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Electrochromic polymers (ECPs) show reversible optical properties in a broad 

range of frequency upon the application of an external voltage. In this dissertation, 

ECPs have been utilized in transmissive/absorptive electrochromic devices to be used 

in smart windows. These devices were made on flexible polyethylene substrates. Thin 

films of single-walled carbon nanotubes were used as flexible and conductive 

electrodes for the devices. Unlike indium tin oxide (ITO), the nanotube thin films 

illustrate high transmittance in the visible (VIS) and infrared (IR) regions of the 

electromagnetic spectrum. The transmittance and reflectance of the individual 

components of the device were measured as well as of the whole working device over a 

wide spectral range, far infrared (FIR) to ultraviolet (UV). Using the Drude-Lorentz 

model the optical parameters of the component layers were calculated. The devices 

showed high transmittance contrasts between their extreme states in the VIS, near 

infrared (NIR), and mid infrared (MIR) frequency ranges. This property enables the 

electrical regulation of transmittance or reflectance of both heat and light. This can give 

rise to decreased energy costs in the cars and building.  
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Graphite intercalation compounds (GICs) have impressing thermal, electrical, 

and magnetic characteristics. In this work, highly oriented pyrolitic graphite (HOPG) 

samples were exposed to bromine vapor for different time periods. The reflectance of 

the samples was measured using Fourier transform infrared (FTIR) spectrophotometer, 

over the FIR and MIR at different temperatures between room temperature down to 10 

K. As the intercalation time is increased the infrared reflectance increases drastically as 

well. This leads to the increase of optical conductivity of the material calculated by 

Kramers-Kronig (KK) technique. The study of alteration of charge carrier density and 

scattering rate for different bromination times at different temperatures can guide to a 

better understanding of the significant enhancement of electrical conductivity in the 

compound. 
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CHAPTER 1 
INTRODUCTION 

The focus of this dissertation is the spectroscopic characterization of conjugated 

conductive polymers in transmissive/absorptive electrochromic devices and of doped 

graphite. Electrochromic devices, using single walled carbon nanotubes as the 

conductive electrode instead of conventional indium tin oxide (ITO) illustrate a 

significant enhancement of transmittance over a wide electromagnetic frequency range 

from infrared to near ultraviolet. 

Chapter 2 describes typical conjugated polymers and their classification into two 

groups, different doping mechanisms which change the optical properties, conductivity, 

and charge carrier concentration in these polymers. Finally, it explains different 

electronic states of the polymers in different doping levels. Some theoretical models that 

try to explain the characteristics of these polymers are introduced. 

Chapter 3 describes basic theoretical laws of the propagation of the light through 

media and interfaces, transmittance and reflectance formulae for single and multilayer 

samples are explained. The relation between different optical parameters and 

microscopic theories, including Drude-Lorentz models, are presented. 

Chapter 4 includes the results and discussion of experiments. The 

electrochromic device and its different components are described. The transmission 

through the individual components as well as the working device as a whole, and the 

result of the Drude-Lorentz model fit to the experimental data are presented. Finally, we 

examine the doping induced electronic states and infrared active vibrational modes of 

the polymers in the device. 
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Chapter 5 discusses the results of reflectance measurements of Polyaniline 

samples at different temperatures in the IR as well as 4-probe DC measurements. The 

resultant conductivities from these two methods are shown to be consistent. 

Chapter 6 describes graphite intercalated compounds (GICs) and the 

spectroscopic studies of reflectance measurements of graphite and brominated graphite 

samples. The optical conductivity was calculated using KK technique. The results of 

experiments shows a significant enhancement of optical conductivity in doped graphite 

compared to the pristine graphite. The other optical parameters such as dielectric 

function, effective carrier density, scattering rate and loss function were compared for 

graphite and doped ones. 

Chapter 7 is the conclusion of the dissertation with final remarks on further 

studies.  
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CHAPTER 2 
CONDUCTIVITY OF CONJUGATED POLYMERS 

Review of Conjugated Polymers 

The electronic configuration of the carbon (C) atom is: 1s2 2s2 2p2. In non-

conjugated polymers the carbon atom has sp3 hybridization: four orbitals with equivalent 

energies which form four -bonds, with the majority of electron density on the bond 

axes. Non-conjugated polymers have only a single -bond between neighbors along 

their backbones. So sometimes, they are called -bonded or saturated polymers which 

have only a single bond and they are chemically stable. The * energy gap is large, 

making non-conjugated polymers electronically insulating, and generally, transparent to 

visible light.  

In conjugated polymers, sometimes called -conjugated polymers, carbon atoms 

in the backbone have sp2pz
 hybridization. This hybridization gives rise to three identical 

-bonds and one -bond from the remaining pz atomic orbital. The -bond makes -

overlap with the pz orbitals of the nearest neighbor carbon atoms on the polymer 

backbone. Because of the -overlap of the atomic pz orbitals, -states are delocalized 

and therefore mobile along the polymer chain1,2. This delocalization gives rise to several 

interesting properties of these polymers, such as high conductivity in conducting 

polymers (CP). The essential properties of conjugated polymers, which are different 

from conventional non-conjugated polymers, are as follows:  

 They have a relatively small electronic band gap, Eg, or * gap of about 1-4 
eV, which makes them behave like semiconductors.  

 They can be easily doped (either oxidized or reduced) usually through insertion 
of molecular dopant species. 
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 In the doped state, the charge carriers move almost freely along the polymer 
chain (intrachain interaction); however, there are weak overlaps between 

unpaired -electrons in different polymer chains. This is called interchain 
interaction3. 

The strong intrachain interactions and weak interchain interactions make these 

systems electronically quasi one dimensional, leading to strong coupling of the 

electronic states to conformational excitations. These excitations are called solitons in 

degenerate ground states, and polarons and bipolarons in non-degenerate ground 

states. For degenerate ground state polymers, for example, trans-polyacetylene, the 

introduction of electrons and/or holes to the polymer chain creates a domain wall that 

separates regions of different bonding structure. These excitations are called “solitons” 

due to the fact that the domain wall has a nonlinear configuration preserving excitations 

which propagate freely along the polymer chain. Removing the degeneracy of the 

ground state energy gives rise to significant changes in both the ground state properties 

and in the creation of the excitations as well. 

A result of the non-degeneracy is that solitons are no longer stable excitations. 

Therefore upon doping the non-degenerate ground state polymers, different types of 

excitations, or charge storage species are formed. Theses excitations are called 

polarons and bipolarons. According to the intrinsic low dimensional geometry of 

polymers, such as poly-acetylene, early theoretical studies treated them as one-

dimensional metals, and considered equal C-C bond lengths along the chain. However, 

according to Peierls, the ground state of such a one dimensional metal is unstable with 

respect to a structural distortion, which leads to the creation of alternating double and 

single bonds4. As a result, a spontaneous symmetry breaking happens, which opens 

the energy gap at the Fermi level giving the material semiconducting properties5. 
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Charge carriers are quasi-particles, which are a combination of a charged 

particle and lattice distortion, instead of free electrons or holes. High conductivity in 

finite size polymer samples requires a hopping mechanism between polymer chains, 

because polymer materials generally have a modest crystallinity. This also gives rise to 

an interesting phenomenon: the disorder induced insulator-metal transitions (IMT) 6. 

Upon doping, a huge change in conductivity (), as much as 10 orders of magnitude or 

more, can be achieved. A famous example is the conductivity of poly-acetylene that can 

vary from 10-10 -1cm-1 (in cis-(CH) n) or 10-5 -1cm-1 (in trans-(CH)n) to 4x10+4 -1cm-1. 

This is comparable with good conventional metals, for example, conductivity of copper 

is about 5.96X105 -1cm-1. 

 After the discovery of conjugated polymers in the late 1970s by Shirakawa, 

MacDiarmid, and Heeger the study of these materials has become a broad field. It was 

the discovery that doping could increase the conductivity of polyacetylene by nearly 10 

orders of magnitude that provided the initial impetus to the progress in this field. 

Although most of the initial research on conjugated polymers focused on the 

development of doped polymer systems for use as lightweight and flexible conductors, a 

large portion of current research is trying to utilize their semiconducting nature. Many 

properties of conjugated polymers make them well-suited for applications in display 

technologies4, field effect transistors5, capacitors6, light emitting devices7, 

electrochromic windows8, and photovoltaic cells9. An important feature, for electronic 

applications, is that the optical, electrical, and electrochemical properties of conjugated 

polymers can be tuned through modification of the polymer structure. This capability 

gives rise to using conjugated polymers for several electronic applications.10 
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Conductivity 

The conductivity of conducting polymers can change in different ways1: 

Doping 

The process of adding charges to or removing charges from the polymer chain is 

called doping. This process changes the electronic structure and the electronic 

response in the polymer, giving rise to several interesting and important properties. 

Doping can be achieved in the following ways: 

a) Chemical doping by charge transfer 

Historically doping of conjugated polymer started by charge transfer redox 

chemistry, that is the oxidation (p-doping) or reduction (n-doping). High doping level 

leads to metallic evolution of the polymer structure. But, non-crystallinity or disorder can 

cause disorder-induced insulator metal transition (IMT). Thus the electronic structure of 

doped conjugated polymers is not the same as conventional metals. 

b) Electrochemical doping 

Chemical doping is a straightforward and efficient process, but at the same time 

it is difficult to control the doping. To solve this problem electrochemical doping is used: 

Voltage application to the electrodes provides electrons for the polymer, and for 

electronic charge compensation the counterions from the electrolyte diffuse into (or out 

of) the polymer. Doping level can be controlled quite well by varying the cell voltage. 

c) Photo-doping 

In this method, using photo-absorption and charge separation the polymer is 

locally oxidized by hole creation and reduced via electron creation. This electron-hole 

pair is then separated into free charge carriers. The number of free carriers is the result 

of competition between pump rate and recombination rate. The recombination (decay) 
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of the electron-hole pair to the ground state can be radiative (luminescent) or non-

radiative. Some luminescent high quantum efficiency conducting polymers are: PPV, 

and PPP. 

d) Charge injection at a metal-semiconducting polymer (MS) interface 

At an MS interface, electron can be injected to the empty * band (LUMO, or 

conduction band) and holes can be injected to the filled  band (HOMO, or valence 

band). Although there are no counterions, the polymer becomes oxidized or reduced. 

This makes this method fundamentally different from chemical and electrochemical 

doping. Using this method the polymer can be used as an active material for thin film 

diodes, organic field effect transistors (OFET), and light emitting diodes (LEDs) 

e) Doping of polyaniline by acid-base chemistry 

Polyaniline provides a distinguished chemically doping process: protonation by 

acid-base chemistry that leads to internal redox reaction and evolution from emeraldine 

base with semiconducting characteristics to emeraldine salt with metallic properties.  

Photo-induced electron transfer 

Upon photo-excitation of semiconducting polymers, electrons can be excited to 

* band and so the polymer is an electron donor. Combination of this polymer and a 

molecular electron acceptor such as C60 and its derivatives leads to long-lasting charge 

separation because the photo-induced nonlinear excitations are stable. Conjugated 

polymers that have higher electron affinities, cyano-substituted PPV for example, act as 

an electron acceptor in conjunction with MEH-PPV as the electron donor. This 

phenomenon can be utilized for manufacturing solar cells with efficiencies comparable 

with the amorphous silicon solar cells1. 
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Disorder 

It has been shown experimentally that through doping a finite density of states at 

the Fermi level can be achieved albeit there is a high density of conduction electrons in 

the Fermi surface in highly doped polymers. Structural disorder has been introduced as 

the main reason for spatial localization of conduction electron such that they cannot 

transport current except via hopping. X-ray experiments have shown that these 

polymers are not completely crystalline. Some areas are more ordered, while other 

areas are less ordered 6,11,12,13. Additionally, homogeneous and inhomogeneous 

disorder can affect transport properties in different ways. 

The conducting polymer is considered as inhomogeneous if the localization 

length of electrons ( locL ) in more disordered regions is comparable to or smaller than 

the coherence length of the crystalline part ( nmLloc 1~ ). As the disorder decreases, locL  

is increased. In this group of polymers, the reason for localization of charge carriers has 

been suggested to be the quasi-one dimensional localization in more disordered regions 

surrounding the more ordered (crystalline) areas. The reason for quasi-one dimensional 

localization is that the polymer length is finite, therefore the charge carrier wave function 

interferes with itself (quantum interference of static back scattering) unless it diffuses to 

another chain. 

In a real material, DC conductivity ( DC ) is limited by the most disordered (least 

conducting) part of the conduction path, therefore disorder scattering should be 

considered. Static disorder scattering (scattering time: )2( Fimp k ) and Fk2  phonons 

(scattering time: ),2( TkFph ) can affect momentum ( Fk  is the Fermi wavevector.), and 
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phonon induced delocalization (scattering time: ),0( Tph ) can increase the conductivity 

when the temperature is increased. 

Real metallic system maintain a finite conductivity as KT 0 . Also the 

logarithmic temperature derivative of conductivity,
)(

)(

TdLn

dLn
W


  has a positive slope at 

very low temperatures. Inhomogeneous disorder systems show a change of slope sign 

for W  at low T ’s. 

In Anderson disorder-induced insulator-metal transition (IMT), three dimensional 

(3D) material is considered homogeneously disordered and isotropic. A perfect 

crystalline structure with a periodic potential is described by delocalized Bloch wave 

functions. Defects or impurities can cause significant scattering leading to localization. 

Anderson showed that if the random part of disorder potential is comparable to the 

electronic bandwidth it can lead to localization of the wave function: 

)Re()exp()( 0



locL

r
r


.           (2-1) 

Mobility edge ( cE ) is a critical energy that separates localized form extended 

states. Depending on the value of FE  compared to CE , different transport properties are 

predicted. If CF EE   as the temperature goes to zero )(TDC  is finite, and W  has a 

positive slope at low T s. If CF EE   as the temperature goes to zero the DC 

conductivity goes to zero as well, even though the carrier density ( )( FEN ) is finite, and 

also W  has a negative slope at low T . When CF EE ~ , a divergence of locL  occurs on the 

insulating side of insulating-metal transition, where the electronic wave function 
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becomes delocalized. Because of the strong disorder, still, the mean free path, is 

short. 

According to Ioffe-Regel there is a minimum metallic (interatomic distance) that 

takes place on the insulating side of insulating-metal transition. Using this condition Mott 

proposed a minimum for metallic conductivity in three dimensions:  

112

min 100~
3

03.0~  cm
a

e


           (2-2) 

where e  is the charge of the electron and   is the Planck’s constant. In the metallic 

regime, extended states are responsible for charge transport, therefore 1Fk . 

For typical conducting polymers such as doped polyaniline (PANI), 1~Fk  

resulting in a slowly varying  ~ 10-15 s and ~10 . With  ~ 10-15 s and ~10 , the 

dielectric function )(  is positive even on the metallic side of the insulating-metal 

transition, while in conventional metals )(  is a large negative number in low 

frequencies.  

As mentioned above, when CF EE  , as the temperature goes to zero the DC 

conductivity goes to zero as well. At higher temperatures, phonon assisted hopping can 

take place between localized states. For strongly disordered systems in which disorder 

energy is much larger than the bandwidth, Mott variable range hopping (VRH) formula 

gives the conductivity as: 

])(exp[ )1(
1

0
0

 d

T

T
             (2-3) 

where d  is the dimension of the transport system. 
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For a 3D system: 

)( 30

locFB LENk

c
T               (2-4) 

where c is a proportionality constant and Bk is Boltzmann constant. This model 

considers the system as a classical Fermi liquid, therefore the electron correlations are 

not taken into account. Efros and Shklovskii showed that localized electron-hole 

interactions are important in the hopping transport, specifically at low temperatures, and 

so the conduction depends on T  as: 

2
1

'

0
0 )(exp

T

T
             (2-5) 

where 

locL

e
T



2
'

0               (2-6) 

Very close to insulating-metal transition, a power law dependence is predicted for the 

conductivity.  

At high frequencies )(  for crystalline materials is given by the Drude formula,  

)1(4
)(
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2











p

D            (2-7) 

where  

*

24
m

ne
p

          (2-8) 

is the plasma frequency of the free electrons, n  is the total charge density and 
*m  is the 

effective mass of the charge carrier. In 3D material and close to the Anderson 

insulating-metal transition, quantum interference of electronic wave functions decreases 
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the conductivity compared to )(D  This localization correction to Drude formula leads 

to localization-modified Drude model (LMDM). The conductivity for this model is given 

by: 









 )

)(
1(

)(
1)()(

2 






Lk

C

F

DLMDM          (2-9) 

where C  is a universal constant and )(L  is the distance a charge diffuses during one 

period of electromagnetic oscillation. In this model, for a system near the insulating-

metal transition, localized charge carriers are responsible for the high DC conductivity. 

A significant result of LMDM is that because of the short scattering time due to strong 

disorder, )(LMDM  becomes positive at very low frequencies in contrast with the 

negative dielectric function: 

22 pD            (2-10) 

where   is the background dielectric constant. 

Charge storage in conducting polymers 

In conventional 3D semiconductors, the fourfold (or sixfold, etc.) configuration of 

every atom to its neighboring ones via covalent bonds renders a rigid structure to the 

material, therefore the electron and hole are the main electronic excitations. Even 

though semiconducting polymers have  and * orbital bands which can be considered 

as the valence and conduction bands of a conventional semiconductor, the twofold 

coordination gives rise to structural distortion in the areas close to the charge. The 

coupling between the electronic excitations and the polymer chain distortion results in 

nonlinear excitations that are called solitons, polarons, and bipolarons. 
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Conducting polymers are classified into two groups that show different electronic 

(spectroscopic) characteristics: (i) Degenerate ground state polymers (DGSP) and (ii) 

non-degenerate ground state polymers (NDGSP). In DGSPs for example, trans-

polyacetylene, doping (introduction of electron and/or hole) creates a domain wall that 

separates regions with different structural alternation. This domain wall can preserve its 

nonlinear shape and propagate freely along the polymer backbone, so it is called a 

soliton. Solitons can affect the lattice distortion pattern and change the symmetry of the 

system, giving rise to a significant change in the infrared active vibrational modes 

(IRAV). Solitons also change the electronic structure of the system, creating a single 

bound electronic state in the middle of -* band. When this state is occupied by one 

electron, it is called a neutral soliton and has no charge and spin is ½. Via doping one 

electron is added or removed and so a negative or positive soliton can be created with 

no spin. Therefore there is a reverse relation between charge and spin. In trans-

polyacetylene, soliton domains can extend over 14 monomer units of polymer. 

Theoretical calculations have shown that a charged soliton is the lowest energy 

configuration for an excess charge on the trans-polyacetylene chain. This means that 

ES<where ES is the creation energy of a soliton and  is the creation energy of an 

electron or hole (
2

gE
 ) Neglecting e-e coulomb interaction: (  )/4(2 SE ). 

Although a single soliton can exist on an imperfect chain, intrinsic excitations 

(photo- or doping- produced) occur in the form of bound soliton-antisoliton pairs (one 

charged and the other neutral). These are called charged polarons. Polarons have spin 

½ and two bound states that are symmetrically located above and below the center of 

band gap. 
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In NDGSP’s for example, poly(thiophene) and poly(para-phenylene vinylene), 

solitons are not stable excitations. Polarons are formed when the system is slightly and 

doped, while bipolarons are formed when the system is heavily doped. These are locally 

distorted charges over the extended lattice. Bipolaron has charge but no spin. It is a bound 

state of two charged solitons or two charged polarons with the same charges where the 

neutral solitons annihilate each other. They have two bands symmetrically placed on both 

sides of band gap center, similar to polarons but closer to the center. When the states are 

empty, the bipolaron is positive (p-type bipolaron), and when they are doubly occupied 

the bipolaron is negative (n-type bipolaron). Bipolarons are delocalized over 6-8 monomer 

units of polymer backbone. Increasing the doping level gives rise to the evolution of 

individual bipolaron levels to bipolaronic bands. These bands originate from depletion of 

electronic states of valence and conduction band edge. As a results the -* gap is 

increased. At high doping levels, bipolarons can give rise to high conductivity upon 

voltage application. Most conducting polymer cannot form a negative polaron or bipolaron 

which is stable. Therefore, in many papers only positive polarons and bipolarons have 

been considered 14,15,16,17.  
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CHAPTER 3 
THIN FILM OPTICS 

In optics, we measure the result of the interaction of light, as an electromagnetic 

wave, with matter in three different categories. These categories are transmission, 

reflection, and propagation. When light propagate through one medium and then enters 

another medium, some part of it transmits through to the second medium while the 

remainder is reflected at the interface between two media. During propagation through 

the medium, some optical phenomena occur to the electromagnetic waves, such as 

absorption, scattering, and refraction. Absorption happens when the frequency of the 

electromagnetic wave is equal to the transition energy of atoms in the medium through 

which the light is passing. In this case, some of the light’s energy is used to excite 

atoms in the medium. This causes the intensity of the light decrease. The relation 

between the initial and final intensities, I0 and I respectively, is given by Beer-Lambert’s 

law:  

)exp(0 xII  ,            (3-1) 

where  is the frequency dependent absorption coefficient. 

Scattering is another source of attenuation for light propagation. Scattering 

causes the light to propagate in all directions, thus the intensity of the light in the 

forward direction decreases. 

Furthermore, a light wave traveling through a medium has a smaller velocity than 

when traveling through a vacuum. The velocity varies for different materials as well. The 

change of the velocity at an interface leads to refraction, which is described by the 

refractive index, N. The frequency dependence of refractive index of each material at 

the interface called dispersion. The refractive index of a material is the ratio of the 
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velocity of light in a vacuum, c = 2.998x108 m/s, to the velocity of light in that material, v, 

that is  

v

c
n  .              (3-2) 

The interaction of electromagnetic waves with matter 

The interaction of electromagnetic radiation with a material is described by 

Maxwell’s equations. In vacuum, these equations are: 
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where ),( trE


, and ),( trB


, r


, and t are the electric field and magnetic induction in the 

position r


 at time t , respectively. The total current density is J


 and the total charge 

density is  . 

In the presence of a material, electric and magnetic fields give rise to electric 

dipoles, magnetic moments, polarization charges and induced currents. The external 

electric field in an isotropic and homogeneous environment tries to align the microscopic 

dipole moments with itself. This leads to a net macroscopic dipole moment in the 

medium, yielding a polarization. Polarization is the net dipole moment per unit volume, 

and it is parallel with the applied external electric field. This can be written as: 

EP e


̂ ,             (3-7) 
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where ê is the electric susceptibility of the material. 

The electric displacement D


 in the medium is then given by 

PED


4 .            (3-8) 

Equations (3-7) and (3-8) can be combined to give  

ED


̂ ,            (3-9) 

where, 

ei  ˆ41ˆ
21  ,          (3-10) 

is the complex dielectric function. 

Total current density, which is the response of a medium to an electric field, is 

defined as  

EJ tot


̂             (3-11) 

Where 

 i 1
ˆ             (3-12) 

is the complex conductivity of the medium. 

The total current density is the sum of the current densities from bound 

(localized) charge movement (Jbound), free charge movement (Jcond), and freee current. 

This can be written as 

extboundcondtotal JJJJ


 .         (3-13) 

The relation between the complex conductivity and the complex dielectric 

function is given by 
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where )(1  is the real part of the dielectric function, and )(1   is the real part of the 

complex conductivity, also known as the optical conductivity, and  is the frequency. In 

the case of 0 , )0(1  is referred to as the static dielectric constant, and )0(1 

becomes DC electrical conductivity. 

The presence of a magnetic field in an isotropic and homogeneous medium 

generates a magnetization, M


. The strength of the magnetization is proportional to the 

applied external magnetic field, H


. Further M is parallel to H. This is written as 

HM M


̂ ,           (3-15) 

where M̂  is the magnetic susceptibility of the material. 

The magnetic induction is related to the magnetization by 

MHB


4 ,          (3-16) 

Using equations (3-15) and (3-16), we can write 

HB


̂ ,           (3-17) 

Where 

M ˆ41ˆ             (3-18) 

is the complex magnetic permeability. 

The total charge density is the sum of charges induced by polarization, pol, and 

free charges: 

polexttotal   .          (3-19) 

Assuming 0extJ


 we can rewrite Maxwell’s equations as 
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0.  B            (3-21) 
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          (3-22) 

extD 4. 


.           (3-23) 

If there are no free charges, then Maxwell’s equations generate the following wave 

equations for electric and magnetic fields, 
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Solving these equations for the specific case of plane waves in an absorbing medium 

gives 

)/(/

0),( tcnxicx eeEtxE  


,         (3-26) 

where and n are extinction coefficient and refractive index, respectively. 

As is seen in the Eq. (3-26) there is an exponential decay of the electric field in 

the medium. Considering the fact that the intensity of the light is proportional to the 

square of electric field, *EEI


 , and comparing Eq. (3-26) with Eq. (3-1) it is seen that  
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c
,          (3-27) 

where  is the wavelength of the light in free space. Further, we can relate N, , n, and 

 by 

22

21 )(ˆˆ  inN           (3-28) 
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Light Propagation through a Single Layer Structure 

When light propagates from one medium with refractive index 1N̂ , to another 

medium with refractive index 
2N̂ , some of the light is reflected at the interface and some 

is transmitted. For simplicity, we assume normal incidence. Using boundary conditions, 

we find that the reflectance and transmittance amplitudes are: 
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and, 
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If the light is incident from vacuum ( 1ˆ
1 N ) on the medium ( inN 2

ˆ ), the reflectance 

is given by 
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Kramers-Kronig relation or dispersion relation 

The Kramers-Kronig technique is a causality based integral relation between the 

real and imaginary parts of a complex function such as the dielectric function, refractive 

index, or optical conductivity. Consider a generic complex function, 

)()()(ˆ  IR i .         (3-32) 

The Kramers-Kronig relations are: 
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where P is the principal part of the integral.  

Sometimes the only information available for a sample is the reflectance 

measurement data )).((   Using Kramers-Kronig relations we can calculate the phase,

)( , of the reflectance which is seen in 

)()()(  ier  ,          (3-33) 

If we take the logarithm of equation )())(ln(
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To use Kramers-Kronig technique, we need the reflectance spectrum to cover all 

frequencies, 0 . Practically speaking this is impossible. Therefor we must use 

proper extrapolations at very low and very high frequencies to ensure results that are 

more accurate. 

Light Propagation through a Multi-Layer Structure (Matrix Method) 

When light is propagating through a multi-layer of absorbing media, the problem 

becomes more complicated. One of the techniques that has been used, based on some 

approximations, is the matrix method. 

Using the boundary conditions for the m-th layer, we can write: 
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where mmm dk , and mm tr , can be calculated from equations (3-27) and (3-28). 



 

34 

The above equations can be written in a matrix form: 
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For a sample with n layers, determining the relation between 

1nE  and 

0E allows 

us to calculate the transmission coefficient. Likewise determining the relation between 



0E and 

0E  leads to reflectance coefficient calculation. 

Microscopic Models 

The classical theory of absorption and dispersion is mainly based on Lorentz and 

Drude models. The Lorentz model is used for insulators and it includes all direct 

interband transitions. The Drude model is applied to free electron metals, and it involves 

intraband transitions. 

Lorentz model 

In this model, the electrons in the atom are considered bound to the nucleus 

similar to a small mass that is bound to a big mass by a spring. The motion of a bound 

electron to the nucleus upon am external electric field is described by  

locEerm
dt

rd
m

dt

rd
m




 2

02

2

         (3-38) 

Where m is the mass of the electron and e is the electronic charge. locE


is the local field 

acting on the electron as the driving force. 
dt

rd
m



 describes the energy loss of the 

electron due to damping that arises from various scattering mechanisms in the solids. In 

this model two approximations have been assumed. The nucleus mass has been 

considered infinite and the force 
c

Bve



 has been neglected. This small force is coming 
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from the interaction of the electron with the magnetic field of the electromagnetic wave. 

This approximation is valid because the velocity of the electron is very small compared 

with c . 

If the local electric field is considered as an oscillatory function of time )( tie 
, the 

solution to equation (3-38) is  
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and the resulting dipole moment is 
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Assuming that the displacement is small enough there exists a linear relationship 

between p


and locE


: 

locEp


)(ˆ  ,           (3-41) 

where )(ˆ   is atomic polarizability:  
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Because the polarizability is a complex function, the polarization has a different 

phase from local electric field at all frequencies. Considering N atoms per unit volume, 

the macroscopic polarization is: 

EENpNP eloc


 ˆ)(ˆ          (3-43) 

For simplicity we assume EEloc


  so )(ˆˆ  Ne   

Using equation (3-8)-(3-9) PEED


 4ˆ  and equation (3-10) we get 
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Considering atoms with more than one electrons per atom, equation (3-44) is 

extended to: 
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Where jN is the density of bound electrons with resonance frequency j . 

A corresponding quantum mechanical equation can be written 
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In this equation j is the transition frequency of the electron between two states 

separated by the energy j . The parameter jf is called the oscillator strength, and 

indicates the quantum mechanical probability of a transition, and it satisfies a sum rule 

 
j

jf 1 , that is the quantum analogy to equation (3-46). Equation (3-45) is written for 

the time electrons are being in the vacuum, but In condensed matter they are in an ion 

background so the first term is replace by  . 

Drude-Lorentz model 

The Drude model for metals is obtained from Lorentz model by simply equating 

the restoring force to zero. In addition, the wave function of the free electrons is 

distributed almost uniformly, so the electric field is just the average one and there is no 

need for correction for that. 
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From equation (3-45) considering 00  , we get 
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So equation (3-45) can be written as  
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This is the Drude-Lorentz dielectric function model, where 0n is the number 

density of free electrons, *m  is the effective mass, and the sum does not include 0j  

term. 

 
 
 
 
 
 



 

38 

CHAPTER 4 
TRANSMISSIVE/ABSORPTIVE ELECTROCHROMIC WINDOWS 

General Properties of Electrochromic Devices 

In electrochromic (EC) materials, electrochemical redox reactions (electron 

transfer) or applied external voltage lead to reversible and highly stable changes in 

optical characteristics (optical absorption spectra, transmission, and reflection) and 

therefor color7-9, 20-22. Commercial application of these materials for transmissive/ 

absortptive and reflective electrochromic devices (ECD) needs achievement of certain 

optical, electrochemical, and mechanical properties. Low cost, solution processability, 

high transmittance in the bleached states along with high stability (thousands of 

potential cycles), large optical contrast, relatively fast switching, color tunability through 

controlling the polymer structure, and the ability to perform on flexible substrates make 

them promising materials for various ECD applications such as buildings, providing 

significant energy saving and color neutral smart windows for cars (rear windows, 

sunroofs) 2.  

The main focus of this project is to design of an ECD that can be installed on the 

windows, with the capability of color tunability, faster response time, and more energy 

saving compared with the existing technologies. The user should be able to control the 

visible light passing through the window, and also handle IR transmittance adjustment 

for heat control purposes.  

The most general configuration of transmissive/absortive window ECDs is a 

sandwich of two facing transparent electrodes coated (spray cast in this work) with 

electroactive polymers and separated by a thin layer of ionically conductive gel 

electrolyte25 (figure 4-1). The mobility of the ions determines the time required to switch 
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the ECD between colored (absorptive) and bleached (transmissive) states23-25. Black 

ECP (Ink-Black polymer) is a donor-acceptor (DA) copolymer comprising: The electron 

donor 3,4 propylenedioxythiophene (proDOT), and electron acceptor 2,1,3-

benzothiadiazole (BTD). Black ECP -cathodically coloring- (used in working electrode) 

has a relatively low band gap (1.5-2 eV), that makes it colored in neutral state because 

of strong  absorption, and trasparent in oxidized state as a result of depletion of 

absorption (Figure 4-2.); while the counter polymer, an anodically coloring CP, has 

a high band gap (> 3eV, corresponding to < 410 nm), and so it is highly transparent in 

its neutral state and colored in oxidized state. As an electroactive material for the 

counter electrode, it supplies the charge balance of the redox reactions taking place on 

both electrodes and increases lifetime characteristics by suppressing degradation of the 

functional material. Both polymers are electrochromic (complimentarily cathodically and 

anodically coloring). Counter electrode has minimum change of color (MCCP) to 

suppress the residual absorbance in the bleached state and give rise to enhanced 

transmittance and maximum contrast (Figure 4-3).  

The transparent electrodes are made from single wall carbon nanotubes 

(SWNTs). The SWNTs compared to the traditional Indium-tin oxide (ITO) have some 

advantages: They are less expensive, more tolerant toward bending on flexible 

substrates due to their high bending radius, and also they have a low surface resistivity, 

and high surface area that potentially gives rise to more contact area between 

nanotubes and EC polymer. Unlike ITO, whose transmittance falls off in the NIR (near 

infrared) to become almost opaque for wavelengths longer than 2 m, SWNT films are 

effectively transparent up to 25 m. A room temperature black body emission spectrum 
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has its maximum heat emitted at ~1000 cm-1 (10 m) that falls in the MIR (mid infrared) 

region of electromagnetic spectrum. High transmittance of SWNT in IR region exhibits 

an ideal view of SWNTs as the selected electrodes for this work26. On the other hand, 

SWNT has a hydrophobic surface, and it does not adhere easily to molecules of 

polymer, so as a solution a pyrene-functionalized polyfluorene, designated Sticky-PF, 

was used that strongly binds to SWNT side walls through Van der Waals interactions 

and serves as a nanotube “surface primer” in contact with the EC polymers. Sticky-PF, 

is an alternating co-polymer consisting of a fluorene unit substituted with two pyrenes 

and a fluorene unit substituted with two octyl chains. 

Results and Discussion 

Before examining the optical properties of working ECD, for better understanding 

of how the properties of constituent materials affect the performance of the device, 

transmittance (T), and reflectance of different layers were measured over the whole 

frequency range of FIR to UV. The measurement for NIR-UV was done by a Zeiss 

microscope photometer. Modified Perkin Elmer 16U monochromator (1000-40000 cm-1) 

can be used instead of the microscope. It also has the following abilities that make it 

advantageous for the future measurements: Working under vacuum condition, and in 

different temperatures. Figures (4-4)-(4-9) shows the transmission for the layers using 

Polyethylene (PE) substrate. For more clarity the graphs for 30 to 4000cm-1 were drawn 

separately. The optical parameters of the materials, were calculated using Drude-

Lorentz model that was mentioned in the previous section. In the next step, T was 

measured for working ECD during its performance. Figures (4-10) and (4-13) and are 

the result of transmission measurement and data analysis. 
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Transmission contrast, which is defined as the difference between the the 

colored and bleached states transmission, is about 25-35% in the VIS range, while in 

the NIR region it is about 60%, and in the MIR range it is ~ 40%. By increasing the 

voltage from negative to positive the * band gap at about 16000 cm-1 is depleted, 

and two polaron bands appear at around 6000 and 10,000 cm-1. With further increase of 

voltage, the polymer goes to highly doped state in which polaron and * completely 

disappear and bipolarons are formed at about 4000 cm-1. 

Conclusion 

The transmissive/ absorptive electrochromic devices in this study are transparent in a 

broader electromagnetic frequency range due to use of single walled carbon nanotube 

as the transparent conductive electrodes. Previously indium tin oxide were used as the 

electrodes. The devices show a significant transmission change between the colored 

and bleached state, while the change is not very high in the mid infrared and visible 

range. From the transmission graphs of the device at different voltages the evolution of 

the absorption bands from * to polarons and then bipolarons can be observed. 
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Figure 4-1. ECD general scheme. 

 

         

Figure 4-2. Black ECP (Ink-Black polymer) donor-acceptor (DA) copolymer comprising: 
The electron donor 3,4 propylenedioxythiophene (proDOT), and electron 
acceptor 2,1,3-benzothiadiazole (BTD). After reference 25. 

 
 
 
 
 
 
 
 
 

 

Figure 4-3. MCCP: Minimally Color changing polymer N-alkyl-substituted poly (3,4-
propylenedioxypyrrole). 
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Figure 4-4. Transmission of polyethylene substrate. 

 
 
 

  
 
Figure 4-5. Transmission of single wall nanotube on polyethylene substrate. 
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Figure 4-6. Transmission of sticky PF on polyethylene substrate. 

 
 

  
 
Figure 4-7. Transmission of MCCP/Sticky PF/SWNT/PE. 
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Figure 4-8. Transmission of BP/PE. 

 
 

  
Figure 4-9. Transmission of Black ECP/Sticky PF/SWNT/PE. 
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Figure 4-10. Transmission of the working device at different voltages in far infrared. 

 

 
 

Figure 4-11. Transmission of the working device at different voltages in mid infrared. 
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Figure 4-12. Transmission of the working device at different voltages in near infrared 

and visible ranges. 

 

 
Figure 4-13. Transmission of working device at different voltages in the whole frequency 

range. 
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CHAPTER 5 
ELECTRICAL CONDUCTIVITY IN POLYANILINE THIN FILMS  

Electrical conductivity of CPs improves as the degree of chain extension and 

chain alignment is increased. Within conducting polymers, polyaniline (PANI) has been 

studied intensively due to its ease of preparation and environmental stability. It is unique 

among CPs in that its conductivity can be reversibly controlled, either electrochemically 

(by oxidation / reduction) or chemically (by protonation / deprotonating). Applications of 

PANI include electrostatic dissipation, anticorrosion coatings, actives delivery, batteries, 

and solar control. Synthesis of polyaniline is commonly performed by chemical oxidative 

polymerization in an aqueous solution. Material synthesized by this approach is 

predominately amorphous, intractable, and insoluble in most organic solvents12, 17. 

Recently a new polymerization method has been developed18 which yields a truly 

soluble, conducting emeraldine salt directly without the need for a postdoping process 

step. The produced polyaniline has a high molecular weight (>22000) and a moderate 

conductivity (10-5 -1cm-1) and exhibits high solubility in low-dielectric constant solvents. 

The conductivity of thin films of the polymer was enhanced up to 5 orders of magnitude 

by treatment with quaternary ammonium salts or solvents such as methanol or acetone. 

The focus of this experiment was to measure electrical conductivity of recently 

made polyaniline sample by Crosslink Company. The temperature dependent (33-300 

K) reflectance (R) measurements were done utilizing unpolarized light at near normal 

incidence, with a Bruker 113V Fourier Transform interferometer, accompanied by a 

liquid helium cooled silicon bolometer detector over the frequency spectral range 30-

700 cm-1, and from 700-5000 cm-1 with an ambient DTGS detector. Figure (5-1). shows 

the result of reflection measurement versus frequency (wavenumber) at different 
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temperatures. As shown in the graph, reflection is lower at low frequencies, compared 

with higher frequencies, which does not exhibit the traditional signature of conventional 

metals. In thin metal films (compared to their skin depth), not necessarily a 100% 

reflection is seen, and it’s a constant in low frequencies. But in thick films, reflection 

increases as frequency decreases. 

At each temperature there is a maximum at around 1000 cm-1 (10 m). As the 

temperature goes down from room temperature to 33 K, reflection decreases by about 

10%. The sharp dips are phonon modes, which are not discussed in detail in this work, 

because we were interested to see how the conductivity varies. 

It should be noticed that this is not the bulk reflectance of the polymer; it contains 

the contribution of the glass layer on which the polyaniline has been spray coated. 

Indeed the reflection of polymer can be influenced by interference and absorption 

effects. In order to extract the optical properties of the polymer thin film, the Drude-

Lorentz model for multilayered systems should be used to fit the reflectance data. This 

model has the following form for a single layer19: 
D
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where   and 
  are complex dielectric function and high frequency limit permittivity, 

and jjjS  ,,  are the oscillator strength, center frequency and line width of the j th 

damped oscillator respectively. Dp  and D are the Drude contributions in dielectric 

function.  

Complex dielectric function is related to complex refractive index through this equation:  
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n
 we can calculate DpjjjS  ,,,,,   

and D . Therefore we can find different properties such as optical conductivity. For a 

multi-layer structure, the matrix method can be used: For a system with n layers the 

amplitude and the phase of the reflected light can be calculated from the Fresnel 

coefficients at each interface and the thicknesses of the films, by simply repeating this 

process until all the layers have been taken into account (Matrix method).  

To calculate the conductivity, the thickness of the sample was determined to be 

about 320 nm, using a step height analytic digital AFM. Figures (5-2)-(5-5) show the 

results of the fit of the reflectance data at different temperatures to Drude Lorentz 

model. The experimental data are in blue color and the fits are in red. 

The scale of 300 K (FIR & MIR) is different from the other temperatures (FIR), 

and Figures (5-6)-(5-9) are the calculated correspondent optical conductivities (real part: 

σ1) at those temperatures. It should be noted that there are no significant unusual 

changes in the spectra at different Ts such as presence of new modes or the splitting of 

existing modes so the same center frequencies were considered for different Ts, and 

the other parameters were free to change. Again the maximum at ~1000 cm-1 can be 

seen, correspondent to the maximum at R. 

The DC conductivity is the Drude contribution of )(1   that is calculated by 

extrapolation of )(1   when 0 . 

DC conductivity was also measured using 4-probe technique, in a liquid Helium 

dewar in the temperature range of 10 to 300 K. Figure (5-10) shows the data for both 

optical calculation and 4-probe measurement (experiment done in Professor Biswas’ 



 

51 

lab). As it is seen, there is a very good agreement between two measurements. As T is 

increased, σDC is increased, and its maximum is about 245 -1cm-1 at room temperature.  

Conclusion 

For the poly-aniline samples, high conductivities in the range of 200 to 300 -

1cm-1 were achieved, and the results of DC and optical measurements are consistent 

with each other very well. The result of fitting the data with Variable range hopping 

model gives rise to d = 2, which means the transport system in these samples are two 

dimensional. 
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Figure 5-1. Polyaniline reflection, versus frequency at different temperatures using 
Bruker 113V spectrometer. 

 

Figure 5-2. R versus frequency at 300 K, blue: Experimental data, and the red: fit. 
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Figure 5-3. R versus frequency at 200 K, blue: Experimental data and the red: fit. 

 

Figure 5-4. R versus frequency at 100 K, blue: Experimental data, and the red: fit. 
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Figure 5-5. R versus frequency at 33 K, blue: Experimental data and the red: fit. 

 

Figure 5-6. Optical conductivity versus frequency, at 300K. 
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Figure 5-7. Optical conductivity versus frequency, at 200 K. 

 

Figure 5-8. Optical conductivity versus frequency, at 100 K. 
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Figure 5-9. Optical conductivity versus frequency, at  33 K. 

 

Figure 5-10. Comparison of optical and DC conductivity. 
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CHAPTER 6 
OPTICAL CONDUCTIVITY OF DOPED GRAPHITE 

Highly anisotropic layered materials in which the interplanar binding forces are 

small compared to the intraplanar binding forces can form intercalation compounds. 

This anisotropy permits the impurity atoms or molecules to be inserted into the space 

between the layers. The atomic or molecular impurities are called intercalants. Two very 

well-known examples of host materials for intercalation are graphite and transition metal 

dichalcogenides. A crystalline graphite lattice consists of almost parallel layers of 

graphene sheets. This high degree of structural ordering makes it very interesting in 

terms of its electrical, thermal, magnetic, and mechanical properties. The distance 

between the layers at room temperature is d0 = 3.3538 Å. In every layer, the carbon 

atoms are arranged in a hexagonal structure with the distance between each atom and 

its nearest neighbors being d=1.415 Å. 

 The inter-planar distance is almost 2.5 times the distance between the nearest 

neighbor atoms, therefore a single layer of graphite can be considered as an 

independent structural unit of graphene lattice. The weak bonding between the layers 

causes high anisotropy in the properties of graphite. Natural graphite has many 

imperfections and defects. Several techniques have been developed to manufacture 

almost perfect graphite29.  

The most convenient and effective method is the pyrolysis of hydrocarbons. 

Pyrolytic graphite is produced by the chemical vapor deposition of the hydrocarbon gas 

at very high temperatures (>2500 K) within a vacuum furnace. Annealing at about 3300 

K, combined with the application of high pressure leads to highly oriented pyrolytic 

graphite (HOPG) which is very pure, anisotropic, and has a density near its theoretical 
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value of 2.265 g/cm3. Real HOPG consists of layered poly-crystals. Each poly-crystal 

looks like a mosaic of very small mono-crystal grains, each having a different size. The 

order of angular spread in the vertical axis (c direction) is 1 degree. The perfection of 

HOPG is determined by the “mosaic spread” of the grains. This is simply a measure of 

how parallel the grains are. The lower the mosaic spread, the closer HOPG is to perfect. 

Graphite intercalated compounds (GICs) can be classified by the number of 

graphene layers between adjacent intercalants. This number is called the stage index n, 

and it is one of the most important characteristics of GICs. The graphite layers adjacent 

to the intercalant layer are called graphite bounding layers, while other graphite layers 

are called interior graphite layers. The bounding layers are more significantly affected 

by the intercalation process than the interior layers. 

Electronically pure, pristine graphite is a compensated semimetal in which the 

concentration of electrons and holes are equal. The concentration of free carriers is very 

small, being roughly ~10-4 free carrier per atom at room temperature, but intercalation 

with different impurities and at different concentrations leads to a significant variation in 

the free carrier concentration. This leads to high variability in the electrical, thermal and 

magnetic properties of the compound, with the greatest attention going to the electrical 

conductivity in the plane of the graphite layers. Some GICs can even form 

superconductors, C8K, and C4HgK for example. 

As a result of intercalation, electrical charge is transferred between the graphite 

layers and the intercalant layer. Depending on the characteristics of this redistribution, 

GICs can be divided into two main groups: donor-type GICs and acceptor-type GICs.  
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In donor-type GICs, the valence electrons of atoms in the intercalant layer 

become delocalized. This results in a drastic increase in the density of free electrons 

within the graphite layers. Thus, the intercalant acts as a donor, providing electrons to 

graphite layers. Donor-type GICs can be prepared using alkali, alkaline-earth, and rare-

earth metals. Some examples of donor-type GICs are C6Li, C8K, C8Rb, C8Cs, C6Ca, 

C6Ba, C6Sr, and C6Eu. 

In acceptor-type GICs, -electrons are drawn from the graphite layers which then 

become localized within the intercalate layers. The free holes which are then created in 

the carbon layers have a much higher density when compared to their density in 

undoped graphite. Thus the intercalant acts as an acceptor for the electrons from the 

graphite layers. Acceptor-type GICs include compounds with inorganic acids, and 

halogens.  

Electrical Conductivity of GIC in the Basal Plane 

Two characteristics of the electrical conductivity of GICs are important. First is 

the high in-plane conductivity, ab. Second is the large anisotropy of the in-plane to the 

c-axis conductivity. Often the latter is expressed as the ratio ab/c. Both are affected by 

intercalation. Pure graphite has a low carrier density (~7 x1018 cm-3) and high carrier 

mobility,  ~ 1x 104 cm2/Vs, at room temperature. As a result of intercalation, the charge 

density in graphite bounding layers can be increased by about 2 orders of magnitude 

while the mobility is only decreased by less than one order of magnitude. The net effect 

is an increase in the electrical conductivity of graphite layers. The enhanced charge 

density in these graphite layers decreases rapidly as the distance from the intercalant 

layer increases. The screening length is about the thickness of a single layer of 
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graphite. Contrary to the enhanced current density of the graphite bounding layers, the 

current density in the graphite interior layers remains very low. Further, the intercalant 

layer has a small conductivity due to its low free carrier density and low carrier mobility. 

Here, the assumption is that the Fermi level is between the valence and conduction 

bands of the intercalant material. Therefore, the main part of the basal plane 

conductivity is associated with the bouding graphite layers. The exceptions to this are 

alkali metal compounds. In these donor compounds, the charge transfer from the 

intercalant layer to the graphite layer is high. However greater coupling between the 

intercalant layer and graphite layer leads to more charge carriers being scattered, thus 

yielding a lower mobility29.  

Experimental Method 

The samples used in this work have a thickness of about 1-2 mm while the 

surfaces of their ab-planes are approximately 6 mm by 6 mm. Bromine intercalation of 

the samples was performed at room temperature using the following steps. The graphite 

slice was placed in a small glass petri dish which was nested inside a slightly larger 

petri dish. Liquid Bromine purchased from Fisher Scientific, was poured into a small 

ceramic dish sitting adjacent to the graphite sample. The larger petri dish was closed 

and sealed by para-film to make sure that sample is exposed to a high concentration of 

bromine gas. Figure 6-1 shows a picture of this set up following the application of the 

para-film. All steps were performed under a fume hood. Intercalation times of 20 

minutes and 100 minutes of bromine gas exposure were used. The couplings between 

individual graphene layers within the graphite sample are weak enough to permit 

bromine molecules to separate these layers and sit between them. Application of a 

liquid intercalant is an easy method for intercalation, but it does not give rise to a well-
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staged compound. This was confirmed for our samples via x-ray measurement taken by 

Tongay et al. The molecular intercalants are usually formed as Br - though they 

sometimes appear as (Br3) -. Also, there will be expansion in the c direction of the 

sample due to the intercalants30. 

The reflectance R() of the ab-plane of pristine HOPG and the bromine doped 

samples was measured at near-normal incidence, using unpolarized light over far 

infrared (FIR) and mid infrared (MIR) ranges of electromagnetic spectrum and at 

different temperatures from10 to 300 K using a Bruker IFS-113v infrared Fourier 

transform spectrometer over 40 to 6000 cm-1 (5-750 meV). A Helium cooled bolometer 

and a room temperature DTGS detector were used in FIR and MIR frequencies 

respectively. 

 A room temperature measurement was carried out up to the ultraviolet (UV) 

using a Zeiss MPM 800 micro-spectrophotometer. This measurement covered the 

frequency range of 5000-35000 cm-1, or a photon energy range of 0.6-4.4 eV. 

Measurements at low temperatures (from 10 to 300 K) were performed by mounting the 

sample on a copper sample holder attached to the tip of a continuous-flow helium 

cryostat. Liquid helium was carried from a helium storage tank to the cryostat by a 

flexible transfer line. Combined application of the liquid helium flow and a silicon diode 

heater affixed to the cryostat allows the temperature to be adjusted with a precision of 

+/- 5 degrees of Kelvin. 

The reflectance of an aluminum mirror was measured as a reference spectrum, 

covering identical frequency ranges and temperatures. Because of the errors 

associated with beam alignment in the spectrometer and temperature dependent drifts 
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in the transfer line, sample holder, and the spectrometer itself, the following factors are 

used to correct the measurements: 

F1 = (sample spectrum at T / sample spectrum at 300 K) 

F2 = (Al mirror spectrum at 300 K / Al mirror spectrum at T)  

F3 = (sample spectrum at 300 K / Al mirror spectrum at 300 K) (with no transfer                                          

         line) 

Now, F = F1 X F2 X F3. To correct for the mirror imperfect reflectance this value 

was multiplied by F4 = measured reflectance data for aluminum taken from the 

literature, thereby correcting for systematic errors associated with the surface of the 

reference mirror. Therefore R = F1 X F2 X F3 X F4. 

Reflectance data are typically measured to within 0.5% to 1% accuracy. 

Reflectance data in the FIR were corrected to within ~ 1% by comparing it to the 

reflectance calculated at very low frequencies using the Drude model and DC 

conductivity. 

After calculating the corrected reflectance in both the FIR and MIR regions, the absolute 

data in the MIR are merged with the datain the FIR. Considering the fact that MIR 

detectors usually are nonlinear and the absolute value data is slightly higher or lower 

than the FIR data. 

The optical parameters such as the complex dielectric function, optical 

conductivity and effective number of charge carrier were calculated by Kramers-Kronig 

(KK) analysis. In KK method, extrapolation of the data at low frequencies uses the DC 

conductivity of the sample and the Drude formula. For the high frequency limit x-ray 

data was used27, 28 that includes the data from 80,660 cm−1 (10 eV) to 241,980,000 cm−1 
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(30,000 eV). To get the reflectance data the formula of the compound and volume per 

formula unit are required. For pure HOPG, 20, and 100 minute brominated HOPG, the 

values 8.81, 9.81, and 12.05 A3 were used respectively. Above the X-ray range, as the 

electrons can be considered as completely free the data are extrapolated as R ∼ ω−4.  

Results and Discussion 

Figure 6-3 shows the near-normal incidence reflectance of the HOPG, 20, and 

100 minute doped HOPG at room temperature. The reflectance is very high in far 

infrared region that is the indication of metallic behavior of the samples and so high 

optical conductivity computed by Kramers Kronig method. 

Intercalation leads to a significant increase of the reflectance in mostly MIR 

region, because FIR reflectance is already almost 1. 

For HOPG, at low frequencies the structure attributed to the E1u IR-active phonon 

mode is observed at ~ 1589 cm-1. In brominated samples this feature develops to a 

Fano shape kink at the same frequency with a higher reflectance as the bromination 

time increases. At higher frequencies there is a gradual decrease in HOPG reflectance 

due to mainly interband transitions. 

The temperature dependent reflectance measurements for these samples are 

shown in figures 6-4, 6-5, and 6-6. 

Optical parameters such as real part of complex optical conductivity, real part of 

complex dielectric function, effective carrier density, and scattering rate have been 

calculated and shown in figures 6-7 to 6-17 for all three samples at all measured 

temperatures. 
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The real part of optical conductivity is large and high at low frequencies. Most of 

the Drude contribution is at frequencies below the low frequency limit although it shows 

itself in the real part of dielectric function. 

Highly negative 1 is consistent with the metallic behavior of the samples and it is 

observed in all the samples and at all the temperatures. 

Because
2
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2

, from the graphs it can be seen that p

does not depend on the temperature and so n  is not strongly temperature dependent 

for each sample. 

At the low frequency ~ 30 cm-1 the values of 1  are as follow: At all temperatures, 

for the HOPG sample 000,35~1  . 000,45~1   for the 20 minute doped HOPG and 

000,100~1   for the 100 minute doped sample. As the time of doping increases, the 

dielectric function becomes more negative (almost threefold!) at very low frequencies, 

implying a higher value for the plasma frequency and therefore a higher free carrier 

density in the sample. 

The scattering rate (-1) is very small and it shows almost one order of magnitude 

reduction as the temperature decreases, which is consistent with the simple metallic 

behavior of materials in which gets longer at low temperatures.  

-1 shows an almost quadratic behavior in HOPG sample that is the characteristics of 

Fermi liquid materials. However, for the doped samples, it is linearly proportional to 

frequency ignoring the oscillations due to the small noise in data in low frequencies. 

This change of behavior needs further theoretical investigation. 
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Conclusion 

The study of bromine doped graphite shows that the carrier density of the 

samples are almost constant with temperature. The density increases by increasing the 

doping time. The scattering time or mean free time increases as the temperature 

decreases. The whole analysis confirms that these samples have simple metallic 

characteristics. 
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Figure 6-1. The picture of the set up for preparation of brominated graphite. 

 
 
 
 
 
 

 
Figure 6-2. Reflectance of HOPG, 20, and 100 minute doped graphite at room 

temperature. 
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Figure 6-3. Temperature dependence of the reflectance for the HOPG sample 

 
Figure 6-4. Reflectance for the HOPG sample at 2 extreme temperatures 10 & 300 K: 

experimental data and the calculated reflectance from the Drude-Lorentz 
model. 
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Figure 6-5. Temperature dependence of the reflectance for the 20 minute brominated 
HOPG sample. 

 
Figure 6-6. Reflectance for 20 minute brominated HOPG sample at 2 extreme 

temperatures 10 & 300 K: experimental data and the calculated reflectance 
from the Drude-Lorentz model. 
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Figure 6-7. Temperature dependence of the reflectance for the 100 minute brominated 
HOPG sample. 

 
Figure 6-8. Reflectance for the 100 minute brominated HOPG sample at 2 extreme 

temperatures 10 & 300 K: experimental data and the calculated reflectance 
from the Drude-Lorentz model. 
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Figure 6-9. Temperature dependence of the optical conductivity for the HOPG sample. 

 

 
Figure 6-10. Temperature dependence of the optical conductivity for the 20 minute 

brominated HOPG sample. 
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Figure 6-11. Temperature dependence of the optical conductivity for the 100 minute 
brominated HOPG sample. 

 

 
Figure 6-12. Temperature dependence of the real part of dielectric function of the 

HOPG at 10 to 300 K. 
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Figure 6-13. Temperature dependence of the real part of dielectric function of the 20 

minute brominated HOPG at 10 to 300 K. 

 
 

 
Figure 6-14. Temperature dependence of the real part of dielectric function of the 100 

minute brominated HOPG at 10 to 300 K. 
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Figure 6-15. Temperature dependence of the scattering rate of the HOPG at 10 to 300 

K. 

 

 
 

Figure 6-16. Temperature dependence of the scattering rate of the 20 minute 
brominated HOPG at 10 to 300 K 
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Figure 6-17. Temperature dependence of the scattering rate of the 100 minute 
brominated HOPG at 10 to 300 K. 

 

 
 

Figure 6-18. Temperature dependence of the effective carrier density for the HOPG at 
10 to 300 K. 
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Figure 6-19. Temperature dependence of the effective carrier density for the 20 minute 
brominated HOPG at 10 to 300 K. 

 

 
Figure 6-20. Temperature dependence of the effective carrier density for the 100 minute 

brominated HOPG at 10 to 300 K. 
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Figure 6-21. Temperature dependence of the loss function for the HOPG at 10 to 300 K 

 

 
Figure 6-22. Temperature dependence of the loss function for the 20 minute brominated 

HOPG at 10 to 300 K. 
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Figure 6-23. Temperature dependence of the loss function for the 100 minute 

brominated HOPG at 10 to 300 K. 
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CHAPTER 7 
CONCLUSION 

 The optical characterization of two distinct groups of materials were measured in 

this study. The transmission measurements of transmissive/absorptive electrochromic 

devices in the far infrared, mid infrared, near infrared and visible ranges of 

electromagnetic spectrum, and ambient condition were done. The results show that the 

transmission contrast in VIS range is about 25-35 %, in NIR region is about 60%, and in 

MIR it is about 40%. Therefore for the applications in the visible and mid infrared the 

device needs to be improved. 

For further studies it is suggested to measure the spectra in different angles. 

Furthermore, the effect of the thickness of active polymers and SWNT on the 

performance of the device are interesting to be investigated. 

The second group of materials that were studied, are pristine highly oriented 

pyrolytic graphite (HOPG) and bromine doped HOPG. These samples were exposed to 

bromine gas at different periods of time. The reflection of the samples were measured 

at different temperatures. The result show that these sample have simple metallic 

characteristics. The scattering rate is almost independent of the temperature and it 

increases by increasing the doping time of the samples. The carrier density of the 

samples are temperature independent and it increases by increasing the doping time as 

well. 
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