with the 

manufacturing of inorganic TE materials and the limited applications due to their rigid 

nature, organic thermoelectric materials have gained importance.  

 

The fundamental property TE materials should possess is that they must be good 

conductors of electricity but not heat. That way, due to the virtue of low thermal 

conductivity, one end of the material can get hot while the other end can remain cold and 

thus provide the temperature difference instead of quickly equalizing the temperature. In 

most inorganic conductors and semi-conductors, electrical and thermal conductivities go 

hand in hand. Thus they impose a challenge in creating highly efficient TE materials. 

 

On the other hand, most organic thermoelectric materials are inherently poor thermal 

conductors (κ ~ 0.2Wm
-1

K
-1

).
29, 30

 Thus they immediately satisfy one important criteria of 

creating a good TE material. As far as possessing good electrical conductivity, a special 

class of organic materials called the conducting polymers have shown promising 

potential since the initial discovery of doped Poly-acetylene around late 1970’s. In 

general, polymers exhibit poor electrical conductivity, but conjugated polymers that 
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have been doped with highly conducting particles exhibit semiconducting properties. 

Such organic conducting polymers have found several applications in solar cells
31-33

, 

light emitting diodes(LEDs)
34, 35

, transistors
36, 37

, chemical and bio sensors
38

, etc. Some 

examples of conjugated semi-conducting polymers that have found practical 

thermoelectric applications are Polyacetylene
39, 40

, Polypyrroles
41, 42

, Polyanilines
42-44

, 

Polythiophenes
45, 46

 , Poly(2,7-carbazole)s
47

, etc (Fig. 2.5). 

 

 

Fig. 2.5: Chemical structures of commonly used conducting polymers
48
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2.2.1 Theory of electrical conduction in conjugated polymers 

The molecular origin of the electrical conductivity in the conducting polymers can be 

explained through the band theory as associated with the quantum theory and the 

molecular orbital theory. The physical chemistry approach to band theory through 

quantum mechanics states that atoms can occupy only specific and well defined energy 

levels.
49

 For isolated atoms, these states are very sharp and distinct. The spectral 

emission lines of narrow width associated with each electron jump from one state to 

another stand a testimony to the distinct energy levels.
49

  However, in a crystalline solid, 

the atoms are no longer isolated and see each other’s electric fields, and hence the 

atomic energy states broaden into band like energy states within the crystal. This is 

demonstrated by a simple schematic of the 3s and 3p orbital of the metallic atom in the 

3
rd

 period of the periodic table (Fig. 2.6).
50

 The chemical approach, on the other hand, 

dictates that when atoms are in close proximity, their atomic molecular orbitals overlap 

with each other resulting in the formation of molecular orbitals called the bonding orbital 

or the valence band (σ orbital with energy lower than the atomic orbitals) and the 

antibonding orbital or the conduction band (σ* orbital with energy higher than the 

atomic orbitals).
50

 The energy band gap between these delocalized molecular orbitals is 

called the band width and denotes the energy gap between HOMO (highest occupied 

molecular orbital, i.e. the valence band) and LUMO (lowest unoccupied molecular 

orbital, i.e. the conduction band) levels (Fig. 2.7). 
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Fig. 2.6: Formation of band structure in the third period showing an overlap between the 

valence and conduction bands.
50

 

 

In most of the traditional polymers such as polyethylene, the valence electrons are bound 

to sp
3
 hybridized molecules with covalent bonds. Since these electrons lie in the stable 

sigma bonds, they have low mobility and hence they do not contribute to the electrical 

conductivity of the material. For a polymer to be conducting, it has to have a conjugated 

backbone molecular arrangement.
51

 Their backbones contain sp
2
 hybridized C atoms, 

where one electron resides in the pz orbital, which is orthogonal to the plane of 3 other 

hybridized σ bonds. All such pz orbitals that are in close proximity to each other combine 

to give rise to a delocalized set of orbitals that reside over the whole molecule. The 

extent of such delocalization and the alternation of the double and single bonds within 

the conjugated backbone of the polymer dictate the band width of the material, and 
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hence influence the electrical conductivity. Fig. 2.8 shows the influence of band width 

on the electrical conduction properties of metals, semiconductors and insulators. 

 

 

Fig. 2.7: Energy band gap between the molecular orbitals in a diatomic molecule.
52

 

 

The presence of delocalized Π orbitals in the conjugated polymer chain alone is not 

sufficient to render them electrically conductive. Undoped conjugated polymers usually 

exhibit insulating or semiconducting property where the band gap is greater than 2 eV, 

which is too large for thermally activated conduction. Hence, undoped conjugated 

polymers, such as polythiophenes and polyacetylenes have a low electrical conductivity 

of around 10
−10

 to 10
−8

 S/cm. 

 

There are three ways in which a material can be made electrically conducting: 

1. Conduction within the same band: This occurs when the valence band of the 

material is not completely filled. In this case, the electron can excite to an energy 

level within the valence band itself, and hence can detach from its atom.
53

 Since 
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the gap for excitation is small, many electrons can achieve this even with a small 

amount of energy. 

2. Small band gap: When the band width between the valence and conduction bands 

is small, the electrons can absorb energy and excite to a higher band and thus get 

detached from their atoms. These electrons in the conduction band, as well as 

holes formed due to loss of electrons in the valence band, both contribute to the 

electrical conductivity. 

3. Doping: This is a process of adding external impurity element of either higher or 

lower valency into the material to create an excess of electrons or excess of 

holes. Thus more the number of charge carriers, more the delocalization of 

orbitals over the molecule, lower the band width and higher the electrical 

conductivity. 

 

 

Fig. 2.8: Schematic showing band width in metals, semiconductors and insulators.
48
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To make the conjugated polymer electrically conductive, it is usually doped through 

oxidation. This process removes some of the delocalized electrons in the molecular p 

orbitals, and hence it creates a high mobility for the remaining electrons. The conjugated 

orbitals form a directional electronic cloud and these electrons become highly mobile 

when they are partially removed. This process creates a p-type conducting polymer. 

Similar process can be used to create an n-type conducting polymer through reduction by 

pumping excess of electrons into the unfilled delocalized orbital. It has been observed 

that even a low level of doping (i.e. less that 1%) in conducting polymers can give rise to 

improvement of several orders of magnitude of the electrical conductivity, even of 

values up to 0.1 S/cm and higher.
54

 

 

2.2.2 PEDOT: Promising organic TE material 

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a conjugated polymer derivative of 

polythiophene. It stands out in the industry from other conducting polymers due to its 

remarkable properties of electrical conduction, high transparency, ease of processing and 

stability. Furthermore, PEDOT is amongst the conducting polymers which have gained 

popularity as commercially viable materials.
55

 Its widespread applications include solid 

electrolyte capacitors
56

 and more popularly light emitting diodes (LEDs) 
57

, organic PVs 

and organic field effect transistors (FETs) 
58

.  

 

PEDOT is prepared by oxidative chemical method or electro-polymerization of the 

monomer ethylenedioxythiophene (EDOT) (Fig. 2.9) and unlike most aromatic linear 
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molecules is highly insoluble in organic solvents. To render it soluble, often side chains 

need to be incorporated into 3
rd

 or 4
th
 position. 

 

 

Fig. 2.9: Formation of conjugated backbone of PEDOT from monomer EDOT. 

 

PEDOT exhibits high electrical conductivity of about 300 S/cm, but this often varies 

depending on the method of preparation used.
55

 For practical applications, PEDOT is 

often doped with poly (styrene sulphonic) acid (PSS), which not only renders solubility 

to PEDOT, but also induces more charge carriers thereby rendering film formation 

ability, high transmissivity of visible light and stability to the material while still 

maintaining a good electrical conductivity of about 10 S/cm the electrical conductivity.
59

 

When the polymer anion PSS was replaced by smaller tosylate anion, the electrical 

conductivity improved to over 1000 S/cm, and yielded a ZT value 0.25 at room 

temperature, which is the highest performance bar so far amongst the organic 

thermoelectric materials.
60

 Hence, PEDOT offers a great potential for tuning the 

molecular structure to improve the thermoelectric properties even further. 
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2.2.3 Routes to creating better thermoelectric properties for organic thin film electronic 

applications 

Though the inorganic materials have a direct relationship between σ and S through the 

charge carrier concentration, the relationship between σ and S are not very well 

understood in case of organic thermoelectric materials. However, it has been identified 

that there exists a correlation between morphology, chain structure and electrical 

conductivity. It is assumed that the conductivity is higher for more crystalline structures 

and better aligned chains. At the same time, addition of nano structures into the polymer 

complex reduces the transmission of phononic vibrations reducing the κ values and 

hence improving the ZT value. Furthermore, adding dopants or counterions increases the 

number of charge carriers and hence is shown to greatly improve σ. 

However, indefinitely increasing the number of the charge carriers is not found to 

improve σ. Beyond a certain limit, the increase in n adversely affects the ZT value due to 

observed decrease in S.  

 

2.3 Liquid Crystal Templating of Conducting Polymer 

 

A typical way to produce conformal thin TE films on arbitrary geometries is through the 

process of electro-polymerization. Though this is a convenient technique, the films 

formed are usually amorphous with a number of structural defects. The defects affect the 

σ of poly-thiophene thin films. The σ of poly-thiophene has some dependence on the 

conjugation of the polymer backbone. To obtain maximum conjugation, poly-thiophene 
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must be coupled α - α´ in regioregular manner. This configuration facilitates π orbital 

overlap and provides maximum conjugation with highly delocalized electronic cloud due 

to the planar aromatic backbone. S atom’s lone pair of electrons play a major part in 

deprotonating the α carbon and thus facilitate α - α´ coupling.
61

 Though this structure is 

highly desirable, it is not always obtained during electro-polymerization because of the 

disruptions and formation of α-β´ and other bonds due to highly energetic states. One 

method to decrease these defects is to use substituted monomers such as EDOT. This 

method blocks the β sites and reduces the defect formation. 

 

To obtain effective TE performance, it is necessary to reduce the above structural and 

electronic defects during the formation of PEDOT from electro-polymerization of EDOT 

monomers. Controlling the structure of PEDOT formation at nanoscale not only reduces 

the defect formation, but also facilitates tuning the morphology and direction of 

polymerization, thereby empowering various applications that required specifically 

engineered properties. For TE applicatons, chain alignment of PEDOT would enhance 

its mobility. However, conventional alignment methods fail since PEDOT is very 

difficult to dissolve in organic solvents owing to the π-π stacking of its long backbone 

which results in agglomeration. To overcome these difficulties, recent research has 

introduced the concept of using liquid crystal (LC) template to incorporate and organize 

EDOT molecules. 
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Liquid crystals are a mesomorphic phase of matter with structural and mechanical 

properties median between those of solid and liquid phases. They possess liquid like 

partial degree of freedom, while the molecules self organize into crystal like ordered 

structures. The LCs are mainly characterized into two types: thermotropic and lyotropic. 

Thermotropic LCs are formed from pure molecules and undergo phase transition with 

change in temperature, while lyotropic LCs are usually mixture of the material and a 

solvent, and their phase transition is influenced mainly by the concentration while 

temperature is a secondary influence. Lyotropic LCs are usually comprised of 

amphiphile molecules i.e. they have a hydrophilic head and a hydrophobic/ lypophylic 

aliphatic chain.  

 

The shape of the self assembly of the lyotropic LC in a solvent is determined by 

Israelachivili model which depends on the packing parameter υl/asL, where L is the 

length and υl is the volume of the polymer chain, and as is the effective cross section area 

per molecule. Based on the above criteria the LC can form lamellar, hexagonal or cubic 

mesophases in the solvent. (Fig. 2.10)  
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Fig. 2.10: Schematic of different phase transitions at varying amphiphile concentration 

and temperature.
62

 

 

This research utilizes a lyotropic LC ((EO)10- oleyl ether) (Fig. 2.11) which forms a 

hexagonal mesophase in water. This hexagonal mesophase consists of high aspect ratio 

hydrophobic cores which are about 3-4nm in diameter surrounded by an external 

hydrophilic shell. (Fig. 2.12) The cylindrical cores align parallel to each other and are 

divided by the aqueous medium. They form organized domain like structures with all 

cylinders in each domain oriented in a single bulk direction. They can extend up to 

hundreds of microns.
62
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Fig. 2.11: Lyotropic amphiphile used. 

 

 

Fig. 2.12: Formation of lyotropic LC’s hexagonally packed cylindrical mesophase in 

water at optimal concentration. Purple chains indicate the hydrophilic ends of the 

amphiphile and red heads indicate the hydrophobic ends.
62

 

 

EDOT and any other hydrophobic materials when incorporated into the LC network, 

tend to migrate towards the core of the cylinders in the hexagonal mesophase. Thus, this 

network offers a relatively simple and robust technique to incorporate all the EDOT 

molecules into the cores of the self-organized assembly and polymerize them 

subsequently to obtain well controlled and aligned PEDOT chains. 
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2.4 Research Objective and Methodology 

 

This research proposes the synthesis technique of organic TE thin film that can achieve 

the high power factor through an increase in its electrical conductivity due to increase in 

the charge mobility, without sacrificing the carrier concentration or the Seebeck 

coefficient. This is achieved by modulating the morphology of the polymer chains and 

incorporating high mobility material alongside the polymer chains. 

 

The objectives involved in the synthesis were twofold: first, aligning the polymer chains 

relatively in a single direction and second, dispersing carbon nanotubes in a non-

percolated manner in the polymer chains.  Due to various advantages and promising 

potential, the conducting polymer selected was PEDOT. 

 

The method chosen to achieve the first objective of aligning the polymer chains in a 

single net direction is to use a liquid crystalline template to mediate the molecular 

ordering for in situ electro-polymerization of monomers. The monomer EDOT is 

dispersed in a solution of a liquid crystal material along with water and then annealed 

according to a specific temperature profile. The non-ionic amphiphile, in the presence of 

water under specific temperature conditions, self assembles and forms a lyotropic liquid 

crystalline network in the shape of hexagonal prisms almost perpendicular to the 

substrate. EDOT monomers are trapped in the hydrophobic cores of the hexagonal liquid 

crystal structures. In-situ electro-polymerization is then carried out in the liquid crystal 
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matrix to polymerize the individual EDOT molecules within each core into PEDOT 

chains aligned perpendicular to the substrate (Fig. 2.13).  The liquid crystal template is 

then removed leaving the aligned PEDOT domains on the substrate. The PEDOT film is 

then transferred onto a thin transparent insulating substrate while retaining the aligned 

structure. 

 

 

 

 

 

 

Fig. 2.13: Schematic of liquid crystal template with EDOT aligned perpendicular to the 

substrate subsequently polymerized aligned PEDOT and template removal. 

 

The second objective of synthesis was to disperse non-percolated CNTs inside the 

polymer thin film. It can be achieved by spraying the well dispersed CNT solution onto 

the PEDOT film. The amount of CNTs sprayed onto the film is maintained at lower than 

the percolation threshold and upon spraying the solution is dried to immobilize the CNTs 

attached on the PEDOT chains. Also the CNTs can be incorporated within the aligned 

polymer chains by incorporating them initially into the liquid crystal network. (Fig. 2.14) 
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Fig. 2.14: Schematic of alignment of CNTs in a non percolated manner alongside 

PEDOT chains. 

 

The oriented polymer chain structure renders better anisotropic electrical conductivity 

along the polymer chain backbone direction. The transverse direction to the polymer 

domains has a high Seebeck coefficient and relatively lower electrical conductivity due 

to absence of direct conductive paths and non-percolation of CNTs. Thus, taking 

advantage of the aligned structure and dispersing non-percolated CNTs would lead to an 

increase the mobility of the electrons in the individual polymer chains in transverse 

direction. The increase in mobility of electrons would lead to an increase in the electrical 

conductivity of the material in the transverse direction, without reduction of the Seebeck 

coefficient. Hence, the thin film can exhibit high power factor characteristics. 
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3 EXPERIMENTAL SET UP AND PROCEDURE 

 

3.1 Cell Setup for LC Formation and Electrochemical Polymerization 

 

Based on the earlier discussion on liquid crystal templating in the Section 2.3, the 

optimal weight ratio of 1:1 of hexagonal phase of the Poly(oxyethylene)n-oleyl ((EO)10-

oleyl) to water system was used for the templating.  

 

Several difficulties were encountered in the preparation of aligned liquid crystal 

template. Two varieties of cells were designed to prepare the template and polymerize 

EDOT. 

1.  First cell, as depicted in Fig. 3.1, was designed as a sandwich of an O-ring 

(Buna-N, McMaster) between two clear and transparent glass slides, sealed 

together with external pressure. This design was very important for our 

experiment because the transparent slides allowed us to observe and confirm the 

in-situ formation of the liquid crystal before proceeding to the electro-

polymerization step. Since the cell was small enough to transfer and focus under 

the optical microscope, observations could be made directly under the polarized 

light without opening the cell or disturbing the template. This configuration 

allowed us to relate the LC domain formation to the experimental conditions and 

allowed us to narrow down on the best amphiphile to water ratio as well as best 
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annealing temperature profile. However, though this primary cell allowed us to 

confirm the formation of liquid crystal, it had several shortcomings: 

i. The sealing of the device was not proper, and as suspected there was 

change in composition of the LC mixture due to evaporation of water at 

higher temperature. This gave rise to unevenly aligned domain structures 

in the LC template and also concentration of aligned domain formation on 

the edges of the O-ring where most water accumulated. 

ii. The cell did not have any room for inserting the reference and counter 

electrodes for the following step of electro-polymerization. 

iii. The glass slides did not function as the working electrode, making it an 

unsuitable configuration for electro-polymerization. 

A slightly alternative configuration was also attempted by squeezing the gel 

directly between two glass slides separated by an adhesive film of about 75μm 

thickness on all edges of the slides, instead of using the O-ring.
62

 But this 

configuration also had similar shortcomings, and the results were even worse due 

the entrapment of air bubbles inside the gel during the sealing process which 

disturbed the formation of aligned LC domains. 

  

  

  

 

Fig. 3.1: Schematic of the glass slides and O-ring sandwich device used for 

confirming and observing LC domains. 

O-ring (width = 1/8“) 

Glass slide 
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2. The second cell design (Fig. 3.2) was based on the standard 3 electrode assembly 

for electro-polymerization. It was fabricated from PTFE cylinder as 3 parts, to 

eliminate the shortcomings of the first design. It was designed to hold large 

amount of the LC gel, rising to several mm of height to allow for insertion of all 

the electrodes without disturbing the lower part of the LC template that is in 

immediate contact with the gold plated glass working electrode. This assembly 

allows for complete sealing of the LC gel and prevents the formation of air 

bubbles or loss of water through evaporation. However, this cell also had certain 

shortcomings such as: 

i. Since the cell had large volume, several mm of LC gel was required to be 

able to insert the electrodes into the gel. This was not expensive with 

readily available LC amphiphiles such as (EO)10-oleyl ether, but this 

would impose huge cost upon the preparation method in case of other LC 

materials or monomers. In that case the cell would need to be modified in 

lines of the first design that needed only a few mg of material. 

ii. The whole assembled cell was huge and its height did not permit in-situ 

observation of the LC template under optical microscope.  

iii. The large volume of the gel also meant that the annealing step needed to 

be modified for even slower rates of cooling because of the possibility of 

residual thermal stresses disrupting the aligned LC domain formation. 
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Fig 3.2 (a): Larger volume, cylindrical PTFE cell components used for LC templating; 

(b): Schematic of cell assembly. 
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3.2 Experimental Procedure for Formation of Monomer Incorporated LC 

Template 

 

For the combination of (EO)10-oleyl ether and water, the isotropization point (Ti) i.e. 

temperature where the LC gel flows easily due to complete disruption of order, was 

determined to be about 48˚C.
62

 The following steps describe the experimental procedure: 

1. Poly(oxyethylene)n-oleyl ether (95%, Sigma Aldrich, n~10), manufactured by 

ICI America under the trade name Brij-97, is produced by anionic 

polymerization of ethylene oxide from an oleic acid starting material. The 

amphiphile being 95% pure contains traces of water and remnant oleic acid. 

Also, due to its hygroscopic nature the amphiphile readily absorbs water from the 

air, and hence will generally contain 2-3% water. Thus, it was first heated at 

about 100˚C for 1 hour in vacuum (~10 Pa) to ensure the removal of any 

absorbed water vapor.
62

 

2. 0.1M EDOT (99%, Bayer AG) and 0.15M tetraethylammonium perchlorate 

(TEAP) (95%, Acros Organics) were dissolved in 1g of pre-heated and moisture 

free (EO)10-oleyl ether.
62

 This mixture was ultrasonicated to evenly disperse the 

solutes and dissolve them partially. Perchlorates in the form of anhydrous 

crystals are usually explosive in nature and must be handled with care. However, 

TEAP was not found to be explosive and it was safe when used as described. 

3. 1g of de-ionized (DI) water pre-heated to about 75˚C was added to the above 

mixture. The mixture was then vigorously mixed to dissolve all the remaining 
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solutes to form a clear viscous solution. The temperature of the solution was 

maintained about 70-75˚C, so that it still remained in viscous liquid form and 

well above the isotropization point. 

4. The substrate over which the LC template was formed was chosen to be in lab 

prepared e-beam evaporated gold plated glass (30 nm Au, 100 nm Cr, and glass) 

cut into 17mm x 23mm pieces. This substrate provided an advantage as it doubled 

as the in-situ working electrode during the electro-polymerization process 

without the need for disturbing the aligned LC domains to insert an external 

anode. The substrate was cleaned in a standard iterative process through ultra-

sonication (15 min each) using isopropyl alcohol, ethanol, acetone, and DI water 

to remove any organic and inorganic impurities, and dust particles. The substrate 

was then held in place in the PTFE cell and the whole assembly was pre-heated 

to about 70˚C. 

5. The clear LC gel was then carefully transferred into the cell avoiding the 

formation of any air bubbles. The cell was then sealed completely on the top and 

inserted into a programmable oven to follow the preset temperature profile of 

controlled cooling to ensure that residual stresses do not arise, and large LC 

domains are obtained. 

 

Before polymerization, it was important to heat the mixture above Ti, to about 70˚C and 

then cool down the transparent gel according to the specific annealing profile to improve 

the ordering of domains in the LC. It was demonstrated that cooling rates of 1˚C/min or 
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smaller result in large, well ordered LC domains that are nearly 100 μm in size.
62

 The 

following annealing profile (Table 3.1), though not completely optimized, gave rise to 

the maximum domain size of over 680 μm in our case.  

 

Table 3.1: Annealing profile of the LC cell to obtain maximum domain size. 
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Step Temperature Time 

1 80˚C 1 hr 

2 80˚C →56 ˚C 3 hr 

3 56˚C →51˚C 5hr 12min 

4 51˚C 3 hr 

5 51˚C →48˚C 3hr 8min 

6 48˚C 15 hr 

7 48˚C →42˚C 6hr 15min 

8 42˚C →28˚C 7hr 
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The hexagonal mesophase self organizes on the gold plated glass substrate. The 

annealing profile starts with heating above the Ti to about 70˚C, when the gel is added 

into the cell and sealed, followed by controlled cooling up to 51˚C , the point at which 

heterogeneous nucleation is determined to begin.
62

 Holding the mixture at the 

temperature for several hours allows for formation of a few nuclei (Fig. 3.3 (a)). Then it 

is cooled very slowly to 2-3˚C below the Ti and again held there for several hours, to 

allow the growth of the previously formed nuclei and preventing further homogenous 

nucleation (Fig. 3.3 (b)). Then the gel is cooled further by 10˚C, to complete the growth 

and coarsening of the LC domains. Once the temperature falls below 40˚C, the gel’s 

hexagonal ordered structure has essentially developed and hence it can be cooled more 

rapidly to the room temperature. 

 

This procedure, though not optimized for minimum annealing time, allowed the 

formation of well ordered LC domains which were sized 500 – 700μm on average. This 

size was sufficient for our further polymerization and characterization steps. To obtain 

even larger domains and even better orientation, it is important to prevent any 

heterogeneous sites for nucleation such as surface scratches, bubbles, uneven texture on 

the walls, etc., which are extremely difficult. It was observed that maintaining a 

temperature close to Ti gave rise to low nucleation and high growth rates producing a 

coarse microstructure with large grains. On the other hand, a strong cooling with low 

temperature (lower than Ti) gave rise to high nucleation with low growth rates resulting 
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in fine structure with small grains. Very slow cooling rate near Ti is needed to avoid any 

thermal stress that disrupts the ordered structure.  

 

 

 

Fig. 3.3 (a): Nucleation and growth rate affecting domain size in LC; (b): Undesired 

heterogeneous nucleation. 
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3.3 Electrochemical Polymerization 

 

There are different ways of electro-polymerizing the EDOT embedded in the aligned 

cores of LC gel: using constant voltage (potentiostatic), using constant current 

(galvanostatic), or using cyclic conditions. It was determined to be difficult to use 

galvanostatic conditions, owing to the unpredictable potential that might lead to over-

oxidation.
62

 Hence cyclic voltammetry (CV) method was chosen. It was reported that the 

(EO)10-oleyl gel was stable up to an applied potential of 2.2V, after which it starts 

decomposing due to electrolysis of water at the cathode. The oxidative polymerization of 

EDOT monomers starts at the anode/ or the working electrode (i.e. gold plated glass 

substrate) when the potential goes beyond 0.9V vs. the reference sliver (Ag) electrode. 

The maximum polymerization was found to occur at the voltage of 1.3V, which gave rise 

to the highest peak in the CV diagram and also resulted in high mean current density. 

This was quite similar to the behavior observed during polymerization of EDOT in 

organic solutions.
63

 Going beyond 1.4V leads to over oxidation and non conductive 

PEDOT films which is not desirable.  

 

Fig. 3.4(a) shows the cell setup used for electro-polymerization and Fig. 3.4(b) shows 

the formation of PEDOT after several cycles indicated by the change in color from 

transparent to dark bluish-green film on the substrate. Cyclic Voltammetry was 

performed using an E&G Princeton Applied Research potentiostat model 236A.  Fig. 
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3.4(c) shows the CV curve during electro-polymerization of PEDOT in the (EO)10-oleyl 

template, performed by sweeping the potential repeatedly for 20 cycles from 0 – 1.3V 

(anodically vs. Ag) at scan rate of 50 mV/s (with a negative cathodic current).  

 

 

  

Fig. 3.4 (a): Cell set up for electro-polymerization; (b): Polymerization indicated through 

electro-chromic transformation from transparent to dark green after PEDOT formation 

on the gold substrate; (c): I-V curves of the cyclic voltammetry during polymerization. 
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Fig. 3.4 (continued) 

 

Fig. 3.4(c) shows the electro-polymerization curves obtained during the cyclic 

voltammetry process for polymerizing EDOT in several cycles. The input for the cyclic 

voltammetry experiment consists of a linearly ramped potential in the working electrode 

and then further after reaching a set potential, the working electrode’s potential ramp is 

inverted. The curves show the current plotted against the voltage. It can be observed 

from the curve that there is a significant amount of hysteresis observed between the 

oxidation and reduction curves for each cycle. This is an indicator that the 

polymerization is still occurring after the first cycle as these curves indicate a non-

reversible electrochemical activity occurring inside the sample. Had the polymerization 
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been completely achieved in the first cycle, the remaining cycles would not have 

produced hysteresis in the I-V curves. Also, there is a negative current observed when 

the reduction reaction takes places. This is an indicator of reversal of potential at the 

working electrode, which now releases back the electrons it has taken from the 

electrolyte during the polymerization process earlier. Also, the oxidation peak has a 

different shape as compared to the reduction curve, which is an indicator of an 

irreversible electro-polymerization occurring inside the solution and this corresponds to 

the formation of aligned PEDOT polymer chains inside the LC template. 

 

It was observed that only the first cycle produced a remarkable peak in the CV curve 

showing a broad oxidation peak, centered at 0.6V which indicated the polymerization of 

EDOT. However, no peaks could be observed for further cycles. Excess EDOT 

molecules do gradually add on the surface and thicken the PEDOT film throughout the 

process. It was observed that with higher cycling currents (i.e. higher scan rate), the core 

part of the cylindrical gel was polymerized, while with lower cycling currents, the 

peripheral part was polymerized. Also, using smaller currents produced polymerized 

PEDOT which is more uniform and contained well in ordered domains.  

 

3.4 Removal of Template and Thin Film Transfer 

 

After electro-polymerization, the LC template was washed away by immersing the 

whole gold substrate containing the PEDOT film and the LC template into a solution of 
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acetone, ethanol and DI water mixed in the equal ratios. It was left in this solution for 

about 2 hours at which point most of the LC template is dissolved. The substrate is then 

washed with DI water and dried in air. During the later investigation of electrical 

conductivity of the electro-polymerized PEDOT film, contrary to the expectations, lower 

values were observed. The cause of low conductivity was investigated to be associated 

with residue of LC template still remaining on the PEDOT film even after washing. 

(Refer to Section 4.2.2) Therefore, the washing procedure was later modified to immerse 

in the above solution for overnight instead of 2 hours with replacement of the solution 

every 2 hours for the first 6 hours. This helped in further removal of the LC template, 

although not completely, as was demonstrated by slight improvement of the electrical 

conductivity values. Dichloromethane was also used as a solvent to remove the remnants 

of LC template. 

 

The transfer of the film from the conducting gold (Au) substrate onto an insulating 

substrate was quite essential for cutting the film into thin strips and measuring the 

electrical conductivity values. Several different substrates were experimented with as 

described below: 

1. Poly-acrylic acid (PAA): The PAA solution was drop casted onto the gold plated 

glass substrate containing PEDOT film and heated at about 70˚C for 1 hour (Fig. 

3.5). After complete drying, it was found that the PEDOT film on Au could be 

almost completely detached by carefully lifting off the polymer (Fig. 3.6). The 

PEDOT was also observed to have retained its ordered structure when observed 
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under the polarized optical microscope (POM). However, the polymer film was 

rigid and developed cracks on cutting the PEDOT film into thin strips. 

 

 

Fig. 3.5: Transfer of aligned PEDOT film. 

 

 

Fig. 3.6: Transfer of aligned PEDOT film on PAA substrate. 

 

2. Sylgard 184 Elastomer or Polydimethylsiloxane(PDMS): This insulating polymer 

came as the separate elastomer base and a curing agent which had to be mixed 
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together in the ratio 10:1 respectively just before drop casting the mixture onto 

the Au substrate containing PEDOT film. The solution layer was then cured at 

80˚C for 2 hrs to complete the formation of cross bonds within the polymer 

substrate. This substrate was flexible, but it could only lift the PEDOT film 

partially off the gold plated glass substrate (Fig. 3.7). The partially lifted film 

retained the ordered structure when observed under POM.  

 

 

Fig. 3.7:  Transfer of aligned PEDOT film on PDMS substrate. 

 

3. PAA and PDMS combined substrate: To mitigate the disadvantages in both the 

above polymer films, a combined substrate containing layers of both PAA and 

PDMS was utilized where the individual polymer characteristics complemented 
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each other to facilitate the lifting and cutting process. The following steps outline 

the transfer process (Fig. 3.8): 

i. PAA solution is spin coated as a thin layer on Au/PEDOT substrate using 

SCS 6800 spin coater, where the parameters for spin coating were: ramp 

= 5s, dwell = 10s, speed = 1500rpm. 

ii. The sample was then heated at 50˚C in vacuum (~10 Pa) for 1hour for 

drying. 

iii. PDMS was then drop casted on PAA film with mixture of elastomer base: 

curing agent as 10:1 respectively. 

iv. The sample was again cured at 50˚C for 1 hour. 

v. The cured PAA/PDMS film was carefully lifted from the substrate using 

a razor blade.  

 

The PEDOT film was found to be attached to the transparent, insulating and 

partially flexible polymer film. Since PAA was in contact with the PEDOT film, 

most of the PEDOT could be lifted off and PDMS being on the farther side, 

ensured partial flexibility of the film. The film could now be cut with razor blade 

into thin strips for further characterization and property measurement.  
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Fig. 3.8: Transfer of aligned PEDOT film on PAA and PDMS combined substrate. 

 

3.5 Doping of the Film 

 

Three different p-type dopants were selected for incorporating in different 

concentrations to study the effect of doping on the electrical conductivity of the aligned 

PEDOT. These were Camphorsulfonic acid (CSA), Iron (III) Chloride (FeCl3) and 

Dimethylsulphoxide (DMSO). The dopants were incorporated in two different ways: 

1. After formation of aligned PEDOT: 
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Different concentrations of the dopants were dissolved in ethanol and dropped 

onto the PAA/PDMS polymer substrate containing aligned/ unaligned PEDOT. 

This was allowed to dry partially for about 30 minutes after which the PDMS 

layer could be lifted off physically and the PAA layer could be subsequently 

dissolved by immersing the PEDOT film in DI water. This process allows for 

doping the surface of the bare aligned PEDOT film and depositing the film 

directly onto a micro device/ platform for further characterization studies. 

2.  Before the alignment of LC and electro-polymerization of PEDOT: 

The influence of incorporating the dopant within the aligned structure of PEDOT 

without disrupting the alignment was also studied. To achieve this, different 

concentrations of the dopants were dissolved into hot poly (oxy-ethylene) oleyl 

ether even before the addition of DI water during the formation of the LC gel. 

This allowed for the even dispersion and incorporation of the dopant along with 

EDOT molecules into the LC template. 

 

3.6 Incorporation of CNTs into Aligned PEDOT Thin Film 

 

CNTs are highly hydrophobic in nature and tend to agglomerate in water. Hence it is 

very important to disperse them well using some surfactants to prevent the formation of 

CNT bundles. A solution of well dispersed CNTs was prepared using the standard 

procedure as described below: 
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1. 2mg of P2 CNT (Carbon Solutions Inc.) was mixed with 8mg of SDBS (Sigma 

Aldrich) and 20g of DI water in a closed vial. 

2. The vial was sonicated sequentially using by bath type sonicator (Branson) for 1 

hour and pen type sonicator (MISONIX) for 2 hours. 

3. Step 2 was repeated for 2 more times (3 times in total)  

4. The solution was centrifuged (Centrifuge - Fisher Scientific) in small vials at 

12000 rpm for 20 min. The clear supernatant was carefully collected after 

centrifuge and placed in a closed vial. 

5. Step 2 was then repeated again for 1 more time. 

 

Similar to doping, CNT incorporation could also be achieved in two different ways: 

1. After formation of aligned PEDOT:  

The PEDOT film was transferred on to the polymer substrate and heated to a 

temperature of about 200˚C and the CNT solution was sprayed using a spray gun, 

for different amounts of time like 5s, 15s, 25s, etc to obtain different 

concentrations of CNT on the PEDOT sample (Fig. 3.9) and hence the 

percolation threshold was determined. The spraying was conducted in iterative 

intervals involving 5s of spraying and 5s of drying, to ensure CNT is well 

dispersed and dried directly on the PEDOT surface. Since the sample was heated, 

the CNT solution air sprayed dried completely upon contact with the film 

surface. This process allowed for CNT incorporation on the PEDOT surface 

rather than the bulk sample. 
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Fig. 3.9: Process of CNT dispersion and spraying on the PEDOT samples. 

  

2. Before the alignment of LC and electro-polymerization of PEDOT:  

To incorporate CNTs uniformly within the LC template along with the EDOT 

molecules even before alignment and electro-polymerization step, the 1g of DI 

water used for LC formation was replaced with 1g of dispersed solution of CNT 

in DI water. This mixture was then allowed to from LC template and 

subsequently electro-polymerized in the same exact manner as before to obtain 

bulk CNT incorporated aligned PEDOT thin film. 
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4. CHARACTERIZATION AND ANALYSIS 

 

4.1 Characterizing Alignment of PEDOT 

 

After electro-polymerization, the LC template was washed away as described in the 

previous sections and the substrate was dried thoroughly. The PEDOT thin film which 

adhered to the substrate was then transferred onto a transparent PAA/PDMS substrate as 

described in the previous section. This thin film was observed under the polarized 

optical microscope (POM) (Olympus) for characterizing the alignment of the PEDOT 

chains. The polarized optical microscope consisted of two extra lenses, the polarizer and 

the analyzer, for polarizing the light in the desired orientation. The analyzer lens could 

be rotated such that its orientation could be parallel, at an angle or perpendicular to the 

orientation of the polarizer lens. Fig. 4.1 (a) shows the POM set up under bright field 

with the polarizer lens, analyzer lens and PEDOT sample in place. When the polarizer 

and analyzer are oriented perpendicular to each other, and there is no sample placed in 

between them, then no light will be reflected from the analyzer lens as it would be 

completely absorbed because of the mutually perpendicular orientations.  This is called 

the cross-polarized orientation and only crystalline structures or those which materials 

exhibit a certain order when placed in between the two lenses would be able to render a 

preferred orientation to the polarized light and reflect off some light. Any amorphous 

material without any preferred orientation would not reflect off any light and hence 

appear completely black under the cross-polarized POM. Fig. 4.1 (b) shows the rotation 



 

55 

 

and cross-polarized orientation of the polarizer and analyzer lens. Liquid crystals, when 

placed under crossed-polarizers demonstrate birefringence pattern i.e. periodic dark and 

bright regions, due to the ordered structural domains. 

 

 

Fig. 4.1 (a): Optical microscope set-up with polarizer and analyzer lenses (POM); (b): 

Schematic of birefringence pattern exhibited by an ordered assembly in LC compared to 

an amorphous material observed under crossed polarizers 

 

When observed under POM, the microstructure of the PEDOT film confirmed the 

templating effect hypothesis of the LC gel. The electro-polymerization of the PEDOT 

without any LC templating (i.e. by replacing the 1g of (EO)10-oleyl ether in the 

preparation process with 1g of DI water) resulted in a uniform and featureless thin film 

under the optical microscope and a completely dark image under POM. But the PEDOT 
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thin film grown from the (EO)10-oleyl LC gel showed aligned polymer domain 

formation that was complementary to the domain formation observed in LC. Fig. 4.2 

shows a few optical microscope images of the LC templated PEDOT with aligned 

domains. The largest domain size obtained was 680μm. Varying colored domains 

represent varying refractive indices due to non-uniform thickness.  

 

 

Fig. 4.2: Unpolarized images showing domain formation in aligned PEDOT thin film 

and POM images showing bright and dark domains under cross polarized light; scale bar 

on all images indicates 100μm. 

 

POM could be used to determine the orientation of each individual aligned PEDOT 

domain. This could be achieved through observing the brightness changes during 
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rotation of a single PEDOT domain between the cross-polarized POM. The aligned 

domains that always remain dark upon rotation between cross-polarized light could be 

inferred to be oriented parallel to the incident light i.e. perpendicular to the substrate 

surface. This is because the polymer chains in these domains do not alter the incoming 

polarized light’s orientation and hence do not contribute a preferred orientation to the 

polarized light. This unaltered polarized light when passed through the perpendicularly 

oriented analyzer, is completely absorbed leaving behind a completely dark image of 

that domain.  

 

On the other hand, the LC domains that switch between dark and bright upon rotating 

45˚ correspond to aligned domains with the director orientation at some non-

perpendicular angle to the substrate surface. They could either be completely parallel to 

the substrate in which case they appear as the brightest spots upon rotation, or at some 

angle between parallel and perpendicular orientations. These domains exhibit an 

alternating bright and dark appearance upon rotation because their aligned polymer 

chains could reflect off the polarized light that strikes them and change its orientation 

through an angle to render a preferred orientation which depends on their director angle. 

Thus the reflected altered polarized light now has two components, one parallel to the 

cross-polarized analyzer and another perpendicular to it. The perpendicular component is 

completely absorbed by the analyzer, but the parallel component is allowed to pass 

through the analyzer thereby rendering some brightness to the domain. Fig. 4.3 shows 
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the schematic of orientation of cross-polarized light when reflected off an aligned 

sample under rotation through 45˚. 

 

The process of domain orientation indicates that the anisotropic LC environment 

strongly influenced the polymerization of PEDOT. The PEDOT domains when observed 

under the optical microscope also reflected off various colors indicating that each 

domain had a different refractive index. This could be due to the variant thickness of 

each domain. During the electro-polymerization process, the EDOT monomer had to 

diffuse to the Au electrode surface to get oxidized into polymer chain. But this diffusion 

occurs more easily through the hydrophobic cores when they offer least resistance to the 

diffusion path. Therefore, from the varying thickness, it can be co-related that the 

polymer might have grown fastest in cores aligned normal to the substrate or in other 

words, parallel to the electric field. A parallel or angled alignment of the cores requires 

EDOT molecules to either cross through aqueous/hydrophilic region of the LC or to 

diffuse at an angle to the external electric field in order to reach the substrate. Thus the 

least growth might have occurred in hydrophobic cores that were oriented along the Au 

substrate. 
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Fig. 4.3: Schematic of rotating a single aligned PEDOT domain under cross polarized 

light to observe the alignment of the director of the polymer chains; Rotation through 

45˚ shows brightness change for domains oriented non-perpendicular to the substrate 

while domains perpendicular to the substrate always remain dark. 
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The LC itself exhibited a birefringence pattern and the polymer thin film exhibited 

almost a similar copy of the birefringent domains as the LC from which it was 

polymerized. Even upon soaking these polymer films in solvents like CH2Cl2 for 

several hours to completely remove the traces of LC template, these films were observed 

to be stable and the birefringence pattern was not affected. A control sample in which 

PEDOT was electro-polymerized from EDOT and TEAP in DI water (without the 

addition of (EO)10-oleyl) mixture at room temperature. This control PEDOT film 

showed uniform and amorphous structure and did not exhibit any domain texture or 

birefringence under POM. (Fig. 4.4) This indicates that the PEDOT film produced itself 

has no liquid crystalline like structure, but the polymerizations of the monomers in the 

hydrophobic cores that are oriented at different angles generate the anisotropy and 

domain structure. This anisotropy induced by LC template is locked into the PEDOT 

structure due to its highly insoluble and hydrophobic nature. 

 

 

Fig. 4.4: Optical microscope image of electro-polymerized amorphous PEDOT thin film 

(prepared without LC templating) showing absence of alignment and domain formation. 
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4.2 Electrical Conductivity Characterization 

 

PEDOT films can have drastically varying σ values depending on the method of 

preparation. σ values between the range of 10 to 10,000 Sm
-1

 have been reported in the 

literature and the influencing factors include the level of doping, introducing counter-

ions and incorporating different additives during the film preparation.
64-68

 After 

preparation of the aligned and electro-polymerized PEDOT thin films as described in 

Section 3, these films were transferred onto an insulating substrate to study the electrical 

conductivity values. 

  

4.2.1 Bulk electrical conductivity 

The aligned PEDOT thin film strip, after transferring to an insulating substrate of 

PAA/PDMS, was tested for electrical conductivity using the 2 probe method, with a 

probe station. (Fig. 4.5) The local resistance of the film was measured by passing current 

through the two probes and simultaneously measuring the voltage developed. The 

resistance values in the order of tens of MΩ were obtained for thin films with thickness 

approximately in the range of 200nm and a diameter of about 0.8cm. This resulted in the 

bulk electrical conductivity values in the order of 10
-2

 S/m. But since the bulk PEDOT 

film was composed of several individual domains which had different orientations, the 

bulk value indicated an isotropic measurement and not the anisotropic improvement in 

the electrical conductivity due to alignment of polymer chains in one direction. Fig. 4.6 

represents the multi-domains with different orientations present between the two probe 
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tips placed 2 mm apart.  Therefore, in order to measure the anisotropic influence of 

polymer chain alignment on the electrical conductivity value, measurement of σ of each 

individual aligned domain must be obtained.  

 

 

Fig. 4.5: Probe Station with 4 probes and PEDOT sample on an insulating substrate; 

alongside schematic for 2-wire resistance measurement. 

 

 

Fig. 4.6: Multiple domains with different alignments between the two probes placed 

about 2mm apart. 
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4.2.2 Single domain electrical conductivity measurement 

In order to test the anisotropic electrical conductivity of the aligned PEDOT sample, the 

micro-device shown in Fig. 4.7 was used. This device consisted of 4 parallel gold lines 

at a separation distance of approximately 95μm. The PEDOT strip could be laid across 

these conductive lines and the resistance value of the domain containing the two inner 

probes could be measured. The four parallel lines also allow for the 4-wire resistance 

measurement, in which current could be passed through the two outer probes and voltage 

could be recorded along the two inner probes. This method is better than the 2 probe 

method as it eliminates the contribution of any contact resistance between the sample 

and the probe tips. For a domain of dimensions approximately 25.75μm in length, 

13.64μm wide across the two inner probes and with thickness approximately 0.184μm, 

the resistance was about 43.2MΩ ± 5MΩ which translates to σ value of about 0.066 Sm
-1

. 

This value is about three orders of magnitude lower than the literature value.
55

 

Fig. 4.7: Microdevice containing 4 parallel gold lines; scale bar indicates 10μm. 
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There might be several factors that could have adversely affected the σ value. Some of 

them include: 

1. Micro –crack formation: During the removal of the PAA/PDMS substrate from 

the PEDOT sample, some micro-cracks were observed to be formed due to stress 

exerted during PDMS layer lift off. (Fig. 4.8) These were prevented in later 

experiments by using a thinner spin coat of PAA and reducing the temperature of 

baking the drop casted PDMS layer.  

 

 

Fig. 4.8: Micro-crack formation within the PEDOT thin film during PAA/PDMS 

substrate removal; scale bar indicates 100μm. 

 

2. Contact resistance due to air gaps: Since the PEDOT thin film is attached to the 

Au plated micro-device physically with the help of surface tension during ethanol 

evaporation; there might not be strong contact between the film and the gold 
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surface. Hence the air gaps and poor contact could have been a factor for the high 

resistance. To avoid this problem, a different substrate for the σ measurement has 

been used. Silver paint was spread over a masked tape of about 400μm in width, 

as a thin layer over a glass slide. After the paint partially dried, the tape was 

peeled off to expose the bare glass slide surface of about 400μm with conductive 

Ag paint electrodes on either side. (Fig. 4.9) The PEDOT thin film was then 

transferred directly onto this configuration while the paint was still partially wet, 

thereby ensuring a good contact of the PEDOT domains with the conductive 

electrodes. With this configuration, σ values improved approximately three times 

over those on the gold micro-device. 

 

 

Fig. 4.9: Schematic of preparation of the silver paste electrodes on glass substrate 

using a masking tape. 
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3. Residual of LC template: There could still be some remnants of the LC material 

within the aligned and polymerized PEDOT thin film. Since the LC material 

itself non-conductive, it could form barrier between the PEDOT polymer chains 

and contribute to high electrical resistance. Hence, to confirm this, non templated 

electro-polymerized PEDOT, which was prepared by replacing the (EO)10-oleyl 

amphiphile with equal amount of DI water instead, was studied. This non-aligned 

electro-polymerized PEDOT does not exhibit any domain structure and shows no 

birefringence pattern under the optical microscope.(Fig. 4.4) This sample 

exhibited σ value of about 55.2 Sm
-1

, which is about two orders improvement 

over the aligned sample and almost comparable to the literature value of 

electrical conductivity. This proves that the low conductivity in the aligned 

sample might have been caused by the remnants of the LC template. Hence, to 

overcome this, solvents such as dichloromethane have been used for longer 

overnight immersion times. This resulted in further thorough removal of the LC 

template, as can be demonstrated by the change in refractive index of the PEDOT 

domains as exhibited in Fig 4.10. The σ values could be improved by about one 

order of magnitude. 
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Fig. 4.10: Change of color and therefore refractive index of the PEDOT thin film 

after washing for longer time with CH2Cl2 as the solvent. 

 

4. On the other hand, for a non-rectifying junction or the Ohmic contact, the 

resistance measured is the true resistance of the PEDOT sample. Thus, to test the 

type of contact, 4-wire resistance measurement technique was used to observe 

the I-V curves. The type of junction could be deferred from the shape of the I-V 

curve. The aligned PEDOT sample with some dispersed CNTs sprayed on the 

sample and placed on the micro-device was tested for I-V curves with an in-lab 

made testing station. (Fig. 4.11 (a), (b)) The curve obtained was straight line 

passing through the origin, which demonstrates that the contact was an Ohmic 

contact. (Table 4.1) 
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Fig. 4.11 (a): Experimental station set-up for measuring σ using 4-wire resistance 

method to eliminate the influence of contact resistance; (b): Inner view of in-lab 

made shielded box for measurements.
69
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Table 4.1: Straight line I-V curve obtained for electro-polymerized PEDOT thin 

film with 4-wire resistance method. 

 

 

4.2.3 Effect of doping on electrical conductivity 

Adding dopants through the two processes described in Section 3.5 improved the σ 

value. When the dopants were drop casted onto the polymerized and aligned PEDOT, 

nearly one order improvement in electrical conductivity could be observed. For PEDOT 

domain over the silver paste electrode assembly, with dimensions L = 13.64μm, W = 

25.75μm, t ~ 0.18μm, with DMSO drop casting on the PEDOT surface, σ increased from 

0.06812 S/m to 0.1794 S/m.  For a different PEDOT domain, with CSA as the dopant, σ 

increased from 0.31 S/m to 8.917 S/m and for FeCl3, σ increased to 1.8985 S/m. Thus 

CSA showed the best doping effect on σ of PEDOT thin film. Table 4.2 shows the effect 

of increase in σ after doping CSA externally on the PEDOT surface. 

 



 

70 

 

Table 4.2: Increase in σ values (S/cm) by approximately 10 fold after doping in 4 

different PEDOT thin film samples. 

 

 

As described in Section 3.5, dopants could also be incorporated in different 

concentrations internally within the bulk of aligned PEDOT domains by altering the 

initial LC formation recipe. For the recipe that was prepared by incorporating 0.1M CSA 

(23mg) into the LC gel mixture of 0.1M EDOT, 0.15M TEAP dissolved in 

poly(oxyethylene)n-oleyl ether, σ value increased by about two orders of magnitude. Fig. 

4.12 shows the optical microscope image of 0.1M and 0.2M CSA dispersed within the 

aligned PEDOT domains. The optimal dopant incorporation (0.1M) did not disturb the 

formation of the aligned structure in the LC template, but excess dopant incorporation 
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(0.2M) did not produce any ordering within PEDOT structure and resulted in a poorly 

polymerized thin film. 

  

 

Fig. 4.12: Optical microscope images of dopant dispersion within aligned PEDOT 

domains in 0.1M and 0.2M CSA doped PEDOT thin films. 

 

4.2.4 Effect of CNT incorporation on electrical conductivity 

As described in Section 3.6, CNT could be incorporated in two ways: externally or 

internally. For CNT incorporation on the PEDOT thin film by spraying on the PEDOT 

surface, it was first necessary to determine the percolation limit, to prevent formation of 

any connective network/ paths in a transverse direction to the aligned polymer chains. 

Formation of such percolated networks is unfavorable for improvement of the power 

factor of the TE material as they would contribute to increase in k. Hence, to determine 

the percolation limit, CNT solution was prepared and sprayed for different times on a 

bare glass substrate and the resistance values were measured to determine the optimal 

spray time when percolation limit is reached. (Fig. 4.13) Fig. 4.14 shows the SEM 
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images of the CNT sprayed samples on a bare glass substrate. It could be observed that 

the network of CNTs starts forming only for spray times higher than 45s. 

 

 

Fig. 4.13: Resistance values (MΩ) for different spray time(s) of CNT solution to detect 

the percolation limit of CNT spraying on bare glass substrate. Sharp fall in the 

resistance curve indicates the percolation threshold. 
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Fig. 4.14: SEM images of CNT sprayed on to bare glass substrate for different spray 

times. 

 

The resistance values after spraying CNT solution on PEDOT samples were measured, 

but no conclusion could be reached about the trend of σ with different spray times. That 

was because the PEDOT samples needed to be heated to very high temperatures of about 

200˚C during the process of CNT spraying. At such temperatures, PEDOT film degraded 

gradually and σ decreased and thus even if CNTs contributed to increase in σ, it was over 

shadowed and the trend showed an overall decrease. Since the two effects could not be 

decoupled, no firm conclusion could be drawn.  
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On the other hand, internally incorporating CNTs within the aligned domains of PEDOT 

resulted in improvement of σ by about two orders of magnitude as compared to plain 

aligned PEDOT thin films. Fig. 4.15 shows the optical microscope image of the CNT 

bundles dispersed within the aligned PEDOT domains. It could be observed that even 

though CNT was well dispersed through sonication, it still tended to form bundles within 

LC template, but that did not disturb the formation of LC template.  

 

 

Fig. 4.15: Optical microscope image of CNT incorporation and dispersion into bulk of 

aligned domains in PEDOT thin film; Scale bar indicates 100μm. 
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5.  SUMMARY AND CONCLUSION 

 

Aligned PEDOT thin films were prepared through the facile route of electro-

polymerizing monomers EDOT in lyotropic, hexagonally self-organized LC template. 

These conducting polymer thin films were robustly transferred onto insulating substrates 

as well as measuring micro-devices for characterization. CNTs and various dopants were 

incorporated and dispersed into the bulk of aligned PEDOT thin films through 

dissolution into the LC gel before electro-polymerization. They were also incorporated 

externally onto the surface of the PEDOT thin films through spraying and drop casting 

respectively. The thin films were characterized for bulk orientation within individual 

domains through polarized optical microscopy and the electrical conductivity within 

each domain was measured using 2-probe and 4-wire resistance methods. This research 

demonstrates that the electrical conductivity of the aligned polymer thin film could be 

controlled through two orders of magnitude through incorporation of dopants and CNTs. 

This increase was achieved through controlling the mobility of the charge carriers within 

the polymer chains through influencing the morphology of the polymer (alignment of 

polymer chains) and incorporation of non-percolated CNTs and dopants over the 

individual polymer chains. This provided a facile route for increasing the electrical 

conductivity of PEDOT without affecting the number of charge carriers, and thus 

without negatively affecting the thermal conductivity or Seebeck coefficient.  
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This research is only a small introduction to a novel concept for engineering a high 

power factor organic TE material through controlling mobility to increase electrical 

conductivity and thus not sacrificing Seebeck coefficient. Further investigation of this 

concept could involve optimizing CNT concentration in the LC template to achieve the 

best power factor for aligned PEDOT, orienting CNT in the transverse direction to the 

polymer chains using A/C electric field, rendering the PEDOT film as free standing, 

measuring the orientation of PEDOT chains through WAXS techniques and 

characterizing σ based on domain orientation, experiment with smectic phase LC 

templates to form PEDOT thin films, etc. There is a great potential for future work to 

convert this promising concept into practically viable device and exploit the advantages 

offered by flexible, light weight, low cost and easily processable organic thermoelectric 

materials for empowering the bendable electronics industry. 
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