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Abstract 

In this paper, the enhancement in the thermoelectric properties of the organic 

semiconducting material, poly(3-hexylthiophene) (P3HT) by addition of carbon 

nanotubes (CNTs), have been studied for applications in the renewable energy. For this 

purpose, the thin film of P3HT: CNTs blend has been deposited on the glass substrate by 

drop casting technique. The blend is prepared by the ratio of 10: 0.5 mg of P3HT: CNTs 

at room temperature in chloroform. The thickness of P3HT: CNTs nanocomposite found 

by ellipsometer was 2570 nm. The Seebeck coefficient of the film is measured to be 

58.18 µV/K and the electrical conductivity of nanocomposite was 254 S/cm found by four 

probe method. The bandgap of P3HT: CNTs nanocomposite was 1.4 eV measured by 

UV-Vis spectrometer. In this blend, the CNTs are used for enhancement of the 

thermoelectric properties of the film. The films are also characterized by different 

material characterization techniques. These characterizations are correlated with the 

thermoelectric properties of the material. The optimized value of the figure of merit (ZT) 

for the thin film has been achieved ZT = 0.14 for the P3HT: CNTs nanocomposites. 
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Introduction 

Nanoscale energy is very important for mankind and its demand is growing day by 

day according to the lifestyle and with the increase in population. To overcome the 

energy needs, scientists are investigating alternate and renewable energy sources as the 

conventional energy sources are hazardous due to the emission of toxic gases. One of the 

alternate energy sources is thermoelectric energy harvesting which is based on the 

conversion of heat energy into electrical energy. It is favourable due to its comparatively 

low cost and has no hazardous environmental effect. In comparison to photovoltaic 

energy, it is more suitable due to easy maintenance and no moving parts. Thermoelectric 

properties can be observed in many materials like conductors and semiconductors. 

In TE effect, an electric potential is generated in any isolated material that is 

subjected to a temperature gradient. The generated thermo-electric voltage is 

proportional to the temperature gradient checked by the equation ,SdTdV =  where S 

represents the Seebeck coefficient, named after the discoverer of the effect. Similar 

associated effect to Seebeck effect is Peltier effect and Thomson effect. 

Mainly the efficiency of thermoelectric materials, which depends upon on the 

thermoelectric parameters is given by the dimensionless figure of merit, 

 .
2 κσ= TSZT   (1) 

In the above equation, σ is the electrical conductivity; S, T and κ are Seebeck coefficient, 

absolute temperature and thermal conductivity, respectively. According to (1), a good TE 

device should have a high electrical conductivity like that of metal, a high Seebeck 

coefficient like that of insulators and a low thermal conductivity like that of glass [1]. 

The focus of research worldwide is to enhance the figure of merit of TE devices. 

For achieving the best thermoelectric properties of the thermoelectric materials (TE) 

and devices, two approaches are being used. One approach involves the utilization of 

new groups of advanced bulk thermoelectric materials and the other approach is based on 

using low dimensional nanostructured materials. In the first approach, heavy ion species 

with great vibrational amplitudes provides effective phonon-scattering centres to 

decrease thermal conductivity. The phonon-glass/electron-crystal is used for scattering 

phonon and allows conducting electron to achieve the best thermoelectric properties. In 

the second approach, two ideas are used. Firstly, increase the Seebeck coefficient; 
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introduce the nanoscale constituent in the materials which would lead to the quantum 

confinement effect. Quantum confinement effect enhances the power factor .2σS  

Secondly, nanostructure materials have many interfaces, which could increase the 

electrical conductivity more than the thermal conductivity and would also cause electron 

filtering effect to increase Seebeck coefficient [2]. Boltzmann transport equation shows 

the coupling of S and σ in such a way that increasing one would cause a decrease in 

another and hence it is difficult to control these two parameters independently. Similarly, 

σ and κ are also coupled according to Wiedemann-Franz law [3]. Decoupling among 

these parameters is most important for high figure of merit, which can be obtained from 

the heterogeneous system by mixing of two or more than two different materials, which 

may provide a simple way to optimize these parameters independently without affecting 

the others. Organic semiconducting polymers can be used in TE applications due to their 

low cost, easy processing, flexible nature and having low thermal conductivity. Organic 

semiconducting polymers can easily be mixed with other materials and make a 

heterogeneous system of one’s own desire. 

Carbon nanotubes (CNTs) are large molecules of pure carbon having diameter 1-3nm 

in tube-like shape. The CNTs have very strong bonding between the atoms and it also 

has extreme aspect ratios [4]. CNTs mainly have two types. 

1. Single-walled carbon nanotubes (SWCNT) 

2. Multi-walled carbon nanotubes (MWCNT) 

The three dimension (3D) maps of single wall and multi-wall CNTs are given in the 

following Figure 1. 

 

(a) SWCNTs                                          (b)     MWCNTs 

Figure 1. Schematic diagram of SWCNTs and MWCNTs [5]. 
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The density of SWNT is 1.3 to 1.4 g/cm
3
 and MWNT is 1.8 g/cm

3
. In CNTs length 

to diameter ratio =1.32×10
8
 which is larger than all investigated materials. CNTs have 

high tensile strength and density, which is 100 times stronger and 6 times lighter than 

steel. These properties of CNTs have many potential applications in the field of organic 

semiconducting materials and nanoscale electronics (transistor in a single module). The 

issue of the transport mechanism in the organic electronic can be resolved by the 

incorporating of CNTs, which enhance the charge carrier mobility and provide the 

mechanical strength to make the polymers stable. 

In this paper, we work on efficiency enhancement of TE properties of solution 

processable organic semiconductor P3HT by adding CNTs. First, we will achieve the 

optimized ratio of P3HT and CNTs to make the heterogeneous system and then will 

grow a thin film of the optimized blend by solution processable techniques to investigate 

its TE properties. Other optimum conditions of the grown film such as thickness and 

annealing temperature will also be achieved for detailed investigation. All these 

investigations will be correlated to the surface morphology and the structural analysis of 

the grown film.  

Characterization Techniques 

There are many characterization techniques used for different purposes, i.e.,   

scanning electron microscopy (SEM) is done for surface morphology, four probes are 

used to check electrical conductivity, UV-visible is used for finding bandgap and 

Seebeck effect is measured with the help of Seebeck set up. 

Scanning electron microscopy (SEM) 

Surface morphology of thin film is investigated by scanning electron microscopy.  

The film is kept in the vacuum chamber, which is mounted on the table to avoid the 

vibrations. When SEM is connected to electricity, the cathode is heated up and electron 

gun starts ejecting electronic beam. The beams accelerated through anode plates. The 

accelerated beam is focused by focusing the magnetic lens towards the sample. The 

secondary ejected electrons from the sample are detected by the detector that shows the 

surface morphology of the sample on a computer screen. A high-resolution image is 

obtained on the computer screen by the ejection of scan dray electron from the sample 

surface along with the backscattered electron and characteristic X-rays. The diagram of 

SEM is shown in Figure 2. 
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Figure 2. Schematic diagrams of SEM. 

Four-point probe method 

The four-point probe is an experimental setup used for resistivity measurement of a 

semiconducting material through sheet resistance. Four-point probe setup is shown in 

Figures 3 and 4. 

 

Figure 3. Schematic diagram of resistivity measurement. 
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Figure 4. Model for the 4-point probe resistivity measurement for bulk materials. 

The sheet resistance of the thin film is determined by the following formula, 

 ( ).2 IVSπ=ρ   (2) 

Here S is the space between the needles, the voltage between the inner probes is 

represented by V, the current through the outer probe is represented by I and ρ is the 

resistivity of the sheet. This analysis can also be done for a rectangular sample which is 

shown in the Figure 5. 

 

Figure 5. Four probe technique for rectangular sample. 

The probes in the apparatus are placed at a distance S from each other and are in 

contact with the sample surface. The voltage is induced between the inner probes by the 

flow of current through the outer probes. Sheet resistance having unit Ω/sq was 

calculated by using the equation: 

 .
I

V=ρ   (3) 

In the above equation, V shows the correction factor, which is different for different 

materials depending upon the geometry of materials. The product of sheet resistance and 

thickness of thin film gives the resistivity of materials. The electrical conductivity of thin 

film can be calculated by  

 .1 ρ=σ  (4) 
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Seebeck coefficient measurement setup 

The thermoelectric power of materials is determined by the following equation, 

 ,/ TVS ∆∆=  (5) 

where V∆  is the voltage build up between the hot and cold block of thermoelectric 

material and T∆  is the variation in temperature between them. Seebeck set up mainly 

consists of a thermocouple and a voltmeter. The variation in temperature between the hot 

and cold side is often measured by a thermocouple while the voltage induced between 

them is measured by a voltmeter. The thermoelectric power of the sample is determined 

by suspending it between two blocks having different temperature. The experimental 

setup of Seebeck measurement is shown in Figure 6. 

 

Figure 6. Seebeck coefficient measurement set up. 

Film deposition 

The blend of the materials is formed by the combination of the poly(3-

hexylthiophene) and carbon nanotubes (CNTs). Firstly, we dissolve 10 mg of P3HT in 

10 ml of chloroform at room temperature. The solution is made with the help of magnetic 

stirrer for two hours. Now we are interested to form the blend of P3HT and CNTs with 

an amount of 0.5 mg. The glass substrate is rinsed with acetone for 15 minutes and then 

dried with the help of nitrogen gas. Finally, the thin film is deposited on a glass substrate 

with the help of drop casting. 

Vacuum thermal evaporator 

Physical vapour deposition process used to sublime of the organic and inorganic 

materials for deposition purpose. It consists of the vacuum chamber which can maintain 
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a pressure of 10
−5

-10
−6

 mbr. The vacuum chamber is used to avoid external particles 

contamination with vapours of sublimated particles. Evaporated material is placed boat 

inside the vacuum chamber and substrate is placed in the substrate holder. When the 

power supply is turned on, the boat in the vacuum chamber starts heating up along with 

the material. The material starts evaporating and spreads throughout the chamber, the 

particles travel toward the substrate and get deposited on the substrate surface. 

 

Figure 7. Schematic diagram. 

 

Figure 8. Real picture of vacuum thermal evaporator. 

This process uses a strong vacuum environment, and so is capable of producing very 

high purity thin films. Moreover, the deposition rate is high and damage to the substrate 

during deposition can be optimized. It is very simple, low-temperature process, where 

easily evaporated substances that easily pass into clean products are reduced, less 

corrosion and energy consumption is possibly less than in evaporation. 

X-ray diffraction technique 

The bending of a beam of radiation or particles, such as the X-ray beam, after 

interaction with mater, is called X-ray diffraction. X-ray diffraction (XRD) is an 

experimental method used to determine the crystallographic structure of a material. 
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Diffractometer is an instrument used for X-ray diffraction to analyze the structural 

information of the materials. It is easy to use the electron and neutron having a 

wavelength smaller than a nanometer. The electron does not penetrate deeply through the 

material and it gives information only about the surface of materials. While the neutron 

does penetrate through materials having the advantage to interact with different atoms of 

the materials. The X-ray diffractometer is shown in Figure 9. 

 

Figure 9. Apparatus of X-ray diffraction. 

X-rays are electromagnetic radiation which easily penetrates through materials and 

hence give the structural information such as crystallinity and phase of the materials. It is 

a non-destructive technique. It consists of source radiation, a monochromator for the 

wavelength selection, slit to regulate the shape and intensity of the beam, a sample and a 

detector. In additionally advanced diffractometer, a goniometer can also be used for fine 

adjustment of the sample and the detector position. In material science, the powder 

diffraction technique can be used for the structural information, while structural 

biological technique can be used for life sciences.  

Ultraviolet-visible (UV-Vis) spectroscopy 

It is a scientific technique, which produces the spectra of the investigated matter 

after the interaction of electromagnetic radiation with matter. The interaction occurs in 

the Ultraviolet-Visible (UV-Vis) range (200 nm-800 nm), the spectroscopy is called UV-

Vis spectroscopy. In this spectroscopy, the light is absorbed, emitted and scattered by 

materials object and gives the information about the quality of the materials. In UV-Vis 

spectroscopy, initially, the light has the intensity I fall on the surface of the object, 

absorbed and becomes .0I  Transmittance is the ratio of I to 0I , i.e., .0II  The 

transmission spectrum gives the optical band gap as given by Tauc’s law: 

 ( ) .
m

gEEE −=α  (6) 
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Here α is the absorption coefficient and can be calculated as 

 ( )d
I

I
T α−== exp

0

 (7) 

 .ln dT α=−  (8) 

In the equation (7), d represents the film thickness. 

P3HT: CNTs Thin Film (Blend) Characterization 

Morphological investigation of the thin film (blend) is very important for 

thermoelectric application and electrical conductivity. It gives information about 

roughness, the orientation of atoms in the blend and different peaks. In morphology, we 

are interested to study interfaces between the grains or interfaces are investigated for 

better performance of materials for their potential thermoelectric applications. Usually, 

thermal and electrical conductivities are coupled with each other in every material, so 

incorporation of carbon nanotubes decoupled these parameters to some extent to achieve 

better performance rather than pure P3HT and CNTs separately. The band gap is found 

by spectroscopic technique, which plays an important role in the performance of the thin 

blend. Small band gap materials have high performance than the large band gap 

materials.   

Morphology of P3HT: CNTs 

There are many techniques used to investigate surface morphology of the materials 

such as scanning electron microscopy (SEM), atomic force microscopy (AFM), scanning 

probe microscopy (SPM) and field emission scanning electron microscopy (FESEM) etc. 

The usage of each technique depends upon the surface nature and availability of the 

instrument. We have used SEM in our research. 

Scanning electron microscopy 

Figure 10 shows the SEM image of P3HT: CNTs nanocomposite to study its surface 

morphology. The image reveals agglomeration of CNTs in the matrix of P3HT. A high-

resolution image is depicted with 5000 magnifications by applying 10 kV accelerating 

voltage. The pure P3HT and SWCNTSSEM image are shown the following figures (a) 

P3HT [6] and (b) SWCNTs [7]. 
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Figure 10. SEM image of pure P3HT and CNTs[6]. 

 

Figure 11. SEM image of P3HT: CNTs blend with 5 µm scale. 

The amorphous structure of P3HT enhances the Seebeck coefficient of the device. 

While the CNTs increasing the electrical conductivity without increasing thermal 

conductivity. CNTS provides a barrier (interfaces) which improve the scattering of 

phonons and filtering electrons respectively. 

 

Figure 12. SEM image of P3HT: CNTs blend with 1 µm scale. 
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The surface of the blend is different from the surfaces of independent P3HT and 

CNTs. This discrimination is due to the mixing of CNTs with a specific ratio of P3HT. 

UV-Vis spectrum of P3HT: CNTs 

The bandgap plays an important role in the efficiency of the semiconducting 

materials. In this research work, the addition of CNTs in the P3HT matrix, the absorption 

spectrum of pure P3HT is shifted from the visible region 500 nm to the ultraviolet region 

281nm.The electrical conductivity of P3HT in the neutral state is very low in 

electrochemical measurement as considered to be non-conducting semiconductor 

polymer, but by doping it becomes conducting polymer [7].  
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Figure 13. UV-Vis spectrum of P3HT: CNTs blend. 

To calculate the bandgap, the Tauc’s law is applied, i.e., 

 ( ) .
m

gEEE −=α  (9) 

In this equation, the absorption coefficient is represented by α  which is given as: 

 .ln
0

dA
I

I
A α=⇒







−=  (10) 

In this equation, E is the photon energy, gE  is the band gap energy, d shows the film 

thickness and m is the transition constant. Furthermore, m takes the value of “2” for 

indirect transition and of ½ for the direct transition. 
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 Our material is direct bandgap semiconductor, so we have used direct transition 

model. For the P3HT: CNTs blend the calculated energy band gap is about 1.4 eV, while 

the reported one is 1.9-2 eV [8]. In the figure below the ( )2
Eα  and E is plotted as: 

1 .3 2 1 .3 4 1 .3 6 1 .3 8 1 .4 0 1 .4 2 1 .4 4 1 .4 6 1 .4 8 1 .5 0 1 .5 2 1 .5 4

0 .0 0 E + 0 0 0

7 .5 0 E + 0 1 1

1 .5 0 E + 0 1 2

2 .2 5 E + 0 1 2

3 .0 0 E + 0 1 2

3 .7 5 E + 0 1 2

(α
E

)2

E  ( e V )

E g = 1 . 4  e V

 

Figure 14. Band gap measurement of P3HT: CNTs blend. 

X-ray diffraction (XRD) 

To investigate the nature of the film, diffractogram of the blended thin film made 

from the combination of P3HT and CNTs is obtained by X-ray diffraction method. The 

structure P3HT is not affected by incorporation of CNTs in the blend for a range of 15 to 

20 degree [9]. There are some portions of the spectrum represents the amorphous 

structure and some peaks represent the crystalline nature due to the nanocomposite 

structure of blend. At room temperature, the P3HT has purely amorphous nature. While 

the annealed P3HT has some order of crystalline nature. There are only two prominent 

peaks occur due to the inclusion of CNTs, which are located at the positions, 37 and 45 

degree respectively compared with that of reported in the literature [10]. 

The power factor of P3HT: CNTs blend have improved value due to the amorphous 

nature of P3HT and crystalline nature of CNTs. The images of pure P3HT: CNTs and 

P3HT: CNTs blend are shown in Figures 15 and 16 [11, 12]. 
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Figure 15. XRD image of pure P3HT and CNTs [11]. 

 

Figure 16. XRD image of P3HT: CNTs blend. 

Electrical Conductivity of the Material 

The four-point probe method is used to measure the value of the electrical 

conductivity of the P3HT: CNTs film. The current is passing through the outer probes 

which induced the emf between the inner probes. 

In this research work, the value for electrical conductivity is measured to be 

254 S/cm of the P3HT: CNTs blend is obtained, which is very high as compared to the 

pure P3HT electrical conductivity 10
−4

-10
−5 

S/cm. 

Seebeck coefficient measurement 

The Seebeck coefficient or thermoelectric power of the sample was calculated by 

holding the sample between two blocks controlled by temperature. One end of the 
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thermocouple is kept at high temperature and the other at a low temperature. The thermal 

voltage can be induced in it measured by micro voltmeter. 

The graph for Seebeck coefficient of P3HT: CNTs blend is given in Figure 17.  
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Figure 17. The graphs of Seebeck coefficient for pure and P3HT: CNTs blend. 

The measured thermal voltage varied linearly with the increase in temperature. The 

value of the Seebeck coefficient for pure P3HT is 33µVK. While the obtained value for 

the P3HT: CNTs blend is 58.18 µV/K. 

Mathematical formula of Seebeck coefficient is given below. 

 .TVS ∆∆=  (11) 

In the above equation, S represents Seebeck coefficient, V∆  is the thermal voltage 

between the two ends of the sample and T∆  is a temperature difference of ends sample 

holder. The graph shows p-type nature of the material. 

Figure of Merit (ZT) of Ag/ P3HT: CNTs/Ag 

The numerical quantity used to check the performance of the thermoelectric device is 

called a figure of merit. It depends upon Seebeck coefficient or thermo-power, electrical 

conductivity and thermal conductivity of the device. The figure of merit can be 
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correlated by the quantities, which are given as, 

 .
2

T
S

ZT
κ

σ=  (12) 

Mathematically the thermal conductivity is defined as,  

 .el κ+κ=κ  (13) 

Here eκ  is the contribution of electrons or holes and lκ  is the lattice (phonon’s) 

contribution. By making a blended film, the phonon contribution minimized thermal 

conductivity significantly and hence major contribution is due to electronic thermal 

conductivity. The electronic thermal conductivity of the film was estimated from the 

following relation: 

 .LTe σ=κ  (14) 

Lorentz factor is represented by L and its value for free electrons is to 2.4 × 10
–8

 J
2
K

–2
 

C
–2 

[13] and T in our case is room temperature. The electrical and thermal conductivities 

for pure P3HT are 10
−4

-10
−5

 S/ cm and 0.7 nW/K.cm respectively, while for the blend of 

P3HT: CNTs are 254 S/cm and 1.82 mW/K.cm. 

In this research work we obtained the figure of merit (ZT) of pure P3HT as 0.003 

and for the blend of P3HT: CNTs as 0.14. Blended film result is about 1000 times better 

than the pure P3HT film. 

Low thermal conductivity and high electrical conductivity are good for 

thermoelectric materials, but this is impossible for inhomogeneous materials. Increase in 

electrical conductivity by increasing the concentration of charges in the materials 

unavoidably increases thermal conductivity. Researchers have tried to decouple these 

two quantities. Nano-engineering provides the pathway to decouple these two quantities 

in the homogeneous materials by introducing interfaces. An interface reduces thermal 

conductivity at the boundary without affecting the electrical conductivity.  

The below table presents present research with the other organic materials [14]. 
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Table 1. Seebeck coefficient and figure of merit of current research work with past. 

Matrix Dopant Electrical 

conductivity 

(s/cm) 

Seebeck 

Coefficient 

 (µv/K) 

Power factor 

(µWmK
-2

) 

ZT evaluated 

P3HT
1
 

P3HT
2
 

P3HT
3
 

P3HT
4
 

P3HT
5
 

P3HT
6
 

P3HT 

P3HT 

F4-TCNQ 

NOPF6 

FeCl3 

FeCl3 NOPF6 

Fe(TFS1)3 

CNTS 

pure 

 

 

3.8×10
-4

 

2.2 

7 

21 

10 

91 

254 

10
-4

 ~ 10
-5

 

400 

25 

74 

30 

36 

49 

58.18 

33 

0.006 

0.14 

3.9 

1.9 

1.3 

21.8 

0.8~1.1×10
-6

 

1.9~ 2.5×10
-4 

5.3~ 7.1×10
-3

 

2.6~ 3.4×10
-3

 

1.8~2.4×10
-3

 

0.03~ 0.04  

0.14 

3 ×10
-3

 

Conclusion  

In this paper, the thermoelectric properties and Seebeck coefficient of Ag/P3HT: 

CNTs/Ag device has been significantly improved by developing P3HT-CNTs 

nanocomposite film. The thickness of the drop cast film of P3HT: CNTs nanocomposites 

was 2570 nm which was measured by an ellipsometer. The electrical conductivity of 

P3HT has been greatly enhanced from 10
−4 

S/cm to 254 S/cm by adding CNTs. 

However, the thermal conductivity of pure P3HT and P3HT: CNTs nanocomposites were 

measured to be 0.7 nW/K.cm and 1.82 mW/K.cm, respectively. Hence, for the 

Ag/P3HT/Ag thermoelectric device figure of merit ZT was 0.003 while for the 

Ag/P3HT: CNTs/Ag device it was found to be 0.140. Conclusively, this enhancement in 

ZT is attributed to the enormous increase in electrical conductivity of P3HT: CNTs 

nanocomposites. Moreover, XRD of the nanocomposite film revealed amorphous nature. 

The morphological study by SEM of the composited film has a magnification of 5000 

and grain size of 5 microns at 10 kV accelerating voltage. The bandgap of the composite 

film was 1.4eV from the UV-Vis spectrum. 
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