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ABSTRACT

THERMOELECTRICAL PROPERTIES OF
POLITHIOPHENE (P3HT) THIN FILM POLYMERS

Conducting and semiconducting polymers show very interesting thermoelectric
characteristics by having relatively high electrical but low thermal conductivity. This
suggests that they can be used in thermoelectric patterning, which is achieved by
forming localized and confined heated areas on the material by passing electric current
through it. This thesis examines the usage of polymeric semiconductor of poly (3-hexyl
thiophene)(P3HT) in thermoelectric applications. An experimental setup is build to
measure the lateral thermal conductivity of P3BHT thin film polymer to be 3.7 W/mK,
which is not close to the reported real value of 0.2 W/mK. The analysis of measurement
setup and results show significant error induced by considerable amounts of thermal
paths between measurement thermal probes alternative to the thermal path through
the sample. Some suggestions are made to improve the experimental setup. Effect
of doping on electrical conductivity and Seebeck coefficient of P3HT is discussed to
increase the thermoelectric figure of merit, ZT. ZT of P3HT is calculated with thermal
conductivity value of 0.2 W/mK and found to be 2.5 x 107%.



OZET

POLITIYOFEN (P3HT) INCE POLIMER FILMLERIN
TERMOELEKTRIKSEL OZELLIKLERI

Yariiletken ve iletken polimerler gorece yiiksek elektriksel ve diigiik termal iletken-
likleriyle ilgi cekici termoelektriksel ozellikler gosterirler. Bu ayni zamanda termoelek-
trik orneklemede de kullanilabileceklerini onerir. Termoelektirk ornemkleme elektrik
akimini malzemeden gecirme yoluyla 1s1y1 belirli bir bolgede tutmak olarak tanimlanir.
Bu tez polimerik yariiletken politiyofen (P3HT) filmin termoelektrik uygulamalar-
daki kullanilabilirligini incelemektedir. Yatay termal iletkenligi 6lgmek icin bir deney
diizenegi kuruldu ve bu deger 3.7 W/mK olarak 6l¢iildii ancak bu deger rapor edilen 0.2
W/mK degerinden uzaktir. Deneysel diizenek iizerinde yapilan analizler ve sonuglarin
gosterdigi gibi, ornekten gegen 1siya alternatif 1s1 iletim yollar1 yiiksek miktarda hataya
sebep olmaktadir. Deneysel diizenegi geligtirmek i¢in bazi onerilerde bulunuldu. P3HT’
nin termoelektriksel deger katsayisini yilikseltmek i¢in katkilamanin elektrik iletkenligi
ve Seebeck katsayisi tizerindeki etkileri tartigildi. P3HT 'nin termoelektriksel deger kat-
sayist 0.2 W/mK termal iletkenlik degeri kullamilarak 2.5x10~* olarak bulundu.
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1. INTRODUCTION

Although semiconducting and conducting polymers have a short story; they have
played indispensable roles in specialized industrial applications due to their semicon-
ductivity and other fascinating properties [1]. Research on conducting and semicon-
ducting polymers continues in many areas such as peltier coolers, thermoelectric power
generators, sensors, light-emitting diodes (LEDs), secondary batteries, transistors, and
photovoltaic cells [1,2]. Unfortunately, the aging and instability even in inert environ-

ments limited the practical uses of these polymers in real-world applications.

Unique thermoelectric properties of conducting and semiconducting polymers
make them promising materials in thermoelectric and thermoelectric patterning ap-
plications where thermoelectric patterning stands for thermal patterning using electric
conduction. A basic schematic of thermoelectric patterning is shown is Figure 1.1.
However, unlike their inorganic counterparts, thermoelectric properties of conducting
and semiconducting polymers have not been thoroughly investigated [3]. Their rel-
atively low electrical resistivity and high thermal resistivity make them suitable in
some thermoelectrical applications like peltier coolers and thermoelectric power gen-
erators. Moreover; high electrical conductivity and low thermal conductivity makes
them promising materials for thermoelectric patterning which is widely used in many
molecular biology and chemical analysis techniques [4]. To show the uniqueness of
conducting and semiconducting polymers a list of thermal and electrical conductivities

of different materials is shown below in Table 1.1 [5-10].

A graph of electrical conductivity vs thermal conductivity is drawn from Table
1.1 which is shown in Figure 1.2. Materials can be grouped in 4 different categories in

terms of their electrical and thermal conductivities:

e High thermal and electrical conductivity
e High thermal and low electrical conductivity

e Low thermal and high electrical conductivity



Table 1.1. List of electrical and thermal conductivities of different materials [5-10].

Material Thermal Conductivity(W/mK) | Electrical Conductivity(S/m)
Air 2.40E-02 7.83E-15
Al 2.50E+02 3.78E+407
Stainless steel 1.60E+401 1.18E+06
Quartz fused 1.40E+00 1.00E-16
Sillicon 1.49E+02 1.20E-03
Glass 1.20E+00 1.00E-12
SU-8 Polimer 2.00E-01 1.28E-13
PVDF 1.87E-01 5.00E-13
Diamond 2.20E+03 1.00E-16
Graphite 1.20E+4-02 7.37E4+04
Graphene 4.90E+03 1.00E+08
PEDOT:PSS 2.00E-01 1.00E+03
Pentacene 5.10E-01 1.00E4-01
Bismuth 7.97E+400 7.75E4+05
Ceramic 2.00E+01 5.00E-12
Poly-si 2.40E4-01 1.00E+07
SiGe 4.80E+00 1.00E+07
Bi2Te3 1.50E+00 1.00E+407
PbTe 2.30E+4-00 1.00E+07
Fe 7.24E401 1.16E+07
Au 3.14E+02 4.35E4-07
Cu 3.98E+402 5.81E+07
Ag 4.18E+402 6.25E4-07
Selenium 5.19E-01 8.33E+06
Aluminum nitride 1.80E+02 1.00E-11
Aluminum oxide 3.50E+4+01 1.00E-12
Carbon nanotube 3.20E+03 1.00E+08
Rubber 1.60E-01 1.00E-13
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Figure 1.1. A basic schematic of thermoelectric patterning.

e Low thermal and electrical conductivity

It can easily be shown from the graph that conducting and semiconducting poly-

mers can fill the low thermal and high electrical conductivity group. As a result, they

are promising thermoelectric materials and thermoelectric properties of the conduct-

ing and semiconducting polymers should be investigated to obtain high thermoelectric

figure of merit. In addition to this, conducting and semiconducting polymers are

promising materials for thermoelectric patterning.
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Figure 1.2. Electrical conductance vs. thermal conductance graph.



Lateral thermal conductivity of Poly (3-hexyl thiophene) (P3HT) semiconducting
thin film polymer is measured because the physical properties of the P3HT thin films
are anisotropic [11,12] and suitability of P3HT is discussed for usage in thermoelectric

patterning and thermoelectric field.

In this thesis, usability of PS3HT in thermoelectric applications and thermoelectric
patterning fields is discussed and a design of a experimental setup to measure the lateral
thermal conductivity is examined because of the anisotropy of the physical properties
of the conducting and semiconducting thin film polymers. Chapter 2 provides a short
theoretical information about conducting and semiconducting polymers. In Chapter 3,
properties of thermoelectric materials are summarized. In Chapter 4, thermoelectric
properties of P3HT is discussed, the experimental setup for the thermal conductivity
measurement is described, and the experimental results are given. Finally, Chapter 5

represents the conclusion and the future work.



2. CONDUCTING AND SEMICONDUCTING
POLYMERS

Due to their unique chemical, mechanical, electrical, thermal, and optical prop-
erties conducting and semiconducting polymers are used in many technological areas
nowadays [13]. Mechanism of charge carrier transport and the bulk heterojunctions
of conducting and semiconducting polymers on atomic scale are important issues to

understand the devices based on organic conductors [14,15].

Organic semiconductors are mainly composed of C (carbon) atoms. By exciting
a 2s electron into the empty 2p orbital allows the atom to make four bonds. When 2s
orbitals combine with 2p orbitals four single bonds occur with other atoms which are
called as o-bonds and have highly localized electron density. Whereas; if sp2 occurs;
which means the 2s orbitals is mixed with only two of the three available 2p orbitals;

remaining 2p orbitals form 7m-bond that creates the electrical conductivity [16].

Highest occupied molecular orbitals (HOMO) are the valance bands of the con-
ducting and semiconducting polymers. The covalent interaction increases the band
gap of the conducting and semiconducting polymers by lowering HOMO. On the other
hand; lowest unoccupied molecular orbitals (LUMO) are the conducting bands of the
conducting and semiconducting polymers. The significant charge distribution across
the interface in the ground state leads to efficient exciton dissociation even under low
exciton density conditions and increases the bandgap of the conducting and semicon-

ducting polymers [15].
2.1. Molecular Structure
The molecules that have been synthesized to use as a conducting or semicon-

ducting polymer can be grouped in two classes in terms of their molecular struc-

ture: -solution processable polymers like poly-3(hexylthiophene) (P3HT), poly(2,5-



bis(3-tetradecylthiophen-2-yl)thieno tiophene) (PBTTT) other thiophene derivatives
and small molecules typically processed in vacuum like pentacene and rubene. Molec-
ular structures of P3HT, PBTTT, TIPS-pentacene, and rubene are shown in Figure
2.1 [17].

R=CH,(CH,).CHs (a)
SilPr,

0000

SilPr, (c)

Figure 2.1. Molecular structures of (a)P3HT,(b) PBTTT, (c¢)TIPS-pentacene, (d)and
rubene[17].

Different chemical structures change many of the properties of the materials. For
instance, because of the long, conjugated backbone found in P3HT and PBTTT, these
materials can undergo mechanical deformation. However, this flexibility comes with
lower charge carrier mobility. P3HT and other thiophene based materials have regular
ordering of repeating units to increase charge carrier mobility which is shown Figure
2.1a. With the help of the ordering of the individual P3HT units, 7-band overlap
between neighboring polymer chains which increases the charge carriers. On the other
hand; materials like pentacene and rubrene have crystalline molecular structures which
makes them rigid. However, they can exhibit high mobilities because they have long
range ordering. The mobility of the organic materials PSHT, PBTTT, and pentacene

lies in the range of 0.1-1 cm?/Vs. However, the mobility of the rubene is around 15



cm?/Vs [17].

Moreover, molecular structure causes anisotropy for P3HT films. It is shown
that the P3HT structure involves two-dimensional sheets of w-stacked polythiophene
backbones separated by layers of alkyl side chains from the X-ray diffraction (XRD)
analysis [12]. Anisotropy is larger for semicrystalline polymers than fully amorphous
polymers. An image of a directionally crystallized P3HT film can be seen in Figure
2.2 [11]. Studies show that anisotropy factor for thermal diffusivity ranges from 2 for
amorphous structure to about 50 for completely crystalline polymers. From the data
that is reported from various studies, lateral thermal conductivity is larger by a factor
of six than the effective vertical thermal conductivity when the thickness of the thin

film polymer varies between 0.5 and 2.5 pm [18].

Widely used different synthesis methods such as solvent casting and spin coating
cause different crystalline orientation. For instance, in solvent casting method, needle
or plate like crystallites oriented with respect to the substrate are formed. However, in
spin coating method non-equilibrium structures with reduced order are formed which

affects the anisotropy of the thin film [18].

2.2. Charge Transport

In organic materials the carriers need to travel over a long distance compared to
conjugated molecules where carriers are transported within the molecules. Because of
the reason mentioned above, the charge transport in conducting and semiconducting

polymers is determined by how the carriers move between neighboring molecules [19].

In conjugated materials disorder and weak van der Waals intermolecular inter-
actions make charge carriers to localize to a finite number of adjacent molecules, or
even to individual molecules. As a result, trapping in localized states limits the charge
transport in conducting and semiconducting polymers and the mobility of the polymer

is activated thermally [19].



Figure 2.2. AFM images of directionally crystallized P3HT thin films: (a) height
mode (b) phase mode [11].



To describe the charge transport in disordered organic materials, thermally ac-
tivated hopping in a distribution of localized states is used. For instance, in variable
range hopping (VRH) model charges can hop short distances with high activation en-
ergies or long distances with low activation energies. To model charge transport in
well ordered conducting and semiconducting polymers the multiple trapping and re-
lease model (MTR) are used. In the MTR model it is assumed that transport occurs
in bands. However, charge carriers are trapped in localized states and they can be

released by thermal activation [19].
2.3. Thermal Conductivity

There are mainly three different mechanisms that cause heat transfer: radiation,
convection, and conduction. Main mechanism of heat transfer is heat conduction in

solid materials [20]. Heat conduction is calculated using:
G =T (2.1)

where 6 is heat flux, X\ is thermal conductivity, and VT is absolute temperature

gradient [21]. Thermal conductivity is the sum of different heat transferring methods.

Electron transport and phonon transport are the two main methods of heat con-
duction in solids. The electronic thermal conductivity is very similar to electrical
conductivity [20]. The difference between the electrical conductivity and the electronic
thermal conductivity is that the latter one accounts for the thermal energy instead of
charge [22]. Phonons are the quanta frequency of atomic vibrations and heat energy is
transferred through interactions with themselves and subatomic particles by phonons.
The scattering of phonons determine the effectiveness of heat transfer as phonons prop-
agate through the material. As a result, a different atom or a missing atom could alter

the propagation of the vibration energy through the material [20].

Main heat conduction method in dielectric polymers is phonon transport. Con-

ducting and semiconducting polymers are electrically conductive, however; their ther-
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mal conductivity is essentially due to phonon transport [20].

Phonon transport dominates the heat conduction in silicon, even in the presence
of large concentrations of free charge carriers. As a result, thermal conductivity of
silicon decreases with the increasing numbers of charge carriers because of the lattice
imperfections [23]. Conducting and semiconducting polymers may experience the same

phenomenon because of their semiconductivity.

2.4. Conclusion

Conducting and semiconducting polymers conduct electricity with the mecha-
nisms mentioned in Section 2.2. Main heat transfer mechanism in polymers is phonon
transfer and thermal conductivity of the conducting and semiconducting polymers may
not increase excessively compared to electrical conductivity with doping. Low thermal
conductivity and high electrical conductivity make conducting and semiconducting

polymers promising materials for thermal patterning.
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3. THERMOELECTRIC MATERIALS

Materials that show thermoelectric effect in a convenient way are called thermo-
electric materials. Thermoelectric effect defines the conversion of heat to electricity or

vice versa. Basic principles underlying this process is summarized in this chapter.

3.1. Seebeck Effect

The schematic of a basic thermocouple is shown in Figure 3.1 to discuss the
thermoelectric energy. Two dissimilar conductors, which are called thermoelements,
are connected electrically series and thermally in parallel. When the temperatures of
the junctions 7y and Tp are different an open circuit elctromotive force (emf), V is

developed between C and D. The emf is given by:

V =al|Ts— Ts (3.1)

and the differential Seebeck coefficient oy, is given by:

a=V/AT (3.2)

Moreover, for small temperature differences the relationship is linear and Seebeck

coeflicient is constant for a given temperature [24].

3.2. Thermoelectric Generation and the Figure-of-Merit

As a heat engine thermoelectric heaters obey the laws of thermodynamics. The

efficiency is defined as the ratio of the electrical power delivered to the load to the heat
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a

an
N

Figure 3.1. Schematic of a basic thermocouple [24].

absorbed at the hot junction. Therefore, the efficiency of the generator is given by [24]:

enerqgy supplied to the load

_ 3.3
enerqgy absorbed at hot junction (33)
The electrical conductivities, thermal conductivities, and Seebeck coefficients are as-
sumed to be constant within an arm. Contact resistances are assumed to be 0 because
they are negligible compared to sum of the arm resistances [24].
I’R

= 3.4
¢ ozabTH =N (TH - Tc) - %IQR ( )

where )\ is the thermal conductance of a and b in parallel and and R is the electrical
resistance of a and b in series. To acquire a acceptable result average values of «,

N,and o are adopted because these values change with temperature [24].

Efficiency is a function of the ratio of the load resistance to the sum of the

generator arm resistance and the efficiency at the maximum power can be shown as [24]:

Ty —1Tc

Ty | To o 4
2+2+Zc

bp = (3.5)



while

(rbmax =Ny

where

Ty —Tc
Ty

e

N1+ ZcT -1

VI ZeT+ e

Ty +1c

~
I
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(3.7)

(3.8)

(3.9)

(3.10)

If it is assumed that geometries of a and b are matched and the two arms of the

junction have similar material constants:
2
a‘o
7z =—
A

where a0 is the electrical power factor [24].

(3.11)

The figure of merit derived assuming that thermal conductivity, electrical conduc-

tivity and Seebeck coefficient are independent of temperature. Moreover, to increase

available heat conversion temperature can be increased [24]. As a result, the figure of
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merit can be advanced to:

3.3. Thermoelectric Materials

In terms of electrical conductivity, metals are much more conductive compared
to insulators. In addition to this semiconductors occupies an intermediate position
between metals and insulators. Electrical conductivity is a reflection of charge carrier
concentration like thermal conductivity and Seebeck coefficient. With the increasing
charge carrier concentration electrical conductivity and thermal conductivity increases

wheras Seebeck coefficient decreases as shown in Figure 3.2 [24].

Electrical
o 1o} c
o power factor Electrical
Seebeck alo conductivity
coefficient

|t /

1x10 cm=2

1 / Electronic thermal
I}L conductivity

Thermal
conductivity /

In carrier concentration(n)

Lattice thermal
A " conductivity

In carrier concentration(n)

Insulators Semiconductors Metals
- —-

Figure 3.2. Carrier concentrations vs electrical conductivity, thermal conductivity,

Seebeck coefficient and power factor [24].
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Almost all conducting materials (except for superconductors) exhibits thermo-
electric phenomena. Materials which posesses a ZT>0.5 are usually regarded as ther-
moelectric materials [24]. Inorganic thermoelectric semiconductor materials such as

BisTes, PbTe, BiSb, CoSbs, SiGe, and MgSi has been focused on to have high ZT

values. A ZT value of 2.4 can be realized with these materials [25].

3.4. Conclusion

To obtain a high thermoelectric figure of merit low thermal and high electrical
conductivity is necessary and conducting and semiconducting polymers are candidates
for thermoelectric applications. Early reports on conducting and semiconducting poly-
mers indicated that stable ZT values of on the order of 1072 - 1073 can be achieved [25].
Later studies show that higher ZT values can be reached. Kong et al. showed that com-
posite films obtained from a PEDOT:PSS aqueous solution by simultaneous addition
of dimethyl sulfoxide (DMSO) and different concentrations of urea a ZT value of 0.024
can be reached [26]. To increase the thermoelectric performance PEDOT:PSS/BiyTes
composite films are formed by Song and co workers and a ZT value of 0.04 is ob-
tained [27]. PEDOT:PSS/BiyTes composites are also studied by Zhang et al. and they
have achieved to obtain a ZT value of 0.08 [28]. A study shows that a ZT value of
0.25 can be achieved by controlling the oxidation level of PEDOT [3]. Despite the
fact that ZT value of conducting and semiconducting polymers are lower compared to
inorganic thermoelectric materials, compared to inorganic materials conducting and
semiconducting polymers have advantages like low cost due to abundance of carbon
resources, easy synthesis, abundant electron energy bands through modulating, easy
processing into versatile forms, high energy density, and low thermal conductivity.
Moreover, conducting and semiconducting polymers are promising candidates for high
efficiency thermoelectric materials because of the unique and various electronic band

structures [25].
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4. THERMOELECTRICAL PROPERTIES OF P3HT

To analyze the usability of P3HT in thermoelectric applications and thermoelec-
tric patterning thermoelectrical properties of PSHT is analyzed and an experimental

setup to measure the lateral thermal conductivity is described in this chapter.

4.1. Thermal Conductivity

Thermal coefficients of bulk materials and thin films can be different and most
of the thermal conductivity measurement techniques are useful for bulk samples. As
mentioned in Section 2.1 physical properties of the conducting and semiconducting thin
film polymers are anisotropic. As a result, material properties should be measured in
the same form as the one used in the application. Thermal conductivity measurement

techniques can be grouped as [29]:

e Pulse Techniques

e Steady State Techniques

4.1.1. Pulse Techniques

There are numerous methods that uses pulse techniques for thermal conductivity
measurements. For instance, in thermo reflectance technique, the temperature change
caused by a laser beam is sensed by another laser beam. However, density and specific
heat of the materials, which are often not known exactly for a polymer material, must

be known in these methods [29].

In other non steady state techniques, microelectrode structures are used as heat
source and temperature sensor [29] and small third harmonic voltage component is
used while applying an alternating current through the heat source. Both thermal
conductivity and specific heat can be measured with this method which is called 3-

omega technique [30]. Approximate solutions were obtained for low frequencies in
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order to measure thermal conductivity [31]. However, much simpler formula exists for

high frequencies [32].

4.1.1.1. 3-omega Technique. In 3-w technique a micro fabricated metal strip is de-
posited on the thin film surface which acts as a heater and thermometer which is shown
in Figure 4.1. An alternating current with w frequency is passed through the metal
strip which causes heat at the second harmonic. Because the electrical resistance of
the strip, which is influenced by the temperature, changes with the time by measuring

3-w voltage across the strip temperature oscillations can be measured indirectly [33].

Figure 4.1. Schematic of the heater strip [33].

The outer pads which can be seen in Figure 4.1 are used for connecting probes and
the inner ones measure the electrical potential of the heater. An alternating current is

passed through the heater:

Iy(t) = Iycos(wt) (4.1)
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where Ij is peak current amplitude and Iy(t) is the instantaneous current. The alter-

nating current generates a heat which can be shown as:
Loy
Py(t) = 510 Ry(1 + cos(2wt)) (4.2)

where Py is the instantaneous power produced by the heater strip and the Rg is the
nominal resistance. This power causes temperature difference which can be separated

as direct and alternate components as follows:
AT = ATpc + |AT ¢ | cos(2wt + ¢) (4.3)

where ¢ is the phase shift. The heat stays in the heater if the thermal conductivity
of the substrate is low which causes large temperature oscillations. Resistance of the

heater is used to measure the temperature variation over time.
R(t) = Ro(1 + BATpc + B|ATsc| cos(2wt + )) (4.4)

where [ is the temperature coefficient of resistance of the heater. Combining Equation

4.2 and Equation 4.4 results as:

V(t) = IhRo | (1 + BATpc)cos(wt) + %5 |AT sc| cos(wt) + %6 |AT x| cos(3wt)| (4.5)

In Equation 4.5 last voltage component has 3w frequency which is 1000 times
smaller than the first harmonic voltage [34] and contains useful information about

thermal conductivity [33].

If current passes through the heater heat conduction occurs through the sample.

dTAC(T’)

P(t) = =Anrl
(*) o dr

(4.6)
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where A is thermal conductivity, r is the radius, and 1 is the length of the heat flow
profile. By integrating Equation 4.6 a general formula for radial temperature gradient

caused by a 1D heater line can be inferred.

2 ] Ts
P / 77“ = Al / dTac(r) (4.7)

1 Ui
ATAc(T‘) = ——In— (48)

By combining the third harmonic voltage component of Equation 4.5 and Equa-

tion 4.8 a general formula for thermal conductivity can be obtained.

Viin dR

A= —
47TZR(2)(‘/3£U,1 - VE%w,Q) dT

(4.9)

where dR/dT is the rate of resistance change of the heater with its temperature vari-
ation and Vs, ; and Vg, 2 are the third harmonic voltage at input current of f; and

3-w technique has some unique advantages. First of all this method has the lowest
possible errors caused by blackbody infrared radiation because of micro structures of
the heater and the temperature sensors. Secondly, measurements can be carried out

much faster [33].

4.1.2. Steady-State Techniques

In steady state techniques, a heat flow is established through the sample. The
thermal resistance is measured from the temperature difference. To calculate thermal
conductivity from the thermal resistance a simple geometry should be used. Heat
leakages contact resistances must be taken into account to obtain a sustainable result

29].
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The duality between electrical domain and thermal domain can be used to sim-
plify calculations in steady state techniques. With the knowledge of electrical domain,
understanding thermal domain becomes easier. The duality can be summarized as

shown in the Figure 4.2 [35].

Thermal
Domain

Electrical
Domain

A

Ras= | current

AN

y
}L

Figure 4.2. Thermal domain electrical domain duality [35].

In Table 4.1 through and across variables of the each domain are listed. The
parameter that flows from one reference point to another is called the through vari-
able. The across variable is the variable that forces the flow of the through variable.
Moreover, both of the domains have a resistance that impedes the flow of the through

variable [35].

4.1.2.1. Methodology of Steady State Thermal Conductivity Measurement. The ad-

vantage of the used method is that advanced measurement equipments are not needed
to measure the thermal conductivity of the thin film. A special sequence of measure-
ments are done to separate the thermal conductivity of thin polymer film material
from the the leaking heat flow. Instead of taking the temperature difference between
two probes, the temperature difference at one of the probe for different input power
values are taken while the temperature of the other probe is kept constant [29]. A basic

schematic of the method is shown in Figure 4.3.



Table 4.1. Basic relationships in electrical and thermal domains [35].

Electrical Domain Thermal Domain
Variable Symbol Units Variable Symbol Units
Through Current I Amperes or Power or Q Watts or Joules/s
Variable Coulombs/s | Heat Flux
Across Voltage \Y% Volts Temperature T Cor K
Variable
Resistance Electrical R Ohms Thermal W °C/W or K/W
Resistance Resistance
Capacitance | Electrical C Farads or Thermal Cr Joules / °C
Capacitance Coulombs/V | Capacitance
”Ohm’s oV=IR 0T = Q W (derived from Fourier’s Law)
Law” (derived from Fourier’s Law)
. X
SN
Temperature  Heater Heater B
Sensor A A
Temperature

Thin film
Lensor B

Figure 4.3. Schematic of the system.
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To obtain a heat flow from probe A to probe B through the film sample probe B
is not powered in the first step. The power supplied to the system is equal to [29]

T =Ty T —Ta
Wtot Wtot + I/Vleak

P (4.10)
where the subscript (0) indicates without heating. In the second step the probe B is
also heated. As a result, the created heat power P;, flows form the heater to base and
to the environment [29].

TB - TA TB - Tout

P, = Pg+ Py = + 4.11
b 4 Wtot I/Vleak ( )

Solving Equation 4.10 for T,,; and inserting into Equation 4.11:

Wieak + Wiot (0)
P,=—— (T -T ) 4.12
VVleakXWtot * b B ( )

Assuming that leaking heat resistance is much larger than the thermal resistance

between the base and the heater the Equation 4.12 simplifies to [29]:

Ty —TY

Wtot - R

(4.13)

If Wiear >> Wgmpie is achieved, leakage of heat to the environment is negligible
and the thermal resistance of the sample is measured using the temperature difference

of probe B with and without heating.

When the thermal resistance of the thin film material is measured, the thermal

conductivity of the material can be calculated easily if it has a simple geometry with
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the formula which is derived from Fourier’s Law for heat conduction [21].

where L is length and A is area.

4.1.3. Experimental Setup of Thermal Conductivity Measurement

Materials and equipments that are used in the thermal conductivity measurement

are listed below:

Acrylic glass material

Omega RTD-800 PT100 temperature sensor

Agilent 34410A multimeter

Insulated copper wires

Nanovak vacuum chamber

Hameg triple power supply HM7042-5

Acrylic glass Poly(methyl methacrylate) material is used as a holder material for
RTD-800 temperature sensors. Acrylic glass is used because it is easy to shape and it
has a relatively low thermal conductivity (thermal conductivity of acrylic glass is 0.2

Wm~'K~1.). Dimensions of the acrylic glass holder is shown in Figure 4.4.

Insulated coper wires are used as heaters and they are tightly coiled up around
the RTD-800 PT100 temperature sensors; which is shown in Figure 4.5. Thin wires
are used to increase the resistance and decrease the current. Hameg triple power
supply HM7042-5 power supply is used to heat up the system. It has 0.01 V voltage
sensitivity and can swing between 0- 32 V and 0-2 A. Sensitivity of the DC voltage

supply is important to adjust the temperature to the wanted value.

34410A digital multimeter with 6% digit enhanced performance is used to measure

the resistance of the PT100 temperature sensor. To increase the sensitivity of the
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Figure 4.4. Dimensions of the holder. (Lengths are in

cm.)

Figure 4.5. Omega RTD800 PT100 temperature sensor.
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temperature sensor a high digit multimeter should be used.

Vacuum chamber is used because heat leakage is reduced in vacuum environment.
To increase the leakage resistance which causes measuring the thermal resistance of the

sample more accurately the experiments are done in a vacuum chamber.

In Figure 4.6 the acrylic glass holder, temperature sensors and the heating coils
are shown and in Figure 4.7 vacuum chamber multimeter and DC power supply are

shown.

Figure 4.6. Holder, temperature sensors, and the heater coils.

-
www.nanovaiC

&

Figure 4.7. Vacuum chamber, multimeter,and dc power supply.
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The established experimental setup measures the lateral thermal conductivity of
the method explained in Section 4.1.2.1. One of the RTD-800 temperature sensor and
copper coil is employed as probe A and the other one is employed as probe B. The
sample to be measured is placed between the temperature sensors and the thermal

resistance of the sample is measured using the Equation 4.13.

Temperature
Sensor

Temperature
Sensor

Figure 4.8. Vacuum chamber, multimeter,and dc power supply.

Figure 4.8 shows the heat leakages from the temperature sensors. To have opinion
about the precision of the experimental setup Knudsen number (Kn) of the vacuum

ambient should be calculated using:

mean free path

Kn —
" L

(4.15)

where L is the length characteristic of the flow. Mean free path of air can be calculated

with [36]:

(2.08x10-7)T?
(T + 198.6)p

mean free path = (4.16)
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where mean free path is in inches, T is temperature in °R, and p is pressure in inches
of mercury. After necessary conversions the mean free path of air at 50 °C at 2 Torr
is calculated and is equal to 2.9x107°m. Kn for the gap between the probes is approx-
imately 0.0209. Because the Kn is less than 0.1 radiative, convective, and conductive
heat transfer should be taken into account. To simplify the calculations only the ra-
diative and conduction heat transfers between the temperature sensors are calculated
and the gap is modeled as two parallel square surfaces [36]. View factor (F) of aligned

parallel squares can be calculated using;:

2 1+ X))
F = {ln [( + )} 4—2X(1+X2)1/2tcm_1

— — —2Xtan”'X p  (4.17)
X 1+2X

(14 X)1/2
where X is the edge length of the square, L is the length of the gap, and the X is
X/L [37]. For X=3mm and L=1mm F is equal to 0.547. Radiative heat transfer is
calculated using the circuit in Figure 4.9. A is area of the square, o is the Stefan-
Boltzman constant, E; is 0T, and ¢ is emissivity. € of stainless steel is 0.21 [37]. The
temperature of probe A is around 60 °C and the temperature of the probe B is around
45 °C when it is not heated. For the given values radiative heat transfer is equal to
8.66 mW. Thermal conductivity of air at 2 Torr is equal to 7.2x107% Wm~1C~! and
heat transfer by conduction is equal to 97.2mW [36]. The thermal resistance between
the probes caused by radiation and conduction is equal to 142 K/W. However, this

calculation may not be correct because of the assumptions.

Heat leakage from temperature sensors is calculated because of the Wi >>
Wample assumption. The calculations are done with the assumptions room temperature
is 25 °C and the temperature of the tip of the sensor is 50 °C. One of the leakage source

is the heat conduction of the sensor itself an it is calculated using:
Q = NAAT (4.18)
where A is area, A is thermal conductivity and AT is the temperature difference.

Thermal conductivity of stainless steel is taken from Table 1.1. Leakage heat from the

conduction is equal to 9x10~* W. Radiative heat loss from the sensor is also calculated
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Figure 4.9. Schematic of radiative heat conduction of the gap.

using the equation:
L
Q= 80‘27TT/ (Ts(x) — T2 )dx (4.19)
0

where ¢ is the emissivity, A is the surface area, o is the Stefan-Boltzman constant,
L is the length of the sensor, Ty is the temperature of the surface, and T, is the
chamber temperature. Radiative heat loss is approximately equal to 2x10~*W. Total

heat leakage is 1.1x1073 W. Leakage resistance is 2.27x10* K/W.
In addition to leakage, tolerance of the temperature sensors may be a main source

of measurement error. The tolerance of the sensors changes with the temperature and

as seen in the Figure 4.10 and can be calculated using the formula [38]:

A°C = £(0.15 + 0.0027) (4.20)
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where T is temperature in °C. The tolerance of the multimeter is ignored because it

is negligible compared to the tolerance of the temperature sensor which is equal to

+0.009°C.
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Figure 4.10. Tolerance of platinum sensors vs temperature graph [38].

4.1.4. Thermal Conductivity Measurement Results

4.1.4.1. Thermal Resistance of the Gap. In order to measure the thermal conductivity

of the semiconducting polymer thin film thermal conductivity of the gap between two
temperature sensors, which is a parallel thermal resistance to the thermal resistance
of the semiconducting polymer film, is measured. To measure the thermal resistance
of the gap no film was formed between the thermal probes. The measured values are
taken after they stabilize, which takes usually more than 3 hours. To be sure that
resistance values are stabilized resistance change over time is observed via LabVIEW.
The measurements are done in a vacuum environment which has a pressure between
1-2 Torr to reduce the heat transfer by the heat conduction of air and convection of air.
More than 30 measurements are done to obtain a constant T 4 for different Pg values.
Only successful measurements are shown in Table 4.2 where I is input current, V is

input potential difference, P is input power, AR is resistance change in temperature
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Table 4.2. Measurement results to calculate thermal resistance of the gap.

Li (A) | Va (V) |15 (A) | Vi (V) | P (W) | Py (W) | AR4(Ohm) | ARy (Ohm)
0.080 | 1.50 0 0 | 0.1200 0 5.74 0.88
0.072 1.45 0.127 0.40 0.1131 0.0508 5.72 2.31
0.071 | 143 | 0.157 | 050 | 0.1015 | 0.0785 5.75 3.10
0.060 | 1.40 | 0.188 | 0.60 | 0.0966 | 0.1128 5.72 4.02

Temperature of the base sensor is calculated from the resistance values. To obtain

temperature values [ (temperature coefficient of resistance) of PT-100, which is equal

to 0.00385 ohm/ohm/°C, is used in Equation 4.21.

R=Ro[l+5(T —To)]

(4.21)

Power versus T graph, which is shown in Figure 4.11 can be drawn with the

measured power and calculated temperature.

Thermal resistance of the gap is calculated from the slope of the graph in Figure

4.11. Because of the change in the temperature of the system, the tolerance of the tem-

perature sensor changes causes +0.16 uncertainty, which is calculated using Equation

4.20.

Wap = 74.43 £ 0.16°C/W

(4.22)

4.1.4.2. Thermal Resistance and the Thermal Conductivity of Polyimide Film. Ther-

mal resistance of a thin film with a known thermal conductivity should be measured to

verify the experimental setup. Thermal resistance of GoodFellow Kapton HN film with
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Figure 4.11. Power versus Tpg graph of the system with no film.

125414 pm thickness is measured. The width and the length of the film is measured
Nikon measuring microscope MM-400 shown in Figure 4.12. The width of the film is
5.55 mm and the length of the film is 1.01 mm. In order to reduce the contact resis-
tance between the polyimide film and the temperature sensor Omegatherm 201 high
temperature high thermal conductivity paste is used. After these preliminary prepa-
rations same steps are followed that are done in measurement of thermal resistance of

the gap.

More than 20 measurements are done to obtain a constant Tg for different Pp

values. Only successful measurements are shown in Table 4.3.

After the measured resistance values are converted to temperature values using

Equation 4.21 the power vs temperature graph is drawn as shown in Figure 4.13.

As seen from the graph thermal resistance of the system is equal to:

W Potyimide) fgap = T2.52 % 0.16°C)/ W (4.23)



Figure 4.12. Nikon measuring microscope MM-400.
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Table 4.3. Measurement results to calculate thermal resistance of the polyimide film.

Iy (A) | Va (V) | I (A) | Vg (V) | P4 (W) | Py (W) | AR4(Ohm) | ARy (Ohm)
0.075 | 1.50 0 0 | 01125 0 5.74 0.90
0.072 | 144 | 0.127 | 040 | 0.1037 | 0.0508 5.72 2.32
0.070 | 1.42 | 0.157 | 050 | 0.0994 | 0.0785 5.74 3.10
0.068 | 1.39 | 0.188 | 0.60 | 0.0945 | 0.1128 5.73 4.06
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Figure 4.13. Power versus Tpg graph of the system with polyimide film.

Thermal resistance of the polyimide film is calculated from the total resistance:

WPolyimideX74-43

72.52 =
WPolyimide +74.43

(4.24)

W potyimide = 2826 + 572°C/W (4.25)

To calculate thermal conductivity from the thermal resistance equation 4.14 is

used and tolerances of the temperature resistances and film thickness are included:

1.01x1073
2826 = 4.26
Apolyimidex125x1076x5.5x10~3 ( )

Apolyimide = 0.516 & 0.127Wm~'C™! (4.27)
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The thermal conductivity of the polyimide film is 0.35 W m™! °C~! at room
temperature as indicated in the website of the producer. It is assumed that the thermal
conductivity of the polyimide does not change with temperature. The error of the
measurement is calculated below for the given film:

0.516 — 0.35

Yoerror = Txmo = 47.43% (4.28)

The high error of the measurement have different causes. It is obvious that
Wootyimide >> Wyq, and this kills the sensitivity of the measurement. To increase
the W, surface area of the gap should be decreased. In addition pressure of the
environment can be decreased. Moreover, leakage resistance and the tolerances of the

temperature sensors add error to the measurement.

To reduce the effect of contact resistances in the measurement of the resistance
of the temperature sensor, 3 wire construction is used. As shown in Figure 4.14 the
third wire remove the average lead wire resistance from the measurement. Even so;

small errors may still occur in the measurement.

RL1 A

R(b)
RL2 ASAS

RL3 vy / (R 1+2+rp) - R 2-3)=(Ry)

Figure 4.14. 3-wire construction.

As mentioned above there are different sources that increases the error of the
measurement. However, the measurement still can determine the order of magnitude

of the thermal conductivity of the material with a cheap experimental setup.
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4.1.4.3. Thermal conductivity of the Poly (3-hexylythiophene). Polymeric semiconduc-

tor that is used in the measurement is prepared from P3HT (Poly (3-hexylythiophene))
(95% regioregular) purchased from Sigma-Aldrich Co. The polymer is dissolved in chlo-
roform for 2 hours at 40 °C resulting to concentration of 2mg/ml. To form the film
between the temperature sensors the following method is used. A small container is
placed under the temperature sensors and filled with DI water as shown in Figure 4.15.
After that the PSHT is carefully dropped on the DI water between the temperature
sensors with drop casting method. After the chloroform and some of the DI water
evaporated the container is taken away from the environment and the film is formed

between the temperature sensors as shown in Figure 4.16.

Figure 4.15. Container that is used to form the film between the temperature sensors.

After the film is formed, the same steps that are done for measuring the thermal

conductivity of the gap and the polyimide film is repeated.

As seen from the graph thermal resistance of the system:

WpsHT/ jgap = T4.39 £ 0.16°C /W (4.29)

Because the tolerance of the system is greater than the difference between W, and

W psur/ /gap, the tolerance of the experimental setup is ignored. If the thermal resistance
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Figure 4.16. P3HT film formed between the temperature sensors.

Table 4.4. Measurement results to calculate thermal resistance of the P3HT film.

L (A) | Va (V) |15 (A) | Vi (V) | P4 (W) | Py (W) | AR4(Ohm) | ARy (Ohm)
0.075 | 1.50 0 0 | 01125 0 5.75 0.88
0.072 1.45 0.126 0.40 0.1131 0.0504 5.74 2.31
0.071 | 1.42 | 0.156 | 050 | 0.1008 | 0.0780 5.73 3.12
0.060 | 1.39 | 0.186 | 0.60 | 0.0959 | 0.1116 5.72 4.07
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Figure 4.17. Power versus Tpg graph of the system with P3HT film.

of the P3HT is calculated:

WP3HTX74~43
74.39 = 4.30
Wpspr + 74.43 ( )

Wpsnr = 135000°C /W (4.31)

The calculated W p3g7 is not precise enough even to determine the order of mag-
nitude the thermal conductivity of the P3HT because as the thickness of the thin film
reduces the thermal resistance of the sample increases and it becomes much bigger than
the thermal resistance of the gap. If the thermal resistance of the gap can be reduced,
Wieak >>Wgompie becomes invalid. Therefore surface area of the temperature sensors
should be decreased. The thermal conductivity of the PSHT semiconducting polymer
thin film for the estimated dimensions (Imm width, Imm length,and 2um thickness)
and calculated thermal resistance is calculated:

1x1073

135000 = 4.32
)\p3HTX2X10_6X1X10_3 ( )
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Apspr = 3.703Wm~'C™? (4.33)

As mentioned above the measurement result is far from the real thermal con-
ductivity value. However, it can be said that the real value must be smaller than
the measured value because as the thermal resistance decreases the system becomes
more accurate. Since the figure of merit of thermoelectric materials increases with the
decreasing thermal conductivity the results obtained from the experiment can put a

lower limit for the figure of merit value.

The experimental setup is not sensitive enough to measure the thermal conduc-
tivity of a thin polymer film. 3-w method, which is described in Section 4.1.1.1 uses
micro structures for the measurement, is commonly used to measure the thermal con-
ductivity of thin films and can be experienced [33,39-42]. In addition to this, vertical
thermal conductivity of P3HT thin film is measured using fiber aligned frequency do-
main thermoreflectance and is equal to 0.17 W/mK [43]. However, planar thermal

conductivity of the P3HT thin film should be measured because of the anisotropy.

4.2. Electrical Conductivity

Electrical conductivity of the P3HT thin film is one of the main concerns of the
thesis. Electrical conductivity of thin polymer films can be measured using four probe
measurement. With the help of 4 point measurement, current and voltage electrodes
are separated which eliminates the impedance contribution of the wiring and contact

resistances [44]. Micro structures should be used to take contact from the polymer thin

film.

Electrical conductivity of the P3HT is strongly depended on the doping level.
Because activation energy increases with the increasing doping concentration which
causes the electrical conductivity to increase. As a result, doping concentration of the
polymer should be controlled to measure the electrical conductivity of the film. Xuan et

al. doped the PSHT with NOPF¢ /acetonitrile solution for a prescribed time intervals
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to dope it under control. The group made the measurements in the dark and under
vacuum (1 x 1075Torr) to eliminate photooxidation [45] and they used a Keithley 2400
digital multimeter to utilize standard four probe measurement. The Figure 4.18 shows

the doping level versus electrical conductivity graph of the P3HT.

0" L o exp(-EJkT) s
F with E_=0.14 - 0.3¢ (for ¢ < 0.47) .

Conductivity (S/cm)
3
T

a 5 10 15 20 25 30 35
Doping level (%)

Figure 4.18. Doping level vs. electrical conductivity graph of the P3HT film [45].

As shown on the graph the electrical conductivity of the P3HT thin film polymer
can vary between 1072 and 1072 S/m. The electrical conductivity of the P3HT thin
film can be tuned in a inert environment by controlling the doping level, however; the
carrier concentration also affects the other physical properties like thermal conductivity

and Seebeck coefficient as mentioned in Section 3.3.

4.3. Seebeck Coefficient

The Seebeck coefficient can be measured by mounting a thin polymer film sample
on a thermoelectric heater-cooler pair, with one electrode of the sample over one of
the heater or cooler. Voltage difference caused by thermal energy and the temperature
difference is measured with a source meter and a thermometer. Measurements are

done for different temperature values and the slope of AV vs At plot is the Seebeck
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coefficient. A material with a low Seebeck coefficient should be used compared to
sample like copper for voltage leads to minimize the thermoelectric effect of the voltage

leads [28].

Seebeck coefficient decreases with the increasing carrier density because the en-
tropy change associated to adding a carrier is reduced as the density of sites already
occupied by indistinguishable carrier rise. As a result Seebeck coefficient of PSHT
should be measured for different doping concentrations. The Seebeck coefficient have
already been measured for different doping concentrations. In the mentioned work two
copper blocks separated are by a 5mm gap. The copper blocks was heated and the tem-
perature are measured with K type thermocouples burried in the copper plates. The
voltage difference was read with a high precision nanovoltmeter. The measurements
are done in the dark and vacuum like the electrical conductivity measurement [45].

The obtained Seebeck coefficient vs doping level graph is shown in Figure 4.19.

350 ‘ T T T T T T T T T T T T T T

300 - —— Theoretical prediction (Equation 14) | 1
—a— Experimental data

250 |- -

Seebeck (WV/K)
a
1

Doping level (%)

Figure 4.19. Doping level vs. Seebeck coefficient graph of the P3HT film [45].

As shown in the graph Seebeck coefficient decreases with the increasing doping
level. To have a high thermoelectric figure of merit both the electrical conductivity

and the Seebeck coefficient must be high. As a result power factor, which is the
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numerator of the figure of merit and equals to S?¢, reaches its maximum at a given
doping level. Electrical conductivity vs Seebeck coefficient graph for different doping
values is shown in Figure 4.20. The electrical power factor for doping levels between
21% and 31% reaches its maximum and equals to 1.4x10~7 Wm™'K~2. The power
factor of the P3HT is low compared to the power factor of the BisTes which is equal
to 2x10~* Wm—1K=2.
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Figure 4.20. Electrical conductivity vs. Seebeck coefficient graph of the P3HT film
[45].

To calculate the thermoelectric figure of merit of the P3HT at the given dop-
ing level, lateral thermal conductivity must be measured. However, we can use the
measured vertical thermal conductivity measured with thermoreflectance method men-
tioned in Section 4.1.4.3. At the room temperature calculated ZT value for the given
power factor and vertical thermal conductivity (with no knowledge of doping) is equal
to 2.5 x 107*. The ZT value of P3HT is low compared to the materials mentioned in
Section 3.3. However, P3HT still can be used in thermoelectric applications with some

modifications like the PEDOT:PSS mentioned in Section 3.3.
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5. CONCLUSION AND FUTURE WORK

The conclusion about the work done can be summarized as follows:

e The conducting and semiconducting polymers are promising thermoelectric ma-
terials because of their low cost due to abundance of carbon resources, easy
synthesis, abundant electron energy bands through modulating, easy processing
into versatile forms, high energy density, and low thermal conductivity.

e P3HT semiconducting polymer is a promising material for thermoelectric pat-
terning because of its adjustable high electrical conductivity and low thermal
conductivity.

e Thermoelectric figure of merit of PSHT can increased by adjusting the doping
level and a value of 2.5 x 10~* can be achieved.

e With a low cost experimental setup an opinion can be held about thermal conduc-
tivity of thin films and by decreasing the size of the experimental setup thermal
conductivity can be measured with high accuracy.

e Thin film conducting and semiconducting polymers can be formed in vacuum to

reduce the effects of air.

The future works that can be done to improve the results are listed:

e The size of the gap can be defined more accurately and finely with MEMS struc-
tures, input power can be increased, and the pressure of the chamber can be
decreased to increase the accuracy and precision.In addition to this 3-w method
can be used to measure the thermal conductivity.

e Thermal resistances of films that have different lengths can be measured to remove
the effect of contact thermal resistance.

e Thermal conductivity, electrical conductivity and Seebeck coefficient can be mea-
sured simultaneously for different temperatures and doping levels.

e Thermoelectric devices like thermocouple and peltier cooler can be designed to

show the usage of conducting and semiconducting polymers in this area.
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e Different conducting and semiconducting polymers and composites of polymers
and inorganics can be researched to find materials with a higher thermoelectric
figure of merit.

e Doping concentration of P3HT can be optimized to adjust thermal and electrical

conductivity to use in thermal patterning applications.
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