SYNTHESIS AND CHARACTERIZATION OF FLUORENE-TYPE AND
HYDROGENATED AMORPHOUS CARBON THIN FILMS
IN RF AND DC GLOW DISCHARGES

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

DOGAN MANSUROGLU

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF DOCTOR OF PHILOSOPHY
IN
PHYSICS

SEPTEMBER 2015






Approval of the thesis:

SYNTHESIS AND CHARACTERIZATION OF FLUORENE-TYPE AND
HYDROGENATED AMORPHOUS CARBON THIN FILMS IN RF AND
DC GLOW DISCHARGES

submitted by DOGAN MANSUROGLU in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in Physics Department,
Middle East Technical University by,

Prof. Dr. Giilbin Dural Unver
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Mehmet Zeyrek
Head of Department, Physics

Prof. Dr. Sinan Bilikmen
Supervisor, Physics Dept., METU

Examining Committee Members:

Assoc. Prof. Dr. Nurdan D. Sankir
Mater. Sci. and Nanotech. Eng. Dept., TOBB

Prof. Dr. Sinan Bilikmen
Physics Dept., METU

Assoc. Prof. Dr. Hakan Altan
Physics Dept., METU

Assoc. Prof. Dr. Kadir Goksen
Physics Dept., Duzce University

Asst. Prof. Dr. Kemal Efe Eseller
Physics Dept., Atilim University

Date: 18.09.2015




I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, I have fully cited and referenced
all material and results that are not original to this work.

Name, Last name : DOGAN, MANSUROGLU

Signature

v



ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF FLUORENE-TYPE AND
HYDROGENATED AMORPHOUS CARBON THIN FILMS
IN RF AND DC GLOW DISCHARGES

Mansuroglu, Dogan
Ph.D., Department of Physics

Supervisor  : Prof. Dr. Sinan Bilikmen

September 2015, 195 pages

Fluorene (C;3Ho)-type and hydrogenated amorphous carbon (a-C:H) thin films were
synthesized under a capacitively coupled single radio frequency (RF) and a direct
current (DC) plasma systems. In the first system, the RF plasma reactor, circular
parallel plate electrodes were used; the upper electrode was connected to 13.56 MHz
RF power while the lower electrode was grounded. To control the positive ion
bombardment, a negative bias voltage was applied between the holder of the
substrate and the wall of the chamber. For the second system, the DC plasma
reactor, consisted of three cylindrical electrodes and two quartz tubes. In both
systems, the thin films were deposited on glass discs and silicon wafers. The
fluorene-type thin films were produced in the RF plasma reactor under the biphenyl
(Ci2Hjp)/methane (CH4) and biphenyl/ethylene (C,H4) mixtures, and the methane
plasma was used to produce the a-C:H films. In the DC plasma reactor, the
vaporization of the powder monomer (fluorene) was used. To improve the electrical
and optical properties of the thin films, the generated films were doped by lodine

(I) and annealed under variable temperatures. The thin films were applied to a



crystalline silicon (c-Si) solar cell and an increase around 5 % was observed in the

efficiency of the solar cell.

The chemical structures and physical properties of the thin films were examined
under such plasma parameters as the plasma power, gas flow rate, negative bias
voltage, deposition time, and plasma pressure. Diagnostics of the system was done
using a double Langmuir probe. To characterize the chemical structural properties of
thin films Fourier Transform Infrared (FTIR) and X-ray Photoelectron (XPS)
Spectroscopy were used, and the changes in the plasma chemistry during the
deposition were measured by Residual Gas Analysis (RGA) Mass Spectrometer and
Optical Emission Spectroscopy (OES). According to results, applying negative bias
voltage could be considered an effective way in controlling the reactions in plasma
depositions, and an increase in the quality of generated films when the plasma power
and gas flow rate increased as well as the deposition time was generally observed.
Moreover, the morphology of the films was analyzed by X-ray diffraction (XRD)
and the nanotopographic properties of the surfaces were examined using an Atomic
Force Microscope (AFM) and Scanning Electron Microscope (SEM). The surfaces
of fluorene-type thin films had remarkable nanostructured characteristics generated
by various negative bias voltages, and the rough surfaces made them useful for
photovoltaic applications. Furthermore, the optical properties of the films were
examined with UV-visible Spectroscopy and the thickness was measured with an
ellipsometer and Dektak Profilometer. From the results, it could be suggested that
the structures of thin films produced by plasma polymerization technique were
different than the ones produced by the conventional techniques. Additionally, the
different chains order were observed in the film structure with respect to
independent plasma parameters and the conductivity of the films was improved by
controlling of the plasma parameters and iodine doping. Finally, for the
determination of hydrophobic behavior of the thin films, the contact angle

measurement method was used.

Keywords: Plasma Polymerization, Thin Film, Radio Frequency (RF) and Direct
Current (DC) Plasma Discharges, Fluorene, Biphenyl, Methane, Ethylene,
Hydrogenated Amorphous Carbon (a-C:H).
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FLUOREN-TIPI VE HIDROJENLENMIS AMORF KARBON INCE
FILMLERIN RF VE DC ELEKTRIKSEL BOSALMALARI ALTINDA
SENTEZLENMESI VE KARAKTERIZASYONU

Mansuroglu, Dogan
Doktora, Fizik Bolimi

Tez Y Oneticisi : Prof. Dr. Sinan Bilikmen

Eyliil 2015, 195 sayfa

Fluoren (C;3Hjp)-tipi ve hidrojenlenmis amorf karbon (a-C:H) ince filmleri tek
kapasitor destekli (bagli) radyo frekans (RF) ve dogru akim (DC) plasma sistemleri
kullanilarak sentezlenmistir. Ilk sistem olan RF plazma reaktérii birbirine paralel alt
ve iist iki dairesel eletrottan olugmaktadir. Ust elektrot 13.56 MHz’ lik RF giic
kaynagina, alt elektrot ise topraga baglanmistir. Alt tag yiizeyine pozitif iyon akisini
(bombardimanini) yonlendirmek ig¢in, alt tas tutucu ile vakum odaciginin duvari
arasina negatif voltaj uygulanmistir. Ikinci sistem olan DC plazma reaktorii iic
silindirik eletrot ile iki quartz tiipiinden olusmaktadir. Ince film {iretimi iki sistemde
de cam alt tas ve silikon pul iizerinde gergeklestirilmistir. Fluoren-tipi ince filmler
RF plazma reaktorii igerisinde bifenil (C;,H;o)/metan (CH4) ve bifenil /etilen (C,Ha)
plazmalar1 kullanilarak, hidrojenlenmis amorf karbon (a-C:H) filmleri ise metan
plazmasi kullanilarak iiretilmistir. DC plazma reaktoriinde ise ince film {iretmek i¢in
fluorene monomeri kullanilmistir. Uretilen ince filmlerin elektrik ve optik
ozelliklerini iyilestirmek igin Iyodin katkilamasi yapilmis ve farkli sicakliklar

altinda tavlanmistir. Ayrica bu ince filmler kristal silikon (c-Si) glines hiicreleri
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iizerine kaplanmis ve gilines hiicrelerinin verimliligini % 5 civarinda arttirdigt

gbozlemlenmistir.

Bu c¢alismada, ince filmlerin kimyasal yapilar1 ve fiziksel 6zellikleri plazma giicii,
gaz akis hizi, uygulanan negatif voltaj degeri, kaplama siiresi, ve plazma basinci gibi
farkli plazma parametreleri altinda analiz edilmistir. Plazma diyagnostik 6zellikleri
¢ift Langmuir sondasi ile ol¢iilmiistir. Ince filmlerin kimyasal bag yapi
ozelliklerinin karakterizasyonu i¢in Fourier Doniisiimlii Kizil6tesi (FTIR) ve X-1s1n1
Fotoelektron (XPS) Spektroskopileri kullanilmis ve ince film {iretimi sirasinda
olusan plazmadaki kimyasal degisiklikler Artan (Residual) Gaz Analiz (RGA) Kiitle
Spektrometresi ve Optik Yayilim Spektroskopisi (OES) kullanilarak analiz
edilmistir. Elde edilen sonuglara gore, ince film iiretimi sirasinda negatif voltaj
uygulamanin olugan reaksiyonlarin kontrol edilmesinde etkili bir yontem oldugu
ortaya c¢ikmis, plazma giici ve gaz akis hizinin yani sira kaplama siiresi
arttirldiginda {retilen filmlerin kalitesinde genellikle bir artis oldugu tespit
edilmistir. Ayrica, filmlerin yiizey morfolojisi X-151n Kirinim (XRD) Spektroskopisi
ile Olclilmiis, yiizeyin topografik oOzelliklerinin analizi i¢in ise Atomik Kuvvet
Mikroskobu (AFM) ve Taramali Elektron Mikroskobu (SEM) kullanilmistir.
Fluoren-tipi ince filmlerin yiizeylerinin farkli negatif voltajlar ile olusturulmus
olaganiistii nanoyapisal Ozelliklere sahip olduklar1 ve yiizeyler ilizerinde olusan
piklerin bu filmleri fotovoltaik uygulamalar i¢in uyumlu hale getirdigi
gozlemlenmistir. Bunlara ek olarak, filmlerin optik ozelliklerini belirlemek icin
Mordtesi (UV)-goriiniir bolge Spektroskopisi  kullanilmig, filmlerin  kalinligt
elipsometre ve Dektak Profilometre ile oOlgiilmiistiir. Sonuglara gore, plazma
polimerizasyon yontemi ile iiretilmis ince filmlerin yapilarinin geleneksel
yontemlerle iiretilen filmlerden daha farkli oldugu gbzlemlenmistir. Ayrica, film
yapisinin igerisindeki zincir baglarin (chains) bagimsiz plazma parametrelerine gore
farkl1 siralamalarda olduklart tespit edilmis ve ince filmlerin iletkenligi plazma
parametrelerinin kontrol edilmesi ve Iyodin katkilamasi yapilarak iyilestirilmistir.
Son olarak, iiretilen ince fimlerin hidrofobik 6zelligini 6lgmek igin kontak ag1

(contact angle) 6l¢lim yontemi kullanilmistir.
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CHAPTER 1

INTRODUCTION

Plasma technology has been investigated and used in the gas phase deposition of
materials for at least half a century. Although the discharge was used to produce
some oily polymer-like products in the early nineteenth century, researchers started
to pay attention to the technique of plasma polymerization after the beginning of the
1960s [1]. Plasma processes play an important role in many areas of technology
such as device fabrication. The studies in this area offer solutions to drawbacks in
structural design and sustainable growth, and also increase the interest to smaller
dimensions. Plasma technology provides the environmental compatibility, high
productivity and quality, and flexibility, required for a variety of diverse areas
including electronics, optics, tool-making, and textile industries. Moreover, this
technology has recently become more visible in the area of biomaterials, biosensing,
and biomedical applications, due to its promising impact to improve, by multi-step

processing, the adhesion, stability, sterility, and functionality within a single process

[2].

When a plasma reactor contains an organic gas, a polymer-like product deposits on
the substrate surface as well as the walls of the reactor. This product, which is
referred to as the plasma polymer film, is different than the polymer film produced
via conventional methods, even though the same monomer is used by both of the
polymerization techniques. The conventional (wet processing) methods have
limitations on the control of deposition and the level of reproducibility. Since the
films are not obtained with the desired thinness and homogeneity, the conventional
methods are not preferred for use in the microsensor and microelectronics
technologies which require polymers as an interface. The plasma polymerization,
therefore, is an alternative technique being more advantageous for semiconductor
technologies compared to the conventional processes. The ability to cover any shape

and size over is one of the most significant properties of plasma-deposited films.



Additionally, plasma polymer thin films offer a variety of features including solvent-
and pinhole-free, chemical and mechanical stability, flat surface structure, and thin
thickness (<Ium) [3]. A wide range of monomers can be used by the plasma
polymerization technique to obtain materials with virtually no limitation. Thus, this
technique has a remarkable potential to develop new materials for technological

utilization in different areas.

Among polymers, m-conjugated polymers such as polyfluorene, polythiophene,
polyaniline, and their derivatives have been widely studied due to their potential
applications as active layers in organic electronic and chemical sensor devices [4—6].
Fluorene and its derivatives have attracted appreciable attention in m-conjugated
polymers due to their excellent physical and chemical properties [7—11]. Their stable
and highly blue light-emitting properties make them suitable for organic light
emitting diodes [12—16]. Additionally, they are very attractive materials with good
charge mobility [17] and offer the possibility of construction of ultrathin layers [18]
for photovoltaic applications [19,20]. Furthermore, the flexible behavior of
backbone structure of the fluorene makes it possible to obtain almost the entire

visible colors range with high efficiency for devices with fluorene derivatives [21—

23].

Another promising materials produced by the plasma deposition are amorphous
hydrogenated carbon (a-C:H) films due to their extraordinary physical and chemical
properties such as high density and strength, thermal stability, chemical inertness for
both acids and alkalis, effective infrared (IR) transparency and high electrical
resistivity [24-31]. Recent studies have demonstrated that the anti-reflective
properties of infrared (IR) optical elements and solar cells could be enhanced by
coating the surface with the a-C:H film that has also contributed to the protection for
magnetic storage disks and tool materials [29-36]. It has been shown that the a-C:H
film has improved the performance of electronic devices [35,37] due to the property
of having a wide band gap. Moreover, it has been used for flat-panel displays as a

cathode emitter, and for biomedical applications [29-32,38—43].

This thesis focuses on the fabrication and characterization of the fluorene-type and
the amorphous hydrogenated carbon (a-C:H) thin films by the plasma

polymerization technique. Two different plasma systems are used for the deposition:
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the single capacitively coupled radio frequency (RF) plasma system and the double
discharge system. The chemical structures of the films are analyzed by the RGA,
FTIR, XPS, and OES spectrometers. The optical characterization is carried out with
the UV-vis spectroscopy and the ellipsometer and Dektak Profilometer are used for
thickness measurements. The surface morphology is explored by AFM, SEM, and

XRD analysis. The thesis outline is organized as follows:

The second chapter contains a brief history of the plasma polymerization. The
principles of plasma polymerization method are also explained and compared to the
other deposition techniques such as wet processing (conventional) and dry

processing.

In the third chapter, the single capacitively coupled RF plasma system that is
manufactured in our lab is introduced in detail and its diagnostics studied with a

double Lagmuir probe under Ar an N, plasmas are illustrated.

The fourth chapter includes the synthesis of the fluorene thin film by a double
discharge system which occurs from the combination of a low pressure DC glow
discharge and a high current pulsed discharge. The solid monomer of the fluorene is
used in the deposition. The optical and chemical properties of the film are
characterized and the surface morphology is discussed. This chapter is published in
Plasma Chemistry and Plasma Processing by title of “Polyfluorene Thin Films

Synthesized by a Novel Plasma Polymerization Method”, 2012, 32, 35-44.

In the fifth chapter, the fluorene-type thin film is produced by a single capacitively
coupled RF plasma system under the biphenyl/methane and biphenyl/ethylene
plasmas. This work is done at the Center for Plasma-Aided Manufacturing (CPAM),
University of Wisconsin-Madison, USA. The synthesis of the thin film is carried out
by applying a negative bias voltage and the influence of the negative voltage on the
chemical structure of the film during the deposition is investigated. Additionally, the
optical properties of the film are analyzed by the iodine doping method and the
nanotopographic features on the surface are illustrated with respect to the different
plasma parameters. The first part of this chapter is published in Plasma Processes

and Polymers by title of “Synthesis of Fluorene-Type Thin Film Under



Biphenyl/Methane Plasma Environment”, 2015, doi: 10.1002/ppap.201400136 and
license number is 3720740752252.

The sixth chapter focuses on the amorphous hydrogenated carbon (a-C:H) thin film
synthesized by the single capacitively coupled RF system under the methane plasma.
The characterization of the physical and chemical properties of the film is analyzed
by the different experimental sets. Additionally, the transmission of the deposited
films and the property of the surface wettability are explored. Moreover, the
crystalline silicon (c-Si) solar cell is coated by the a-C:H film. The efficiency of the
coated solar cell shows significant differences relative to the uncoated solar cell and
these differences are studied with various deposition features. This chapter is
published in Plasma Science and Technology by title of “Optical Characterization of
Amorphous Hydrogenated Carbon (a-C:H) Thin Film Prepared by Single RF Plasma
Method”, 2015, 17, 6, 488-495.

The seventh chapter examines the annealing effect on the fluorene-type thin film,
which is produced by the single capacitively coupled RF system under the
biphenyl/methane plasma. The chemical structures and the crystallinity of the film
are investigated before and after the annealing. The wettability of the film surface
and the nanotopography are also characterized after the annealing. Furthermore, the
film produced is used to coat the c-Si solar cell and the influence of the coating on

the cell efficiency is discussed.

Finally, the eighth chapter summarizes this thesis and includes a discussion on the

future work.
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CHAPTER 2

PLASMA POLYMERIZATION

2.1 History of Plasma Polymerization

The term plasma polymer was first used during the second half of the nineteenth
century [1,2]. Many studies on plasma polymerization were done in the 1930s [3—6],
and this subject became even more attractive in the 1950s [7,8]. Konig and Helwig
[9] deposited hydrocarbon plasma polymers from benzene vapors using parallel Al
plate electrodes in a glass bell-jar. Brokes and Konig [10] produced plasma polymer
films using benzene and methane. In this study, a hard plasma polymer film was
obtained by increasing voltage, which increased the bombardment of energetic ions.
The process of plasma polymer was explained in detail by Heisen [7], and this first

period of plasma polymer was reviewed by Pagnia [11].

Although plasma polymers were recognized in the early 19" century, people began
to pay more attention to this subject after Goodman’s [12] development of the
dielectric property of the plasma polymers in the 1960s made these thin films appear
more useful for the microelectronics industry. This study also demonstrated that the
generated plasma polymers had a crosslinked structure. After Goodman’s study,
several monomers, including organics and metalorganics, were synthesized using Al
electrodes and Bradley and Hammes [13] measured their electrical properties.
Moreover, the newly discovered properties of plasma polymers—including chemical
and thermal stability, as well as pinhole-free and solvent-free thin films—continued
to be developed by Mollenstedt and Speidel [14], Stuart [15,16], Bashara and Doty
[17], Bradley [18,19], Williams and Hayes [20], Gregor [21] and Hirai and Nakada
[22]. Several studies investigated the ionic and radical mechanisms of plasma
polymer films [20,23-29]. Kobayashi et al. [28,29] demonstrated that the activation
of monomers generally occurs in a larger concentration near the cathode as
compared to the anode, so the chemical reactions occur in the negative glow region.

The details of the plasma polymerization process were reviewed by Mearns [30],
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Gregor [31], and Hogarth and Igbal [32]. Koenig and Maissel investigated the effect
of applying rf voltage during the deposition through a sputtering process and found
that rf discharge provides a remarkable positive potential between the two dark
regions [33]. The positive ion bombardment to substrates was investigated by
Coburn and Kay [34]; ion bombardment improved the film’s quality, stoichiometry,
and topography by increasing the concentration of the deposition. Duval and Theoret
[35] deposited benzene under a capacitively coupled rf plasma system and studied
chemical reactions occurring during plasma deposition under various parameters.
They demonstrated that molecular ionization depends on the pressure and power of
the discharge, and that increasing the energy of the bombarding species led to an
increase in the crosslinking. Tibbitt et al. [36] proposed a model for the kinetics of
plasma polymerization which indicated a process consisting of five steps: initiation,
adsorption, propagation in the gas phase (homogenous reaction), propagation at the
surface of the substrate (heterogeneous reaction), and termination. Although this
model is important for analysis, it is not sufficient for fully understanding plasma
polymerization. Yasuda [37] introduced a new aspect of basic reactions during
plasma polymerization. He suggested that the level of rf power and the deposition
location are very important in determining the chemical features of polymer films,
and also that chain reactions of the deposited polymer films are different than
deposition under conventional methods. While the chains of deposited polymers are
predicted by the structure of the monomer in the conventional polymerization
processes, the structure of the films deposited in plasma polymerization is not
predictable due to the fragmentation and rearrangement of monomers during the
deposition. This feature of plasma polymerization is referred to as atomic
polymerization, and this concept is now generally accepted by researchers defining

characteristics of the plasma polymerization method.

The properties of plasma polymer films were widely examined for several
applications, including the electrical and optical applications, biomedical
applications, etc., [38—51]. Recent publications note that plasma polymers were used
as barriers or protective materials in the automotive industry [52—-56]. Studies of
plasma polymerized films synthesized for sensor devices and optical coatings were
reviewed by Hiratsuka and Martinu [57,58]. Organic and inorganic hybrid polymer

thin films were deposited by plasma deposition and their electrical, optical, and
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mechanical properties were investigated [59—65]. Plasma polymer thin films
produced for biomedical applications were extensively reviewed by several
investigators [66—70]. The chemical mechanism of plasma polymerization has been
reviewed by Friedrich [71] and the most recent applications in plasma

polymerization have been discussed by Ren [72], Kylian [73], and Jiang[74].
2.2 Plasma

2.2.1 Plasma State

William Crooks [75] exposed gases to an electric field at low pressure for the first
time, verifying that gases under an electric field in a vacuum chamber exhibit
characteristics of a new state of matter. Tonks and Langmuir called this new state
‘plasma’ in 1929. Plasma can be defined as a collection of ionized gas occurring
from equal numbers of charged (positive and negative) particles, the unionized
neutral particles, and electromagnetic emission [76]. The majority of the universe is

in the plasma state, and more than 99% of the visible universe is considered plasma.

In the laboratory, plasma has been created by generating electrical discharges
between two metal electrodes under pressure between 10™" and 1 torr. When voltage
is applied to electrodes inside a vacuum, negatively charged electrons and positively
charged ions gain random velocities, beginning to move in opposite directions
according to the direction of the applied electric field. This reaction then creates an
emission in the vacuum area. Moreover, the plasma behaves as electrically

conductive due to ionization [50,77-80].

2.2.2 Energy, Velocity, and Temperature in Plasma

The kinetic energy of a particle is E= %mv2 where m is the mass of the particle

and v is the velocity of the particle. The average energy E,, is defined for a system

of N particles with different kinetic energies which is given as
1
Eay = 5= Z0, myv? @.1)

If a gas is in thermal equilibrium, the average energy per particle is defined as
E = 3kgT/2, where kg = 1.38x 10723 JK'' is Boltzmann’s constant, and T is the
absolute temperature. Plasma species with random velocities—such as electrons,

ions, and radicals—are defined by a Maxwellian (or Maxwell — Boltzmann)
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distribution function, assuming the system is at thermal equilibrium at temperature

T. The Maxwell distribution can be defined in a one-dimensional system by

mv2

f(v) = Ae *8T, where A= N znT: - The velocity distribution of particles is
B
defined as
& = amv? )3/2 (-2 dv = f(v)d 22
= 4mv p— exp T v=f(v)dv (2.2)

where N is the total number of particles and m is the mass of each particle. The
equation (2.2) gives the number of particles per unit volume with velocity in the
range v to dv. There are two average values for velocities: linearly averaged

velocity and root-mean square velocity.

U= fooo vf (v)dv = /8:—::
7 = Vi = [ v? fwdv] 2 = e 23)

The measurement of the average energy is often employed in terms of electrons
volts (eV). For example, the average energy E = 3kgT /2 per particle for a gas at 1
K refers to 2.07 x 107 J. Since the sufficient energy to accelerate a charge through a
potential difference of 1 V is equal to 1.602 x 107" I, the energy is defined in term
of electron volt. The temperature of a gas in thermal equilibrium is also defined as
electron volt. Therefore, the energy corresponding to kgT is expressed as the
temperature of plasma. The 1 eV refers to 11600 K, and the average energy is 0.75
eV in three dimensions. The temperature that is needed to ionize the material and
generate the plasma changes in the range from ~4000 K (for celsium) to ~20000 K
(for helium) [81].

Due to the different kinetic energies of the species, the temperature is described by
the electron temperature T, ion temperature T;, and gas temperature Ty. The energy
¢ of the system is defined by the total of the translation energy &;,4ns, rotation
energy &.o¢, vibration energy &,;p, and electronic state energy &,;..¢- In this case, to
determine the plasma’s energy, it should be engaged with many gas particle
temperatures such as the rotational temperature T,., the vibrational temperature T,

and the electronic temperature Tpjec¢- In contrast to a gas molecule, an electron
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should be described only by the electron temperature T, since it lacks an internal
structure [77]. Since the plasma have several temperatures which are different than
each of them, it is not possible to obtain a thermal equilibrium between the particles
in a plasma. However, the electron temperature T, or the ion temperature T; indicate
their own thermal equilibriums due to the electrons and the ions have separate
Maxwellian distributions. Moreover, in plasma discharges, electrons obtain their
energy from the electric field more easily than neutral particles and ions. Due to the
energy exchange with the other atoms and the walls of the vacuum chamber, ions
and neutrals have a fast thermal equilibrium [76]. The thermal equilibrium is only
acceptable in of itself, so characterization of the plasma by Maxwellian distribution
is possible by working with the temperatures of electrons and ions separately

[50,77,80].

2.2.3 Plasma Density and Debye Length

Although plasma is made from electrons, ions and excited molecules, determining
the density of plasma requires focusing on electrons and ions since they are charged
particles. The density of ions is defined by n;q,n;3, n;3, ... due to different kind of

ions, and the density of electrons is described by n,.
Neg =MNjy +Njp + Nz + - =n (2.4)

For plasma in electrically neutral and equilibrium states, n is defined as the plasma
density. In the equilibrium state of the plasma, if a test particle (negatively charged)
placed into the plasma, a cloud of ions is generated around the test particle. At this
point, the cloud of ions becomes surrounded by electrons and a cloud of electrons
forms around the positively charged object (Figure 2.1). A sheath of plasma can be
introduced by cloud of ions and electrons. The bulk of the plasma inside of this
cloud only has an electric field and the outside of the sheath shows electrical
neutrality. The thickness of the sheath is called Debye length and this circumstance
is defined as the Debye shielding [50,77,78,80,82].

kpTe
2y = [Pt (2.5)

Ap 1is the Debye length or Debye shielding length, n is the plasma density, e is the
electron’s charge, and €, permittivity of free space. The range of Debye length can

be observed for different types of plasma in Figure 2.2.
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E=0

Figure 2.1 The Debye shielding and Debye length

2.2.4 Plasma Oscillation and Plasma Frequency

In plasma, there is a large collision rate between electron-electron pairs, ion-ion
pairs, and electron-ion pairs. Therefore, plasma’s equilibrium can be broken at any
time, and this causes constant fluctuations in plasma. Charged particles begin to
oscillate due to Coulomb forces. If a particle such as an electron has a density larger
than the uniform point, it will return to its original position through Coulomb force,
and then—due to its inertia—it is inclined to return to its equilibrium position and
therefore will move by Coulomb force in the opposite direction. This plasma
oscillation occurs frequently, and is defined with the plasma frequency w, that is

given by:

wy = |2 (2.6)

Egm

The plasma frequency is given for typical laboratory plasma by w, = 1885 MHz
withn = 105 m?, for the microwave plasma by w, = 5642 MHz with n = 10*
m™, and for the ionosphere wp, = 18.9 MHz with n = 10" m™. Plasma oscillations
include both electrons and ions, and are called plasma-electron oscillations and
plasma-ion oscillations respectively. Since the mass of an electron is smaller than
the mass of an ion, the frequency of plasma-electron oscillation is generally high.
Fluctuations for density distribution are dependent on the Debye length, and the
length of the oscillation generally parallels the range of the Debye length
[77,78,80,82].
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2.3 Nonthermal and Thermal Plasma

Electron energy kgT, and electron density n, play an important role in the
characterization of plasma. Figure 2.2 illustrates electron densities and electron
temperatures across many types of plasma. Thin films are generally produced at low
pressures, around 107-10 torr. In this kind of plasma, average electron energies and

-3

electron densities average 1-10 eV and 10'® m

respectively. Plasmas can be
classified in two groups based on their local thermal equilibrium: nonthermal (cold)

plasma and thermal plasma [77,78,80,82].

</ o, /7 /
L 5 &/ A P = 1 MeV
10 S/ AN G / $ / s /
IV 7 A R
~ P o/ 1Y 7/
/ N 2
gl / Y / 7 ~/ i
10 / / VAR /
/ / Thermo-
/ / / ;
~ / / , , nuclear -1 keV -
3 Magneto- / fusion 2
2 105 ‘sphere / L L 2
= / / Glow discharges / Sun’ =]
] plasma displays, = e un's =
é / / [flourescent lighting, / ngh interior ;
E L / material processing /! Pressure arcs 3
= ! lightning flashes, — i =
104 / / L / plasma welding 45\{’ IeV
/ y Flames /
/ lonosphere /
el S / Metals i
/ / /
/ / S /
/
/ / /
“—][] | | |
10° 1010 10" 107 10% 10 10%

Electron density (m™)

Figure 2.2 The classification of plasma phenomena in nature and in technological

applications with respect to temperature, electron density, and Debye length [81]

When plasma is produced by a direct current (DC) glow discharge, a high frequency
(HF) at low pressure, or a microwave (MW) discharge at low pressure, ionization
will be in the order of 10™*. This causes gas to contain more neutral particles than
excited particles. In this case, a difference in thermal equilibrium manifests between
the temperature of electrons and the temperature of gas. This plasma is referred to as
nonequilibrium plasma. The electron temperature is higher than the gas temperature.
Due to the low temperature of gas particles, collisions between electrons and gas
particles occur infrequently. Plasma like this, in a state of thermal nonequilibrium, is

referred to as nonthermal plasma.
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T, > Toreet > Ty 2T, > T, 2.7)

Additionally, in nonthermal plasma, average electron energy is larger than that of
atoms and ions. Plasma in a state of thermal nonequilibrium includes glow
discharge, corona discharge and low pressure radio frequency discharge [76—78,80].
The thin film production is engaged in the nonthermal plasma where the energy
distribution is wusually defined by Maxwellian distribution instead of the
Druyvesteyn distribution (which assumes that effects of inelastic collisions can be
neglected, the velocity of the electrons does not affect the cross section of elastic
collisions, and the mean-free path of electrons is like a function of electron energy)
or the Maxwellian-Boltzmann distribution (in which the system is at thermal
equilibrium, particle densities are homogenous, and there are no external forces)

[50,77].

If the current is increased while generating a glow discharge, the voltage of the
discharge decreases and the current density of the discharge increases. In this way,
the transition from a plasma state to an arc discharge can be observed. Since the
temperature of the cathode is high in arc discharges, an emission of thermal
electrons will be generated from the cathode. In arc discharges, the energy
distribution of electrons and gas particles will be almost identical to the energy
distribution in the plasma. Therefore, collisions between electrons and gas molecules

occur frequently, and the plasma reaches thermal equilibrium [76-78,80].
T, =T, (2.8)

Thermal plasma, or hot plasma, is obtained through the presence of gas molecules at
high temperatures in the plasma. High intensity arcs, plasma torches and high

density discharges are examples of thermal plasma.

2.4 Collisions in Plasma

When electrons gain energy from electric fields in plasma, they collide with gas

molecules. These collisions generate excitation and ionization of the gas molecules.

2.4.1 Elastic and Inelastic Collisions

Elastic collisions are defined as collisions without any change in internal energy,

and inelastic collisions are defined as collisions with an exchange of internal energy
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between particles. Inelastic collisions in plasma have a significant role in materials
processing. As a result of these collisions, many species, such as an excited atom or
molecule, radicals, a fragmented molecule, ionized particles, the generation of a
negative ion, and radiation, occur in plasma [76,77,79]. In these collisions, the
energy transfer coefficient is determined by the ratio of the transferred energy E; to

the initial kinetic energy E;.

E; _ 4mMCos?6
Ei  (m+M)?

(2.9)
where m and M are masses of colliding particles, and 0 is the angle of collision.

2.4.2 Mean-Free Path and Reaction Cross Section

The mean-free path is the statistical average of the free path between the point of

collision and the point of next collision.

1= (2.10)

sl

where v, is the collision frequency and the number of collisions per second is
defined as v, = ngrtrlzﬁ. ng is the density of a gas particle, v is the mean velocity of
a particle, and ry is the radius of the particle.

1 1

kT
9= Tommar» (@ =211), A9 =75 =, (p =nkT) (2.11)

The cross section can be calculated from the change in intensity of the particle beam

occurring in scattering while the particle passes through the target particles.
I(x) = Ije™9m2* (2.12)

where [, is the intensity of an incident particle beam, n, is the density, and I(x) is
the intensity after diffusing through a distance x. For various kinds of inelastic
collisions, the reaction cross sections that must be determined include the excitation

cross section, the dissociation cross section, and the ionization cross section [77,82].
2.5 Excitation and Ionization

2.5.1 Internal Energy

Excitation indicates the transition of an atom or molecule’s internal energy from a
ground state to a higher state through an increase in translational energy. While

excitation is described as a higher energy level for an atom, it is more accurately
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understood as a change in the vibrational or rotational state of a molecule. Due to the
short lifespan of a molecule’s excited state, excited atoms continue to de-excite in a
short time to a lower energy states, emitting light as they do so. Therefore, excited
atoms are not involved in collisions and do not provide additional reactions in
plasma unless they are metastable. In other words, atoms in a metastable state—the
energy state in which optical transition is forbidden or the probability of transition is
very small—lead to excitation and ionization of atoms and molecules in a plasma
phase. lonization is the reanimation of electrons from an atom or molecule by
acquired energy, and the minimum required energy for ionization is known as the
ionization energy [50,76,77]. Since electrons formed with ionization are again
accelerated in an electric field and obtain ions from other atoms or molecules,
ionization has a significant role in sustaining plasma. lonization energy is defined in
units of eV that are referred to as the ionization potential. Ionization potentials for

molecules are listed in Table 2.1.

Table 2.1 The list of the first ionization potentials of molecules

Molecule First ionization potential Molecule First ionization potential

(eV) (eV)
H, 15.42 CO, 13.76
N, 15.57 NO, 9.78
0, 12.06 N,O 12.94
F, 15.70 NH; 10.19
Cl, 11.48 CH, 12.70
Cco 14.01 C,H, 11.39
NO 9.25 C,H, 10.45
H,0 12.61 C,Hg 11.52

2.5.2 Excitation and Ionization Processes

The processes of excitation and 1onization for an atom or a molecule are described
by the following reactions:

(1) Excitation and ionization by an electron collision

(2) Excitation and ionization by an ion collision

(3) Excitation and ionization by a neutral particle collision

(4) Excitation and ionization by radiation (photo-excitation and -ionization)
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(1) Excitation and Ionization by an Electron Collision

Electrons have a more significant effect on excitation and ionization. When the
internal energy of collision is higher than the excitation energy, an atom can be
shifted into the excited state by an electron. A positive ion is generally obtained by
removing electrons from atoms or molecules. A negative ion is created through the
attachment of electrons to atoms or molecules. When a neutral particle collides with
an electron, ionization creates an electron, which contributes to further ionization by
producing ions. Moreover, if an electron has the required energy, it is capable of
removing an electron from a metastable atom and generating an ion with one extra

electron [76-79].

(1) Excitation
A+ e = A" + e (electron impact excitation)
AB+e—> AB* +e
(2) Dissociation
AB + e - A + B + e (electron impact dissociation)
(3) Direct ionization
A+ e > A* + 2e (electron impact ionization)
AB + e » AB* + 2e (normal ionization)
(4) Cumulative ionization
A* + e - AT + 2e (electron metastable ionization)
AB*+e > A"+ B+ 2e
(5) Dissociative ionization

AB +e > A" + B + 2e

During excitation and ionization of an atom, the electronic excitation cross section
determines the singlet-triplet and singlet-singlet transition according to the threshold
energy value by increasing energy with electron impact. The ionization cross section
and ionization potential also increase with an increase in electron energy. Voltage

reaches its maximum value and then decreases slowly.

If excitation and ionization occur in a molecule, the rotational and vibrational
excitation cross section increases linearly with increasing electron energy due to

electron impact. For example, a H, molecule (a diatomic molecule) can be
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dissociated through collision with an electron carrying an energy of more than 8.8
eV. In dissociation, two H atoms are produced. The energy of each atom will be
equal to half of the difference between the electron impact dissociation energy and
the thermal dissociation energy. The ion of a molecule is produced when the amount
of the given energy is larger than the ionization potential. Since the energy levels of
vibration and rotation change during ionization, the process of a molecule’s
ionization is more complicated than the process of an atom’s ionization. Independent
from the generated ions, total ionization cross sections can be found only through
the total number of ions. Dissociation and ionization will continue if higher energy
continues to be given to a molecule, and the dissociative ionization cross section will

reach its maximum value, usually close to the value of the electron energy.

(2), (3) Excitation and lonization by Collisions of Energetic Ions or Neutral

Particles

It is also possible to obtain ions through collisions of neutral atoms and molecules.
Neutral atoms and molecules are not affected by an electric field in cold plasma, and
ions do not have sufficient kinetic energy to directly generate the ionization of other
molecules directly. Therefore, the ionization of atoms or molecules is only possible
through collisions with excited metastable particles with high internal energy [77—

79].
(a) Thermal lonization

Thermal ionization is produced through thermal movement of particles. This process

is usually observed in arc plasmas or burning flames.
(b) Penning lonization

Penning ionization results from collisions between metastable particles at excited
states and neutral particles, but only when ionization energy is less than excitation
energy. An excited atom or molecule generally results from a collision with an

electron or the absorption of a phonon.

A+ B* - A* + e + B (metastable neutral ionization)
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where B* is the excited atom or molecule. Penning ionization is more common in

the longer mean-free path or at pressures lower than 10 mtorr.
(c) lonization by Collisions Among Excited Particles

This ionization is obtained by collisions of excited molecules and is more notable at
lower electron temperatures.
A"+B*—>A"+e+B

(4) Photo-Excitation and Photo-Ionization

If a gas is exposed to radiation through a light source, the gas molecule will become

excited or ionized.
2.6 Recombination

2.6.1 Recombination Processes

According to the rule of conservation, charged particles will attempt to neutralize in
the gas phase, combining a positive ion with an electron or a negative ion. This
phenomena is called recombination, and it can be divided into two types: ion-
electron and ion-ion recombination [77,79]. The recombination coefficient a can be

expressed as

dn dn dn_
— === _—gn,n_ (2.13)
dt dt dt

where n, and n_ are the densities of positive and negative charges respectively.

2.6.2 Ton-Electron Recombination

The recombination processes between positive ion and electrons include:

(1) Radiative recombination

At +e - A"+ hv

(2) Dielectronic recombination
AT +e - A"
A" > A"+ hv
A"+B—-> A"+ B

(3) Dissociative recombination
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ABt +e > A"+ B*

(4) Three-body recombination
AT+e+e—-A+e
A*+e+B—->A+B

where A" is the singly excited atom and A™ is the doubly excited atom.

In the process of combining electrons with ions (1), excited neutral atoms or
molecules are generated, usually with photon radiation energy of hv. The

recombination coefficient « is between 10"° and 107" cm?s.

In the second process (2), a doubly excited atom is produced by combining an
electron with a positive ion. Here, one electron bound to the ion jumps to a higher
level by the excitation energy. Then, this doubly excited atom transfers to a singly
excited atom by losing part of its energy. This energy can be referred to as the
emission energy of a photon or as the exchanging energy of inelastic collision with

another particle. The coefficient a is very small, lower than 10 cm?/s.

In the third process (3), a molecular ion recombines with an electron. The molecular
ion is first produced by an excited molecule, and then this molecule dissociates into
excited atoms. The electron temperature is low and the coefficient « is large as 107-

1078 cm’s.

In the fourth process (4), the third body can be an electron or an atom or a molecule.

When the electron temperature and density are low, the coefficient a increases.

2.6.3 Ion-Ion Recombination

This recombination is generated between the combination of a positive ion and a
negative ion. This process is common when negative ions are generated through
electron attachment, such as O,, Cl,, and SO, [77-79].

(1) Radiative recombination

A*+B~ - AB + hv

In radiative recombination, a positive ion combines with a negative ion, producing a
neutral molecule by releasing a photon. The recombination coefficient is very small,

about 107 cm?/s.
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(2) Mutual neutralization
A*+ B~ > A"+ B*
In this process, excited atoms or molecules are produced by the recombination of a

positive ion and a negative ion. The coefficient is in the range of 10°-107 cm’/s at

room temperature.

(3) Three-body recombination
A*+B " +M->AB+M

The recombination coefficient changes between 107 and 10° cm’/s at room

temperature.
2.7 Ion-Molecule Reactions and Reactions Concerned with Negative Ions

2.7.1 Attachment and Detachment

When a neutral gas molecule captures an electron, a negative ion is produced.. This
process is called attachment. The inverse process, when a negative ion releases an
electron, is called detachment. Attachment processes can be classified in the

following steps [77-79]:

(1) Radiative attachment
A+e—-> A" +hv

(2) Three-body attachment
A+e+M->A"+M

(3) Collisional attachment
AB +e - AB™ - AB~

(4) Dissociative attachment
AB+e—>AB™* > A+ B~

(5) Dielectronic attachment
A+e—-> A" >A"+hv

(6) Electron transfer
A+B - A"+ B~

(7) lon pair production

A+B+e—->At+B +e
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The processes of detachment are as follows:

(1) Associative detachment
A-+B—->AB +e

(2) Photo-detachment
A-+hv—->A+e

(3) Collisional detachment
AB"+M ->AB+e+ M
A"+e—-> A+ 2e
A-+B*">A+B+e
A*"+B - A"+B+e
A"+B > A+B +e

(4) Dissociative photo-detachment

AB"+hv—->A+B+e

The possibility of forming a negative ion is proportional to the electron affinity.

2.7.2 Ton-Molecule Reaction

This reaction is defined as an ion reacting with a neutral atom or a molecule.
Although there are combinations and charge transferring, the system becomes
electrically neutral [71]. The ion-molecular reaction can be classified in the

following steps:

(1) Charge transfer
A*+B - A+B*
(2) Clustering
A*+B+M->AB*+ M
(3) Ion-atom interchange
A*+BC - AB*+C
(4) Switching
AB* +C - A+BC*
(5) Photodissociation
AB* +hv > A" +B
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2.8 Method of Plasma Polymerization

As mentioned above in section 2.2, an electric field is formed by applying power to
the electrodes, and electron transfer begins to generate plasma discharge. As a result
of inelastic collisions between electrons and atoms or molecules, and according to
the law of the conservation of momentum, the electrons transfer all their energy to
the atoms or molecules and this leads to ionization. Then, the secondary electrons
are generated in the cathode through the bombardment of positive ions. If an organic
compound or a monomer is included in the plasma reactor, this compound or
monomer will be activated by the energy from inelastic collisions and then will
fragment into to small molecules. Since small fragments are generally prone to be
generated in a larger compound, activated small molecules begin to recombine when
they gain sufficient energy from reactions in the plasma. All of these interactions
cause plasma diffusion on the substrate and the polymer thin film is deposited on the
surface of the substrate as well as on the wall of the reactor. During deposition,
recombination can also be observed on the surface, and irradiation continues until
the polymerization process is complete. The generation of plasma polymer is simply

diagramed in Figure 2.3.

m: » Fragmentation
A-B-C-D-EF ™ s MABCDEF | —s

Starting molecule Activation by plasma

A E-F D

Rearrangement
C AB F — > A-D-B-E-C-D-B-E-F
‘B B C-D Plasma polymer

Fragments in Plasma
State

Figure 2.3 The diagram of reaction steps in the plasma polymerization

As the diagram suggests, after the original molecule is fragmented into atoms and
these activated fragments are recombined into larger molecules, plasma polymer is
formed through different chains from the original molecule. Therefore, it is not
possible to predict the chemical structure of the formed polymer from the structure

of the starting molecule.
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According to D*Agostino [83], plasma polymerization can be divided into two types
of reactions: plasma-induced polymerization and plasma-state polymerization.
Plasma-induced polymerization is radical polymerization, which means reactions are
generated by the radical species at the ends of the polymer chains and that the
polymerized molecules have unsaturated carbon-carbon bonds. This polymerization
is also referred to as conventional free-radical-induced polymerization. Free radical
reactions generally become dominant in the formation of decompound products of
plasma deposition. Plasma-state polymerization, the main process of plasma
polymerization, is a type of ionic polymerization controlled by the presence of
electrons and other energetic species. The radicals and ions in the polymerization
generate polymer chains different than the polymer chains generated in conventional
polymerizations. Therefore, the plasma polymerization is chemically different from
conventional polymerizations, even if the same monomer is used in both processes

[50,57,84].

Starting Mon-Polymer-
Material Forming Gas

Flasma

Polymerization

N [etiation ]

Polymer-Forming
Intermediates

Plasma-Induced

Polymerization Ablation
Polymer

Deposition

J

Polymer Solid Phase

Figure 2.4 The pattern of the plasma polymerization process

Reactions occurring in plasma polymerization can outlined in five steps, as shown in
Figure 2.4: (i) ionization and fragmentation of the starting material [85], (ii)
diffusion of the reactive species on the surface, (iii) interaction and/or deposition at
the surface, (iv) ablation and desorption [86], and (v) the generation of a new

monomer [87-90].
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Since reactions in plasma are highly complex and no equilibrium exists in plasma, it
is difficult to predict the products that will result from reactions. To better
understand reactions, plasma chemistry is interpreted in three main ways: plasma
chemistry, chemical reactions coming from the deposited materials, and reactions of
surface modification. Plasma chemistry is controlled by plasma species such as
electrons, ions, radicals, etc. From these species, the radicals and the ions (especially
the ions) have a crucial impact on the formation of chemical reactions and the
structure of the deposited plasma polymer. The chemical reactions of plasma
deposition was illustrated by Friedrich [71] in a diagram, including energy

distribution in collisions and radiation occurring during polymerization (Figure 2.5).
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Figure 2.5 The energy distribution to collision and radiation processes during the

plasma polymerization [71]

The physical and chemical properties of plasma polymer films, as well as the
deposition rate, depend on parameters such as rate of gas flow, power and
frequency, pressure, substrate temperature and position, and reactor type. Increasing
the rate of gas flow while keeping other parameters constant leads to an increase in
the deposition rate by feeding the plasma with fresh gas until it reaches the balance

point, a term for the maximum deposition rate. If the flow rate continues to increase,
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the deposition rate will decrease. This is because the duration, which is necessary for
the flowing gas to sufficiently stay in the reactions, decreases and this reduces the
number of activated species reaching the substrate [42]. In addition, the
comparatively unsaturated bonds of flowing gas lead to an increase in the deposition
rate [37,91,92]. Since the densities of energetic ions and electrons are controlled by
the applied power, increasing the power leads to an increase in these densities and
thus also increases the deposition rate [42] when other parameters are held constant.
Although the deposition rate first increases with a raise in power, this increase is not
continuous and the power does not affect the deposition rate at higher values. The
pressure of the plasma reactor affects the residence time of the feed gas, the average
electron energy, and the mean free path of the polymerization. All of these
parameters increase with raised pressure. Therefore, it might be assumed that it
would be more effective to work at high pressures to easily obtain plasma
polymerization. However, increasing the pressure also causes an increase in the
inhomogeneity of film distribution during polymerization. Therefore, deposition
pressure should be kept at a point which produces a greater rate of homogeneity and
meets the requirements of long residence time, low free path, and sufficient electron
energy, keeping other plasma parameters constant [42,44,57,71,84]. The substrate
temperature decreases the deposition rate by increasing the temperature [91,92]. In
addition, the design of plasma reactors has an important role in chemistry since the
distribution of plasma species changes with different geometries and fabrication

materials.

While a polymer occurs in the conventional process from a repetition of covalently
bonded units, a polymer in the plasma polymerization process arises from infinitely
distinctive units connected by covalent chemical bonds. Repetitions in the plasma
polymer are determined by functional groups placed randomly through the structure
and covalently connected with hydrocarbon chains of different lengths. The
conditions in the process and fragmentation of the monomer impact the structure and
compound. During plasma polymerization, as a result of the fragmentation of
molecules and recombination of the fragments, the emerging polymers exhibit cross-
linking structures. The intensity of the functional groups is inversely proportional to
the density of the cross-linking structures. In other words, the repetition of the

functional groups decreases as the density of the cross-link increases in direct
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proportion to the fragmentation of the monomer. Thus, the abundance of cross-links
in the polymer network can be used to characterize the structure of the plasma
polymer. Moreover, this high degree of crosslinking generally make plasma polymer

films insoluble in organic solvents [84].

Radicals play a significant role in the initiation and control of polymerization.
Radicals can be formed in a gas phase and at the surface of the substrate. Radical
reactions can be classified into four steps: initiation, propagation, termination, and
re-initiation. These steps are schematically represented below, where X is the
monomer or polymer segment, R, is a radical of » unit, and S is a surface site. The
formed plasma polymer segments, referred to as X+, and S-X,.,, are reactivated
during polymerization, providing a new initiation of polymerization. The re-
initiation of the polymerization is the main cause of the highly branched and highly

cross-linked structure of plasma-polymerized compounds.

Initiation:
CoH, +H+X-> R, +X
S—-X)+e—>(S—Ry) +H

Propagation:
Ry + C3Hy = Riyyq
(S—Ry) +CHy » (S — Ry41)

Termination:

Ry + Rin = Xnym

(S —Ry) + Rin = (S — Xuym)
S—R)+ S —Rip) > (S —Xnim) +5

Re-initiation:

Xpn+te—R,+H +te

Xnem te—> Ry, + Ry, t+e

S—-X,)+e—>(S—R)+H+e

In the process, if radicals are formed by an opening of a double or a triple bond, it
causes the pressure of a plasma reactor to decrease during polymerization because

there is no change in the total number of molecules when hydrogen is not produced.

However, if the radicals are produced as a result of hydrogen detachment, the
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pressure does not change since equilibrium is maintained between loss of an organic
compound and hydrogen production. Moreover, when the cleavage of a C-C bond
becomes a cyclic compound, this contributes to polymerization and decreases the

pressure, unlike what happens with a noncyclic compound [50,83].

The products produced by this process exhibit different chemical structures and
physical properties than those produced by conventional processes. While the
structure of conventional polymer is characterized by chains with a regularly
repeated unit, the structure of plasma polymer is not. Instead, it exhibits a structure
with irregular crosslinking chains in three dimensions. Plasma polymer thin films
generally have thermal and chemical stability, mechanical toughness, and
indissolubility. The most noteworthy feature of plasma polymerization is the chance
to produce a polymer thin film from almost any organic vapor [57]. In other words,
a wide range of monomers can be used in plasma polymerization, and there is
virtually no limitation in the deposition of these materials. In plasma deposition, a
coating with a thicknesses of tens of nanometers of material can be obtained in only
one or two depositions [93], making it more suitable for samples of membranes,
semiconductors, metals, textiles or polymers [71]. This makes plasma deposition
more economical and efficient. Besides being used for a wide range of samples,
plasma polymer thin films have been used in areas including protective coatings for
industry, electrical applications, optical applications, and biomedical applications
[45,84,94,95]. Surfaces of plasma polymer films generally exhibit hydrophobic
properties [83]. As compared to conventional methods, understanding the reaction
mechanism of the plasma polymerization method in the radical and ionic sense is
complicated. In plasma polymerization, the chemical structure of the generated
polymer is never predicted from the structure of the starting molecule due to the
high degree of fragmentation and rearrangement in the plasma. Activation and
fragmentation of the starting molecule is controlled by the plasma conditions and the
nature of the molecule. Therefore, the plasma polymer is obtained with different
chemical compositions at different conditions, including power, monomer flow rate,
and pressure [57,68,96—101]. The plasma polymerization technique has remarkable
potential for the improvement of materials and opens the door to the development of

new materials in almost all technologies.
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2.9 Comparison to the Plasma Polymerization Method to Other Methods of
Producing Polymer Thin Films

The production of polymeric thin films employs two main methods: the wet
processing (conventional) method and the dry processing method. In the wetting
processes, materials are used in liquid form and then a coating is obtained from a
solvent in solid form through evaporation, spinning, painting, curing, electroplating,
chemical reduction deposition, baking, or cooling, etc. Evaporation is a process in
which a substance in a liquid state transitions into a vapor or gaseous state. In this
process, atoms or molecules in the liquid state transfer to the vapor state as they
accumulate sufficient energy under a high temperature. The atoms or molecules in
the vapor state diffuse onto the surface of the substrate and are coated. Conventional
brush painting and dip coating require immersing an object in a liquid under
controlled conditions, such as exposure time and temperature. In the process of spin
coating, a solution is put onto a sample and then the sample is rotated at a high
speed. The fluid is spread across the surface of the sample by the rotation and
thickness can be controlled by rotation time. Spin coating is widely used to obtain a
uniform thin film on flat samples with thicknesses below 10 nm. Another chemical
process used for coating is the hydrophilic method, also known as the Langmuir
Blodgett method. To obtain thin films, a sample is first immersed in water, a low-
chain fatty acid is spread on the water’s surface, and then the sample is withdrawn
through the compressed layer of fatty acid. Electroplating is the deposition on the
cathode obtained from metallic ions emerging from the electrolyte. Electrodeless
plating does not require external voltage or a source for a current. Instead, the
chemical reduction of a material is used. Displacement plating involves a deposition
created by the electronegativity difference between the ions and the surface. Here,
ions are placed in a solution and this solution is then spread on the surface. In
chemical reduction deposition, thin films are generated by inserting substrates into

chemical solutions [102—104].

Dry processing methods include physical vapor deposition (PVD), ion plating,
chemical vapor deposition (CVD), plasma enhanced chemical vapor deposition
(PECVD), and plasma polymerization. Physical vapor deposition (PVD) processes
are also known as atomistic deposition processes. In these processes, vaporized solid

or liquid materials are sent through a vacuum or plasma environment and begin to
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diffuse on the substrate. The range in thickness of deposited films with PVD
processes varies from a few nanometers to thousands of nanometers. This process
can also be used to obtain coatings with multiple layers, depth, and graded
configurations. The substrates can be deposited in a wide range of shapes, ranging
from flat shapes to different geometries. PVD processes include vacuum evaporation
or deposition, sputter deposition, arc vapor deposition, and ion plating. The
materials are thermally vaporized in the vacuum deposition and vaporization is very
high in comparison to other processes. Non-thermal vaporization is generated by
physical sputtering in sputtering deposition. With the ion bombardment of a target
by an ion gun, deposition is formed on the substrate. In arc vapor deposition, a high
current of low voltage is used to vaporize materials from a cathodic or anodic
electrode. lon plating is also known as ion-assisted deposition (IAD), ion vapor
deposition (IVD), or ion beam-assisted deposition (IBAD). Bombardment of
energetic particles (generally ions) is used to improve the features of deposited
films. Vaporization can be obtained through evaporation, sputtering, or a chemical
vapor. Chemical vapor deposition (CVD) is the deposition of solid materials through
the decomposition of a chemical vapor of a thermally generated precursor species.
Deposition generally arises from the reaction of volatile products and precursor
species. When plasma is used for the decomposition of the precursor species, the
process is called plasma-enhanced chemical vapor deposition (PECVD) or plasma-
assisted chemical vapor deposition (PACVD). An rf generator is used to produce the
plasma, providing deposition at lower temperatures in comparison with thermal
CVD process. This deposition is commonly used in the semiconductor industry
[77,80,105-108]. In the recent years, several studies have focused on deposition
technology generated under atmospheric pressure [109]. This deposition process is
called atmospheric pressure plasma enhanced (or assisted) chemical vapor
deposition. As opposed to the vacuum systems, there is no need to use complex
plasma chambers with costly combinations such as a pump, valve, etc. Control of

the plasma parameters in this process is far simpler than in the other processes.

It is possible to use a PECVD process to deposit polymer films by using an organic
or inorganic monomer like a precursor vapor. This process is known as plasma
polymerization, which is explained in detail in section 2.8. This novel method

improves the performance and properties of thin film structures, producing
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characteristics not attainable by conventional methods. Polymer films deposited by
plasma polymerization become crosslinked and exhibit several remarkable
properties including desirable surface coating and very low porosity. This method
can be used to obtain an excellent insulating film. As compared to conventional
methods, there are several advantages to the plasma polymerization process. This
process is more economical and efficient with a wide range of monomers. It is
possible to select any starting feed gas, which allows for a selection between
different types of functional groups. In conventional polymerization, gases have to
belong to a similar functional group. Plasma polymerized films generally have high
coherence and adherence, and they can be coated onto almost any type of substrate,
including metal, glass, conventional polymer, wafers, etc. Unlike the conventional
processes, no solvents are used in plasma deposition. The plasma process makes it
possible to easily obtain polymer thin films with thicknesses ranging from 10 nm to
1 pm. Pinhole-free thin films can also be produced, and with a good control of
plasma parameters, ultrathin films can be obtained through the plasma
polymerization process. Plasma polymerization techniques have remarkable
potential to supply the necessary materials for almost all technologies

[47,57,58,68,71,84,96-101].
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CHAPTER 3

PLASMA DIAGNOSTICS

3.1 Direct Current (DC) Plasma Discharge

3.1.1 Glow Discharges

If the required voltage is applied to an electrode gap including a gas, breakdown will
take place in the gap and the gas will function as a conductor. The first state between
the electrodes after the breakdown is known as the gas or glow discharge. Glow
discharge is a continuous discharge from electrons, coming from cathode. The
secondary electron generation occurs as a result of the ions’ effect on the surfaces

[1,2].

3.1.2 DC Breakdown

When a dc power supply with voltage Vs is applied between two electrodes, which
are connected with a ballast resistor R, the voltage of the discharge will be V=V,
since the neutral gas will have a larger resistance than R. If even one free electron is
generated near the cathode, it will accelerate through the electric field to the anode.
Ionization then begins as a result of the increase in the energy of an electron within

the electric field.

3.1.3 DC Glow Discharge

The dc glow discharge is composed of several distinct layers, as shown in Figure

3.1.
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Figure 3.1 Characteristics of a dc glow discharge

The dark layer near the cathode is known as the Aston dark space, where electrons
with low energy (not sufficient for excitation) emerge from the cathode. The cathode
glow layer is located beyond the Aston dark space. Electrons gain the required
energy from the electric field in this layer. Electrons are accelerated through the next
region, known as the cathode (Crookes) dark space, and ionization occurs.
Ionization can occur directly or occur when energy transfers to free electrons. As a
result, low-level radiation occurs and electron density significantly increases. Due to
the slow motion of the ions, a high electric current is generated. The applied voltage
produces a linear drop in the cathode region and the ions accelerate along the
cathode. Secondary electrons are then formed by ion bombardment of the cathode.
This secondary electron generation depends on the material, contamination of the
surface, and the energy of ions [1]. The electron energy and ionization decrease at
the end of the cathode dark space by a decrease of the electric field. This causes
stronger radiation. The zone with the highest luminosity is known as negative glow
space. The negative glow is also known as the plasma region with a small electric
field because in the plasma the densities of electrons and ions are nearly equal. The
secondary electrons produced at the cathode region are accelerated through the
negative glow region, providing the required energy to the plasma. Thus, discharge
will be generated by the anode in this region. The electrons continue to decrease
their energy in the negative glow. Therefore, luminosity begins to decrease and the
transition to the next space, the Faraday dark space, begins. Plasma density also
decreases in this space and the electric field again increases. Then, the large zone
known as the positive column begins and an emission of light is observed in this

region. However, the luminosity is not brighter than the negative glow. The
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electrons balance with the local electric field and provide the main energy input.
Emission and diffusion onto the walls leads to a loss of energy. A thin layer
following the positive column is known as the anode glow region. The electric field
increases in this region by repelling ions and removing electrons by the anode. The
current flowing through the plasma is constant throughout this region. Therefore, the
electron current at the anode must be equal to the ion current at the cathode. The
final layer adjacent to anode is known as the anode dark space. The electron density

begins to decrease in this region [1,2].

The dc discharge seems simpler than the rf discharge because of time independence.
However, since dc discharge requires a continuous current to provide power, this
cause a complication. In comparison, the rf discharge has no complication in the rf

sheath [3].
3.2 Radio Frequency (RF) Plasma Discharge

3.2.1 RF Breakdown

In the rf breakdown, electrons are exposed to the oscillating electric field, and this
oscillation causes electrons to heat up through collisions with neutrals. The
electrons, which reach sufficient energy, drive the ionization. It is clear that rf

breakdown is simpler than dc breakdown.

3.2.2 RF Glow Discharge

Radio frequency (rf) glow discharge is one of the most widely used discharges. In rf
discharge, secondary electrons are generated through a collision of energetic ions
with an electrode. The accelerated electrons in the sheath then lead to ionization,
similar to a dc discharge. Additionally, as a positive column of dc discharge, the
electric fields provide the main source of energy for the electrons by oscillation in
the discharge. Although rf glow discharge has similar properties to dc glow
discharge, and although ions and electrons in both of the sheaths are accelerated by
the electric field, these same kinds of behavior only appear at low frequencies in rf
glow discharge. Furthermore, the ions in the rf discharge follow time averaged
fields instead of instantaneous electric field at high frequencies. Here, a self-bias
occurs and this causes a time-averaged negative voltage. Thus, the ions are

accelerated by the potential difference between the time-average plasma potential
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and the time-average bias potential. Moreover, unlike the dc discharge, the
oscillating sheath electric field accelerates electrons in the rf glow discharge. In the
rf system, the rf current and voltage are directly applied to an electrode through a
coupling capacitor and a high voltage capacitive sheath occurs between the electrode
and the bulk plasma. Since the electrons have greater mobility than the ions, the
electron current will be much more substantial than the ion current. Therefore, the
resistance for an ion current will be more effective than for an electron current [1].
In the rf discharge, stochastic or collisonless heating occurs in the sheath while the rf
currents drive ohmic heating in the bulk [3]. To obtain an effective power transfer, a
matching network between the source and the discharge is required to control the

discharge.

Since most of the power in dc glow discharge is consumed by the acceleration of
ions into the sheath, rf glow discharge is more attractive for processes requiring ion
bombardment such as sputtering and ion plating. An rf discharge can be applied to
both electrically conductive and non-conductive materials, whereas dc discharge can
be applied only to conductive samples. Another difference between the discharges is
their density and energy distribution. Ionization occurring in rf discharge is more
efficient than that occurring in the dc discharge, and higher ionization makes rf

discharge the preferred glow discharge in the microelectronics industry [4].

3.3 Probes

To determine plasma parameters such as electron and ion densities, electron
temperature, and potentials, many types of electron probes are used. These include
single, double, triple, and emissive probes [5—10]. A small metal electrode or probe
is inserted into the plasma, and the plasma properties are then measured from a
graph of current-voltage characteristics obtained by applying different voltage
values to the metal probe. While single probes can be used in plasma discharges
with at least one electrode, double or triple probes can be used for discharges
without electrodes. Emissive probes are generally used in plasma discharges
sensitive to sudden changes in the probe current that occur when thermionic

emissive electrons heat the probe.

Materials used for probes should have a high melting point and resistance to the

bombardment of charged particles. Therefore, probes are produced from metals
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such as Pt, W, Mo, or stainless steel. The metal probe is inserted inside an insulator
tube, allowing a piece measuring only 5-10 mm to be placed in the plasma. A space
between the metal probe and the insulator tube prevents sputtering deposition of
probe materials on the insulator surface, which would lead to a leak in the current.

This space also prevents the probe from changing the distinct surface area [10].

In spite of its simple construction and measurements procedures, theoretical analysis
of the probe is immensely complex work. This complication originates from the
interactions of particles inside plasma discharges. Working at a low-pressure region
less than 0.1 Torr means that the mean free paths of charged particles are longer than
the Debye length and the probe size therefore provides a simplicity for the
complexity. Another solution involves using a smaller probe with a length less than
the length of the mean free paths of particles for higher pressures. However, the
mechanical stability and manufacturing difficulty of the probe presents a constraint
in size, and the size of the probe is between several tens and hundreds of

micrometers.

3.3.1 Langmuir Single Probe

The determination of plasma parameters (such as electron temperature, plasma
density, and electron energy distribution function) from the I-V characteristics of a
single probe was widely practiced after Irvin Langmuir’s work. This probe is
therefore called a single Langmuir probe [11,12]. Although the cylindrical probe has
been frequently used, there are other options including planar and spherical probes
[10]. In the circuit of a single probe, as shown in Figure 3.2, there is always a
connection with a grounded reference electrode, one of the electrodes of the main
discharge. A variable potential is applied to the circuit and the current is measured.
By recording the change in the current according to variable potential coming from
external DC power supply, the current of the probe is presented as a function of

probe potential.
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DC Source

Figure 3.2 The single probe circuit (I,: probe current, V,: probe voltage)

The graph of the probe is illustrated in four regions as shown in Figure 3.3 [5,10]. In
Region II, which is called the ion-current saturation region, ions are accelerated and
collected by the probe while electrons negatively biased against plasma are repelled
from the probe surface. Region III can be defined as the retarding-field region, the
electron-current inflow region, or the transition region. This region is located in the
area between the floating potential V¢ and the plasma potential V. In this region, the
probe potential is less than the plasma potential V, so the probe engages the ions
itself. Electrons with a larger thermal energy than probe potential can be also be
attracted to the probe by overcoming the electrostatic repulsion. At that point, the
probe potential exceeds the plasma potential in Region IV. This region is referred to
as the electron-current saturation region. The electrons begin to reach the probe and
the ions are repelled. In Region I, applying an enormous negative potential to the
probe causes discharge between the anode and the probe. When the net current of
the probe is zero, the floating potential V¢ is described by the plasma potential. The
plasma potential V can be determined by the extrapolation of curves at Region III

and IV. The crossing point of the extrapolation gives the plasma potential.
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Figure 3.3 The I-V curve of a single probe

During probe analysis, characterization depends on several assumptions. First, the
plasma is collisionless and electron energy distribution is Maxwellian. Second, the
electron temperature is much higher than the ion temperature and ions are
independently charged when ion and electron densities become equal. In the third
region, or transition region, where both electrons and ions are collect at the probe,
the electron current is very large compared to the ion current. Therefore, to find the

probe current, the electron energy distribution function f (¢) is taken as:

I=2NAe [y, |Zf(e)(1-Z)de G.1)

Where N, is the electron density, A is the area of the probe, e and m are the
electron’s charge and mass, respectively, V is the probe potential, which is V =V, —
V,. If the energy distribution function is written as a Maxwellian distribution and

solving the integral, the probe current becomes as

_1 ,skTe —e(Vs—Vp)
I = 4'NeAe — exp( pr ) (3.2)

A slope of the logarithm of the probe current Inl, gives the inverse of the average

electron temperature e/kT,. The saturation electron current i, ¢q¢ and ion current

[; sq¢ are defined as

,kT KT,
I, = N,se Zm‘;, I;s = N;se szl (3.3)
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where M is the mass of an ion, m is the mass of an electron, s the surface area of the

probe, and e is the charge of electron.

In the single probe, characteristics were obtained from the measurement of the
electron saturation current. Due to the connection with the reference electrode, the
probe tends contribute to the plasma discharge and this causes a collection of large
currents. Thus, the single probe is exposed to plasma fluctuations during the
characterization. Moreover, it is very difficult to determine the exact return path of
the current [13]. However, it is possible to eliminate these drawbacks by using a

probe such as the double probe.

3.3.2 Double Langmuir Probe

The double probe consists of two Langmuir probes, and it was originally developed
by Johnson and Malter [14]. In the double probe, voltage is applied between two
probes, unlike the single probe where it is applied between the electrode and plasma
chamber. The change in the current between the two separated probes is measured,
and through characterization of the I-V curve parameters like ion density, n;, and

electron temperature, T, can be measured [15,16].

Cathode Anode
g [— ]
Probe 1 Probe 2
R

I
V)
VP
DC Source

Figure 3.4 The double probe circuit

The double probe gives a symmetrical curve of current-voltage, and while the upper
part of the curve provides measurements from the first probe, the lower part
provides measurements from the second probe [10]. In the double probe, first probe

has a current I; and the second has a current I,. According to Kirchoff’s current law:
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YI=L+1,=0 (3.4)

Using definition of the I; and I,

Iy = Iy [1 — éexp (i_‘;:)]

I, = Iy [1 — exp (Z—Z)] 3.5)
Since I;s = Lis =Iligand [ =, = =1,
I'= I |1- exp (%)] = L [1 - exp (%)] (3.6)

.- %1 ..
From the definition of tanhx = :Zxﬁ, the double probe characterization is defined

by

1(V) = Iistanh (52) (3.7)

2KT,

where V is the applied voltage between the probes, kg is the Boltzmann constant, T,
is the electron temperature, Ijs is the ion saturation current, and V; is the potential
difference between voltages of probes V; and V,. The electron temperature can be

found from the first derivation of the probe current at the origin [17-21].

(dd—v’d)vfo == (3.8)

The I is given by the following equation:

Iis ~ 0.61eN;A /"‘VT (3.9)

where M is the mass of ion, e is the electron charge, A4 is the probe area, and N; is the

ion density.
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Figure 3.5 The I-V curve of a double probe

The double Langmuir probe has been studied by several investigators [13,22-28].
Double Langmuir probes have several advantages over single Langmuir probes,
including smaller probe currents, less dependence on plasma potential fluctuations,
and an ability to measure in electrodeless discharges [28—32]. The circuit of a double
probe does not include a ground connection with the plasma as in the single probe,
thus the floating potential is free. According to Chen [5], the total current collected
by the double probe is less than the ion saturation and Castro [33] showed that the
ion saturation was 20 times less than the electron saturation used in characterization
of the single probe. Therefore, it can be suggested that the effects of the plasma to
the measurements are minimized by analysis of the double probe. One disadvantage
is the impossibility of determining the electron energy distribution function from the
symmetrical double probe. However, this problem can be easily solved by using an

asymmetric double probe [34].

3.4 Radio Frequency Plasma System

The radio frequency plasma system, shown in Figure 3.6, consists of two parallel
cylindrical stainless steel electrodes placed on top of each other inside the chamber.
The upper one has rf power with 13.56 MHz frequency (capacitively coupled) and
the lower one is connected to the ground. This plasma reactor was designed for this
study and was manufactured in the Plasma Laboratory in the Physics Department of
Middle East Technical University. Diagnostic properties were explored under N,

and Ar plasma with the independent plasma parameters of rf power (25 — 250 W)
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and pressure (0.1 — 1 torr). The distance between the electrodes was changeable and
measurements were recorded at distances of 3 and 4 cm. After the pressure dropped
below 107 torr with the use of a mechanical vacuum pump, generally with a base
pressure of 5.0x107 torr, the gas flow was activated. Then, the rf power supply was
activated as the desired pressure was achieved. This system used a double Langmuir
probe (purchased from Impedans Ltd, Dublin) made from tungsten wire 0.4 mm in
diameter. Probes with the same areas were isolated with a ceramic jacket, and only a
length of 10 mm was inserted into the plasma. All the measurements were controlled

by ALP system software.

J saoning || f generator

network

electrode

gas @ "
controller

-—I_l Double Langmuir

slides probe
== ==

I | electrode |
L
T [y vacuum

Figure 3.6 The radio frequency plasma system

3.5 Results and Discussion

The diagnostics of N, and Ar plasma were characterized by the double Langmuir
probe. The parameters of the ion density &; and the electron temperature k7, were
measured. The results recorded for N, plasma are listed in Table 3.1. From Figure
3.7, it is clear the electron temperature k7, exhibited an increase as the power
increased. This increase could be explained by the increase in the kinetic energy of
the electrons at sufficient mean free path and the probability of collisions for
electrons. The amount of ionization and recombination inside the plasma played an
important role in determining the ion density. The increase in power led to
ionization with large probabilities, thus the ion density N; increased with increasing
power. Additionally, the ion saturation current showed an increase with the power.
As the pressure increased, recombination in plasma increased and led to a decrease

in free electrons. Since high pressure decreased the mean free path, the ions moved

51



closer to electrons under high pressure. Therefore, electron (collisional) heating was
dominant in the plasma at high pressure whereas collisionless stochastic heating was
dominant at low pressure [35,36]. Furthermore, since there were not enough free
electrons with sufficient energy glowing from the electrode, producing plasma with
low power values was difficult at a high pressure [37]. The results demonstrate that
electron temperature k7, and ion density /V; were inversely proportional to pressure.

All results agreed with previous studies in the literature [19,20,36,38—41].

10 F T T T T T T T T L 8
\0 (a) —=—25w ——50W
I —— 75W —— 100W

—4— 125W —>— 150W |

\<175w —o— 200W

T

(b) —25v —— 50w
—a 7EW —o— 100W
—— 125W —— 150W
—e— 175W —o— 200W

Electron temperature kTe (eV)
o
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Figure 3.7 The plots of N; (a) and electron temperature kT, (b) with respect of

pressure and power for N, plasma for 3 cm electrode distance
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-3 15,
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Figure 3.8 The plots of N; (a) and electron temperature kT, (b) with respect of

pressure and power for N, plasma for 4 cm electrode distance
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Table 3.1 The double probe results of N, plasma for 3 cm electrode distance

P P kT, N; P kT, N; P kT, N; p kT, N;
25 4.45 4.66 429 4.05 4.02 3.57 3.83 2.94
50 4.88 5.06 4.53  4.87 4.37 4.28 4.19 3.76
75 5.01 6.4 4.82  6.01 4.65 5.87 4.45 4.82
100 6.02 7 535  6.67 5.03 6.25 4.88 5.74
125 0.1 6.45 829 | 02 584 785 03 553 7.42 0.4 5.28 6.58
150 6.85 8.89 592 8.3 5.61 7.71 5.39 7.08
175 7.18 9.1 634  8.42 5.98 8.17 5.52 7.74
200 7.79 9.9 697  9.09 6.84 8.78 6.52 8.18
25 3.55 2.18 3.21 1.94 3.09 1.57 2.92 1.44
50 3.92 3.37 3.64 2.89 3.21 2.61 3.01 1.97
75 4.19 4.33 392  3.64 3.8 3.11 3.33 2.48
100 4.43 4.89 4.19 393 4.04 3.47 3.94 3.01
125 0.5 4.89 549 | 0.6 443 4.8 0.7 437 3.88 0.8 4.11 3.38
150 5.05 6.25 489 577 4.61 4.68 4.35 3.95
175 5.32 7.19 499 691 4.84 5.83 4.65 4.5
200 6.07 7.8 587  7.27 5.24 6.43 4.99 5.21
25 2.78 1.25 2.6 1.01
50 2.98 1.61 2.72 1.55
75 3.08 2.16 2.96 1.84
100 3.38 2.73 3.17 239
125 09 3.72 3.17 1 359 299
150 4.16 3.55 394 324
175 4.48 3.92 4.23 3.55
200 4.72 4.8 459  4.02

P=power (W), p=pressure (torr), kT= electron temperature (¢V), and Ni=ion density (m™ x10'%)

When the distance between electrodes was increased from 3 ¢cm to 4 cm, the plasma
parameters showed similar changes (Figure 3.8). However, the values of the
parameters decreased as the anode-cathode separation increased. This is caused by

the higher plasma energy density between electrodes with a smaller electrode gap.

The results recorded for Ar plasma are listed on Table 3.2 and compared with the
results of N, plasma in Figure 3.9. Comparing the results of electron temperature
and ion density for Ar and N, plasmas, both parameters increased with an increase
in power, which might be due to the directly proportional relationship between the
current density and the applied power. Since the mass of the Ar atoms was heavier
than the N, molecule, the rate of recombination was higher in Ar plasma and the
high recombination limited the production of atoms. Therefore, both the ion density
and the electron temperature of N, plasma were higher than that of Ar plasma

[21,41].

53



Table 3.2 The double probe results of Ar and N, plasma

Ar gas N, gas

P p kT, N; kT, N;
50 3.89 4.77 4.53 4.87
75 4.02 5.84 4.82 6.01
100 0.2 4.55 6.46 5.35 6.67
150 5.09 7.6 5.92 8.13
200 5.61 8.55 6.97 9.09
250 6.32 9.08 7.23 9.45

P=power (W), p=pressure (torr), kT.= electron temperature (¢V), and
N=ion density (m™ x10'%)
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Figure 3.9 The plots of N; (a) and electron temperature kT, (b) with respect to power
for Ar and N, plasma

3.6 Conclusion

N, and Ar plasmas were obtained under the capacitively coupled single radio
frequency system with 13.56 MHz power supply. All plasma diagnostics were
measured using the double Langmuir probe. Increasing the applied rf power resulted
in an increase in both the electron temperature and ion density. However, increasing
the pressure led to a decrease in both of these features. An increase in the electrode
gap led to a decrease in the electron temperature and ion density due to lower

plasma energy density between the electrodes.
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CHAPTER 4

SYNTHESIS AND CHARACTERIZATION OF FLUORENE THIN FILM
UNDER LOW PRESSURE DC GLOW DISCHARGE AND HIGH CURRENT
PULSED DISCHARGE

4.1 Introduction

n-Conjugated polymers (CPs), such as polyfluorene , polythiophene, polyaniline,
and their derivatives have been widely studied due to their potential applications as
active layers in organic electronic and chemical sensor devices [1-3]. Besides their
intrinsic conductivity, the advantages of CPs are the diversity of structures and
tunability of properties offered through the molecular design. Among these
polymers, fluorene and its derivatives have emerged as the dominant class of
polymers for light-emitting diodes [4-6] and photovoltaic cells [7,8] applications
due to their easy processability, high luminescence efficiency and electronic-

semiconducting properties.

Since the way of producing the organic thin films have a strong influence on the
morphology and molecular structures, the chemical and physical properties of the
synthesized species has to be well characterized. The methods of producing
polymeric thin films could be classified as; wet processing (conventional) method,
such as chemical, electrochemical, spreading, and dry processing method, such as
physical vapor deposition and plasma polymerization. The polyfluorenes produced
by conventional methods are extensively studied and well characterized [9-11]. The
disadvantages of this method are the poor spatially controlled deposition and the
nonhomogeneous films with thickness > 1 um [12]. As a dry processing method, the
plasma polymerization is a solvent-free, room temperature process and can be used
to deposit onto almost any substrate homogeneously with thicknesses ranging from
tens of angstroms to micrometers. In contrast to the conventional methods, it is
difficult to predict the exact chemical structure of a surface deposited via plasma

polymerization technique, because of the reactive species (e.g. radicals, ions, and
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electrons) present in the plasma. Hence, the monomer, the gas phase composition,
reactor pressure, plasma power and the geometry of the reactor strongly affect the

molecular structure and properties of the plasma polymer [13].

Here, we present the synthesis of fluorene thin films by superposing simultaneously
a continuous and pulsed discharge and the characterization of these samples. To the
best of our knowledge, fluorene thin films have been synthesized for the first time
by the plasma polymerization technique. The aims are to study the molecular
structure and the morphology of the polymerized fluorene thin films and to
investigate the influence of the iodine doping on the grown samples. The molecular
structure of the samples was investigated by Fourier transform infrared (FTIR), UV—
visible (UV—vis), and X-ray photoelectron spectrometer (XPS); and the morphology
was studied by X-ray diffractometer (XRD) and scanning electron microscope

(SEM).

4.2 Double Discharge System

The double discharge system is a double discharge pulsed electron beam generator
which consists of a low pressure dc glow discharge and a high current pulsed
discharge. By applying a high voltage pulse to the electrodes during the dc glow
discharge, a filamentary pulsed discharged is generated through the generator. The
details of the double plasma system are given in [14—16]. A part of the system,
shown in Figure 4.1, consists of three cylindrical hollow electrodes K, », A, A, and
two quartz tubes with 100 mm length and 30 mm internal diameter in between them.
The glass substrates are placed at two different regions at the reactor given in Figure
4.1. A high pulsed voltage with a 5 Hz repetition rate was applied to K;, and A,,
while an ordinary low-pressure glow discharge was operating between the hollow
cathode, K;, and A;. A filamentary pulsed discharge with 2 mm diameter forms
along the symmetrical axis of the tube at specific values of current and pressure
[14]. Higher plasma density and energy is established inside the K, » electrode where
the hollow cathode effect (HCE) is observed [17,18]. The HCE provides
vaporization of the powder monomer in argon gas environment without any

processes.
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Figure 4.1 The locations of the fluorene monomer and the substrates at the

experimental set-up

A solution, heated for an hour at 350 °C, made from H,SO,4 (100 mL) and K,Cr,O5
(5 g) was prepared for the cleaning of the glassware and the quartz glass substrates.
The substrates were submerged in the solution for 30 min, and then rinsed with
water, and acetone. After that the samples were dried at room temperature. The
fluorene monomer (C;3H;o) (Alfa Aesar, A Johnson Matthey Company) was used as
purchased. It was in powder form and replaced inside the hollow K, cathode. The
thin films were produced at fixed 2 kV DC and 19 kV pulsed voltages, with a 5 Hz
repetition rate for a 20 min deposition time. The operating pressure was 0.5 mbar.

The analyzed samples thickness was in the order of 500 £+ 10 nm.

For the structural analysis of the deposited films a Bruker IFS 66/s FTIR
spectrophotometer with 4 cm’ spectral resolution and the noise less than 10°AU in
a minute for peak to peak were used. The spectra of the fluorene monomer were
measured by Perkin ElImer ATR-FTIR Spectrum One. The absorption measurements
of the thin films were carried out by the UV-visible spectroscopy (Analytikjena
Specord S600 spectrometer). The XPS analysis was recorded by a Specs EA 200
system; the measurement performed by using 279 W Mg K, X-ray source and
SPECS EA-200 Energy analyzer in a vacuum of 1 x 107’ Pa equipped with a
hemispherical electron analyzer operated with a focusing lens at a spot size of 250
um and at a take-off angle of 90°. The morphology of the thin films was analyzed
with Rigaku Miniflex standard X-ray diffractometer (the excitation source Cu K, A

=1.54 A”) and also with FEI Quanta 400F SEM system.
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4.3 Results and Discussion

4.3.1 Fourier Transform Infrared Spectroscopy

The FTIR spectra of the deposited polymer thin films for two different regions (R1
and R2) were measured in the range of 4000-400 cm™ and the results were shown in
Figure 4.2 and the peak assignment of these spectra was presented in Table 4.1. The
fluorene monomer spectra were also plotted in the same figure. The chemical
structures of the plasma polymer thin films have different features than the ones
produced under the conventional processes, explained in detail in Chapter 2. One of
these features is that the bands of the FTIR spectra of the plasma polymerized thin
films become much broader than the conventional ones due to the existence of
cross-linked and branched structures [13]. The other feature is the fast and easy
reacting of the plasma polymer films with the open atmosphere. Although the
monomer structure does not include oxygen atoms and no any oxygen gas flowing
to the reactor, if the thin films is exposed to the open atmosphere, the oxygen bands
can be easily observed in the structures of the thin films as a result of their reactions
with the radicals present in the atmospheric gases and water vapor [13,19,20]. Since
the high energy coming from the plasma transfers to the monomer during the plasma
polymerization, high levels of monomer fragmentation occur and the bands of the

fragmentation are observed in the FTIR spectra.

From the FTIR results, it could be clearly seen that the bands of the deposited thin
films were really much broader than that of the monomer, as shown in Figure 4.2.
The oxygen existed for both of structures of the thin films deposited in two different
regions. This existence was exhibited with the presence of the bands (a) and (e); the
band (a) refers to the stretching vibrations of OH group, and the strong band (e)
refers to C=0 stretching vibration. Here also it was observed that the weak band (1)

corresponding to C-O strech and/or aromatic, in-plane CH deformation.

The band (b) observed at 3040 cm™ corresponds to the aromatic C-H stretching
which is coming from the aromatic structure of fluorene [21]. The bands (f) and (g)
which were appeared between 1600 and 1450 cm™ refer to the C=C stretching of
aromatic rings and the C=C bond, respectively [22]. The in-plane CH deformation
and the out-of-plane CH deformation were observed in the band (j) from 900 to 745

cm™. The band (n) seen at 670 cm™ corresponds to the C=C out-of-plane ring
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bending vibration [23]. The sequential weak bands were appeared in the region
between 2000 — 1700 cm ™' as well as the overtone bands seen from 900 to 670 cm ™.
These bands showed the presence of substitution at the aromatic ring. Therefore, it
could be suggested that the substitution pattern occurred in the film formation
because of the fragmented compounds during the plasma polymerization. The bands
observed at 2000 — 1700 cm™ and 900 — 670 cm™ reveal that a combination of
mono-, and disubstitution pattern present at the structure, so that the aromatic ring at

the thin film structure could be a monosubstituted or disubstituted [22].

The bands (c) and (d) representing the presence of the methylene (CH,) group,
which is expected from the fluorene structure, correspond to the asymmetric and
symmetric stretching mode of aliphatic C-H, respectively, and the in-plane of C-H
bending of CH, was observed at the band (h).

monomer

Transmittance (a.u.)

T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 4.2 FTIR spectra of the fluorene monomer and the plasma polymerized

fluorene thin films
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Table 4.1 The peak assignments of Figure 4.2

Band Wavenumber(cm™)  Structure
3370 O-H stretching
b 3040 aromatic C-H stretching
c,d 2932, 2875 C-H stretching of aliphatic CH, group
e 1706 C=0 stretching
f,g 1620, 1451 C=C, ring stretching vibration
h 1372 in-plane C-H bending of CH,
1 1260 C-O strech and/or aromatic, in-plane CH
deformation
j 1095 aromatic, in-plane CH deformation
k,1,m 901, 804, 745 aromatic, out-of-plane C-H bending
n 670 C=C out-of-plane ring deformation

4.3.2 UV-visible Spectroscopy

The UV-vis spectra of the fluorene thin films and the monomer were recorded in the
region between 200 and 600 nm, as shown in Figure 4.3. It was observed that the
fluorene thin films represented resemble structures with similar configuration. The
electronically m - w* transition of the fluorene are obtained at the bands around 206,
260, 290, and 300 nm [24,25]. There was a shifting observed in the absorption edges
of the deposited thin films to the higher wavelengths which can be due to the
extension of the conjugation length, represented in Figure 4.3. Also, the maximum
absorption wavelengths (Anay) shifted a few nanometers: 260 to 265 nm and 300 to
305 nm.
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Figure 4.3 The UV-vis spectra of the fluorene monomer and the produced thin films

The UV-vis spectra can be used to calculate the fundamental energy band gap from

the absorption edge. It can be investigated from Tauc relation [26]
(ahv) = A(hv-Ey)", 4.1

where a is the absorption coefficient, 4v is the photon energy, 4 is an energy-
independent constant, E, is the optical energy band gap, and # is a constant which
determines the type of optical transitions. For direct allowed and forbidden transition
n is 1/2 and 3/2, respectively. For indirect allowed and forbidden transition 7 is 2
and 3, respectively. For all the samples, the value of n is investigated from the slope
of the curve of In(ahv) vs In(hv-E,). The value of n is found at around 0.50 + 0.03. It
is revealed that since the density of state function can be approximated to 1/2 here,
the samples have direct optical band gap. Hence, the E, can be obtained now by
plotting (a/v)’ vs hv and extrapolating the linear portion of the plot to (a/hv)’ = 0 as
shown in Figure 4.4. As a result, the E, value of the monomer, the R1 and R2
samples are 3.9, 3.68 and 3.57 eV, respectively. The reproducibility of the samples
of both regions was very high in that for ten different experiments at constant

parameters, the E, values changed in between £0.05 eV.
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Figure 4.4 The dependencies of (chv)” on photon energy of the monomer, R1 and

R2 samples

The iodine doping method [27,28] was used to improve the electrical conductivity of
the deposited thin films. In this method, the iodine increases the hole density of the
films by absorbing on the surface of polymer films and additional band level occurs
in the structure as result of the attraction with the electrons from the orbitals [29,30].
The plasma polymerized fluorene thin films was subjected to iodine vapor for
different time periods: 1, 20, and 28 hours. The normalized UV-vis spectra of the
deposited and iodine doped fluorene thin films of R1 and R2 regions are given in
Figure 4.5 (a) and (b), respectively. The undoped spectra are labeled as (A) and the
doped one for 1, 20, and 28 hours are labeled as (B), (C), and (D), respectively.
After the iodine doping, the light absorption wavelength shifted to higher
wavelength for the spectra of both regions because of the addition of charge carriers
to the structure and a new absorption band existed around 380 nm. This band
corresponded to the fluorene structure which is a weak band prior to subjecting to
iodine doping [31]. The E, of thin films calculated from Tauc relation decreased
with respect to increasing the doping time as shown at Figure 4.5 (c) and (d) for R1

and R2, respectively. The E, values of this decrease are given in Table 4.2.
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Figure 4.5 The normalized UV-vis spectra of iodine doped fluorene thin films for
(a) region R1 and (b) region R2; and the (ahv)® versus photon energy plot of (c) R1
and (d) R2 samples where the undoped samples labeled as (A), the doped one for 1
hour (B), 20 hours (C), and 28 hours (D)

Table 4.2 The E, values of iodine doped fluorene samples

Doping time (hour) R1 R2
(eV) (eV)
0 (undoped) 3.68 3.57
1 2.79 2.93
20 2.42 2.79
28 2.39 2.76

4.3.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) has been known as one of the most useful
analysis tools for investigating the atomic composition, the chemical state of the

elements and their chemical environments. Survey spectra were acquired from 0 to
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1100 eV with a step size of 0.5 eV. The XPS survey spectrum of the fluorene thin
films is given in Figure 4.6 where the spectra reflects the carbon (from core level C
Is), and oxygen (O 1s) composition on the surface of the thin films. The observation
of O, fairly low concentration from that of the C (given in Figure 4.6), is consistent
with the FTIR results. At the inset of Figure 4.6, the enlarged C 1s and O 1s peaks
demonstrate that the binding energies shift to a lower value at R2 region. It indicates
that the conjugation length is higher at the R2 sample which is in agreement with

UV-vis result where the E, value is lower than that of the R1 sample [32,33].
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Figure 4.6 XPS surveys for fluorene thin films. Inset shows the enlarged C 1s and O
Is peaks
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To identify the presence and the contributions of the different bonds to the overall
spectrum, the peak fit of the C 1s core level for the two regions is deconvoluted (see
Figure 4.7). In the peak fits, Gaussian to Lorentzian ratio (G/L) of individual peaks
were kept equal and taken as 1.0 for the plasma polymers [34]. The full width at half
maximum (FWHM) of the peaks were 1.8 eV except the FWHM of 283.6 eV peak’s
at at R1 and R2 was taken as 1.5 and 1.9 eV, respectively [19]. The assigned
binding energies (BE) of the peaks having the same value (+ 0.1 eV) for the two
regions is taken with respect to the database of the polymeric compounds [33]. The
results of the peak fitting are given in Table 4.3. Theoretically, the ratio of the peak
of 284.7 eV to 283.6 eV one at the benzene ring of polyfluorene is 2:1. However, the
synthesized thin films in both regions violate this ratio and the relative area of —CH,
is higher than the expected theoretical one. These results are in agreement with the
FTIR spectra in that substitution of the fluorene exists at the structure of the thin

films.
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Table 4.3 Peak assignments and areas of C 1s component of plasma polymerized

fluorene thin films

BE (eV) Group Relative Area (%)
R1 R2
C
283.6 | 21.2 33.6
c-C=
H
284.7 | 46.0 38.4
C-C=
285.4 -CH, 20.1 21.6
286.3 C-O (OH, C-0-0) 9.3 4.2
287.6 Cc=0 3.4 2.4

4.3.4 X-ray Diffraction

The morphology of a conjugated polymer synthesized by conventional techniques
can vary from completely amorphous to some fractional crystallinity. Besides of this
issue, due to the fragmentation occurred during plasma polymerization process, it is
expected that the crystallinity to decrease with respect to that of the conventional
one. The spectra given in Figure 8 were recorded at room temperature, under a scan
step rate of 0.2° per 12 s in the scattering angle range (20) from 0° to 80°. Since the
peak observed at 20, 22.9 is too broad and the ratio of the half-height width to
diffraction angle (A26/20) is greater than 0.35, the fluorene thin films are mostly
amorphous [35]. The semi-conducting amorphous solids, where no long-range order
exists, only direct optical transitions are meaningful which is in agreement with the

results revealed from the UV-vis spectra.
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Figure 4.8 X-ray diffraction spectra of the fluorene thin films

4.3.5 Scanning Electron Microscope

The morphology of the fluorene thin films was also investigated by SEM system
(Figure 4.9). There are significant differences in morphology among the two films,
in that a smoother surface is obtained at R1 and they have granular structures with
decreasing size towards region R2. And, the shape of the grains changes from
spheroid to an irregular one at R2. It can be described as when the temperature of
the plasma is high enough the hollow cathode effect is observed close to R1 region,
any irregular features of the gas phase-borne nano assemblies often disappear as a
result of coagulation and spheroidization effects [36]. The agglomeration of nano
sized particulates which leads to an irragular surface at R2 is an indication of a gas

phase dominated plasma polymerization.
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Figure 4.9 SEM images of the plasma polymerized fluorene thin films at (a) R1 and
(b) R2

4.4 Conclusion

We presented the characterizations of the plasma polymerized fluorene thin films
synthesized by double discharges system on silicon wafer and glass substrates at
different locations in the reactor. The FTIR, the UV-visible and XPS spectra reflect
the fluorene structure and the substitution pattern formation at the produced thin
films. The XRD and UV-vis results revealed that the produced samples are
amorphous and the optical energy band gap values of the deposited and iodine
doped samples would have potential applications at semiconductor devices. And, it

is essential to study the optimum doping time where it is necessary.
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CHAPTER 5

SYNTHESIS AND CHARACTERIZATION OF FLUORENE-TYPE THIN
FILM UNDER BIPHENYL/ METHANE AND BIPHENYL/ ETHYLENE RF
PLASMA ENVIRONMENT

5.1 Introduction

Fluorene and its derivatives have attracted appreciable attention in m-conjugated
organic materials due to their excellent physical and chemical properties [1-5].
Their stable and highly blue light-emitting property makes them suitable for organic
light emitting diodes (OLEDs) [6—10]. They are very attractive materials with good
charge mobility [11] and facility of construction ultrathin layers [12] for
photovoltaic applications [13,14]. The flexible behavior of backbone structure of the
fluorene makes it possible to obtain almost the entire visible colors range with high
efficiency for devices with fluorene derivatives [15—17]. In the deposition methods,
producing thin films via plasma is a very influential way to improve the chemical
and physical properties of the films with the various plasma species, such as
electrons, ions, and radicals, etc [18-24]. The properties of the generated film
depend on the kinetic energy of the ions [25,26]. Therefore the positive ion
bombardment plays a significant role in determining the film quality, stoichiometry,
topography, re-emission coefficient, and deposition rate [27-32]. The surface of the
substrate can be bombarded with the positive ions by applying a negative bias
voltage between the substrate holder and the grounded reactor. Thus, ions exchange
higher energy with atoms on the surface, which causes an increase in the average
energy of these atoms [26]. The fluency of the ions provides an easier electrical
controllability of chemical pathway. In our study, the biphenyl, which is accepted a
possible source of aromatic rings [23,33,34], was separately combined with methane
and ethylene to produce the fluorene-type thin films from the plasma of these

mixtures, and they were investigated by AFM, UV-visible spectroscopy,
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ellipsometry, XRD and conductivity after doping with iodine. Plasma environment

was characterized for chemical composition by residual gas analysis (RGA).

5.2 Experimental Details

Figure 5.1 Scheme of plasma reactor: 1, heater; 2, container of biphenyl; 3, shut-off
valve of biphenyl; 4, purge valve; 5, upper electrode; 6, 13.56 MHz RF power
generator with matching network; 7, CHs or C;Hs gas cylinder; 8, mass flow
controller; 9, negative DC power supply; 10, bottom electrode (grounded); 11,
holder for samples; 12, Baratron type capacitance manometer; 13, valve; 14,
mechanical vacuum pump; 15, RGA mass spectrometer; 16, insulator

The system is a stainless-steel vacuum chamber with two parallel electrodes; upper
one isolated connected to 13.56 MHz rf power and the chamber is grounded (Figure
5.1). The substrates are placed on a holder with negative bias voltage. Solid biphenyl
(purchased from Sigma-Aldrich Company, Milwaukee WI), melting at 69°C, was
introduced into heated reservoir and degased down to base pressure of the
installation before heating the device. When the biphenyl became volatile enough
(reservoir thermostated at 130°C), vapors were mixed with methane or ethylene and
introduced in the chamber; the total pressure was controlled at 200 mTorr with a
MKS butterfly valve. Plasma discharge was activated and the negative potential,
between the holder and chamber, was applied simultaneously. The deposition time

was 20 minutes for each sample.

Plasma experiments have been conducted using a design of experiments (20

experiments set, Design-Expert 8 software) with independent parameters: RF power
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(70 - 250 W), CH4 or C,H4 flow rate (0 — 7 sccm) and negative bias voltage (-120 —
0 V). The volatile compounds from vacuum environment were recorded at the
exhaust of the chamber by residual gas analysis (RGA) mass spectrometer using a
Spectra Products, MKS (Wilmington, MA) instrument with a 200 amu Vac-Check
analyzer and 1E-09 scanning range. The nanostructual and nanomechanical
properties of the surface of the deposited films were investigated by Atomic Force
Microscope (AFM) (Pico Scan, Molecular Imaging Inc. Tempe, AZ) in contact
mode with silicon nitride nanoprobe for scanning area of 6x6 um?”. The thickness of
the thin films was measured through ellipsometry using an VASE Instruments (J.A.
Woollam Co., Inc.). The transmittance spectra were recorded by UV-visible
spectroscopy, ASEQ Instruments, LR1 compact spectrometer; with a range of 200-
1200nm; resolution <5nm, and with DT-MINI-2 Deuterium Tungsten Halogen
Lamp (Ocean Optics). The thin films were doped by lodine (I,) for different time
periods inside a vacuum desiccator, and the changes after doping were investigated
by UV-visible spectroscopy. Structural orderings of the thin films were studied by a
Rigaku Miniflex standard X-ray diffractometer (Cu K, A = 1.54 A").

5.3 Results and Discussion

5.3.1 Fabrication Under Biphenyl/ Methane RF Plasma Environment

5.3.1.1 RGA Mass Spectrometer

In plasma, both of the excited biphenyl and methane start to dissociate their
fragments after transferring sufficient energy from the inelastic collisions. The
molecule of methane, since it has one carbon atom in its structure, behaves more
active inside the plasma. In addition, methane consumes more energy during the
fragmentation and formation of a bigger molecule structure. Reaction 5.1 shows the
primary fragmentation of the methane and some stable molecules generated from
reactions of the methane with methylene radicals [35]. In the methane discharge at

low pressure, the amount of ‘CHj is observed at much higher level than ‘CH, [36].
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CHy+H + ¢

A

methane CHy + Hy+ ¢

CH, + e

CHy, 4 CH; —= H3;C—CHj
ethane

HsC—CHs+ € —= H,C=CH, + Ho+ €
ethylene

(Reaction 5.1)

The molecule of biphenyl is an aromatic hydrocarbon consisting of two benzene
rings connected by a C-C bond. The aromatic hydrocarbons are more stable and
usually need high energies for aromatic ring cleavage. Since m-clectrons are
delocalized and easier to move than a c-electron, in the aromatic compounds the
ionization generally takes place in the m-electron system [37]. When the biphenyl is
exposed to plasma discharge, the first break is expected at the C-C bond between
two benzene rings and then, when the fragmentation starts for a ring, two carbon
atoms are simultaneously separated [38] and dissociations of H-atoms from benzene

rings follow this division.
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Consequently, during methane / biphenyl plasma discharge it was expected to see an
increase in the amount of CoH," (m/z 28) and C,Hs" (m/z 29) ions, and also C.H,",
C;H;" from aromatic compounds. After the dissociation, the fragments continued to
interact with electrons, ions and free radicals inside plasma, which made them
activated. These active fragments started to recombine and formed new compounds
and fragments in a short time. When the molecule of fluorene was generated from
the mixture of biphenyl and methane, the Reaction 5.2 could be suggested.
However, since energy density in the plasma was relatively high, besides this
mechanism, various other chemical pathways were possible. Figure 5.2 showed the
number of molecules before and during plasma discharge; possible compounds were

listed on Table 5.1.

(Reaction 5.2)

c C— —c C— CH,
7 N\ {
CH,

/S N/ N\ /T

The generations of hydrocarbons from the RGA spectrometry, such as alkanes,
alkenes and alkynes, could be clearly seen by the recombination. The mass 44
showed the formation of propane and its fragments were represented by the masses
of 40(C3Hy), 41(C3Hs"), 42(C3Hg') and 43(C3H;"). The fragments of butane, C4Hjj,
were indicated by the masses of 53(C4Hs"), 54(C4Hs™), 55(C4H; "), 56(C4Hg™) and
57(C4H9+). We should emphasize that propyl ion C;H;" and butyl ion CsHy" showed
important stabilities in the branched structures. There were also the fragments of
pentane, CsHj,, such as masses 65, 66, 67, 68, 69 and 70 with the formulas CsHg '™,
CsHs", CsH;", CsHs, CsHo™ and, respectively, CsHjo. The ions of Ce¢Ho" and C¢H,o"
at 81 and 82 mass were also present in mass spectra and showed the presence of
hexane. Similar fragments could include double or triple bonds and also cyclic
structures. In plasma depositions, the macromolecular compounds were generally
prone to have crosslinking and branched structures [39]. Branched structures were

significantly different from linear structures with their tendency of fragmentation at
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the branches; the loss of a methyl group (-CH3;) was also common in branched

compounds [37,38,40,41].

Table 5.1 The list of the compounds seen from RGA spectrometry

Mass Chemical Formula Ref. Mass  Chemical Structure  Formula Ref.
Structure
40 HC=  GH, [3842] 67 HG CsH,',  [38,42]
CH \—\\—CH; (:41—130Jr
HC+\
\—\\\—OH
41 HC—=\ C;H; [38,42] 68 "\ CsHy,  [38,42]
CH; ‘\—\CHZ’ C4H4O+Jr
HCZ"
\—\\\—OH
42 HeC—\ C;H" [38,42] 69 H,C* CsHy',  [38,42]
cH’ MCH C,HO"
3
H,C'
N\
43 HC—\ | C,H," [38,42] 70 HaC \ CsHip,  [38,42]
CH, _\—\ C,HsO
CH,
HZC\
N\
44 HiC—\ C:Hs,  [3842] 81 MO\ CeHo',  [38.42]
O, CO, KCH CsH;0"
o—=—=0 ) >
C=—
KOH
53 MO CHS o [3842] 82 H,C" CeHio',  [38.42]
K CsHO
*CHZ’
HC=
KOH
54 H3C\%\CH2* C,H; [42] 91 CH; CH,  [3842]

-
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Table 5.1 (continued)

55 T CH,", [38,42] 92 CHs CHs  [38,42]
. * CGH;0°
H,C
56 MO~ CHs" [38,42] 103 _cH’ CgH,”  [3841,
42]
57 H3C\/\CH* C4H" [38,42] 104 cH? CsHg™" [38,41,
2 42]
65 MG CsHs"  [38,42] 105 Lo o0 GHy', o [3841,
xw C;Hs0 42]
+
66 HsC CsHg" [42] 106 C,H(O
+

+
: CH-OH

Spectra showed at m/z 91 the stable tropylium ion, CsH;", and also the ion C;Hg" at

m/z 92 produced by rearrangements. These ions could be formed by the combination

of benzene with methyl group and their abundance was important for the fluorene

mechanism; the existence of these fragments with higher intensity was in a direct

relation with the forming of fluorene thin film. Reaction 5.3 showed the possible

mechanism of these fragments during the formation of the fluorene and derivatives.

The presence of methyl benzyl (m/z 105, CgHo'), as well as dehydrogenation
products of m/z 104 and 103, CgHg"" and CgH; [38,41], could be corresponded to

the generation of fluorene derivatives.
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(Reaction 5.3)

When the plasma macromolecular compounds were exposed to the open air, they
reacted with the oxygen and water vapor [43] due to trapped free radicals. Also
contamination of plasma environment with air and moisture by leaks or absorbed /
absorbed compounds could produce oxygen derivatives. Therefore, it was generally
possible to see oxygen in the plasma polymers. These components could be occurred
by directly combining the hydroxyl group to fragments of the biphenyl and the
methane. The mass 44 corresponded to CO,, but also referred to propane and,
because of presence of its fragments in the spectra it could be considered that
propane had higher probability. We could consider other masses such as 55, 67, 68,
69 and 70 belonging to C;H;0", C4H;0", C4H,0™", C4HsO" and, respectively,
C4H0O; the presence of fragments of butane and pentane suggested hydro carbonate
structures. The other masses that could indicate presence of oxygen were CsHsO"
and CsHsO with masses of 81 and, respectively, 82. In addition, although their
intensities were low, there were some peaks showing derivatives of fluorene with
carboxyl and hydroxyl group; these peaks were at m/z 105 and m/z 106 with
structure of C;HsO" and C;H¢O".
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m/z 105 m/z 182

(Reaction 5.4)

We expected to obtain the fluorene-type thin films when corresponding fragments
have higher intensities. Therefore, the ratios of the mass intensities during and
before plasma discharge for all experiments were calculated and analyzed
numerically using Design Expert software. The regressions were fitted to remove the
hierarchically inferior terms by analysis of variance (ANOVA) and the equations

arc:

ratioof 91 = 7.072 + 0.071003V + 6.9014f — 0.0257P
ratio of 92 = 0.163 + 0.00075V — 0.0064f — 0.0014P — 0.000005VP + 0.000004P% (5.1)

Where V is the bias voltage, f is the CHy4 flow rate and P is the power of the plasma
discharge. Figure 5.3 showed that ions 91 and 92 give the highest intensities at

higher plasma power, bias voltages and CH4 flow rates.
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Figure 5.3 Design Expert diagrams for intensity ratios of C;H;" (91) and C;Hg" (92)

ions

5.3.1.2 UV-visible Spectroscopy

The optical properties of the thin films were investigated via UV spectroscopy and
the results were indicated in Table 5.2. Since the energies, needed for transitions of
the n or m electrons to the w* excited state, are equivalent to the absorption bands
into the ultraviolet-visible region (200 to 700 nm), the applications of absorption
spectroscopy to organic compounds are generally based on these transitions. The
absorbance peaks of our thin films are attributed to m — m* excitation and the ©

orbitals play the most important role on the energy band gap for the most amorphous
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C:H materials. The band transitions of fluorene are generally presented at peaks of

206, 260, 290, and 300 nm [44,45].

The light absorbed by thin film gives the peaks at different wavelengths due to
material structures. In this work, it was investigated how the light absorption peak
shifts according to plasma parameters. Increasing the ability of conjugation of the
structure caused a shifting in the maximum absorption wavelength to higher values.
The UV spectra of biphenyl and methane plasma deposited layers showed changes
between 292.3 and 303.9 nm.
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—e— undoped
—c— |, doped, 22 h

—= |, doped, 47 h |
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|

40 |-

300 350 400 450 500
Wavelength (nm)

Figure 5.4 Transmittance of thin films undoped and doped with iodine for 22 hours,

47 hours, and 72 hours

When the absorption coefficient a refers to high absorption region, where is
a > 10* cm™, a relation about the optical energy band gap was defined by Tauc

[46,47].
ahv = B(hv — E;)" (5.2)

Where hv is the photon energy, B is an energy-independent constant, and E, is the
optical energy band gap and n is a variable depending on transition; 1/2 and 2
correspond to direct and, respectively, indirect allowed transition, 3/2 and 3

correspond to direct and, respectively, indirect forbidden transition. To find this

88



variable, we need to redefine the Equation (5.2) to obtain the Equation (5.3) and to

plot din(ahv) versus hv.

din(ahv) n
hv ~ (hv—Eg) (-3)

From the graph of dln(ahv) versus hv (Figure 5.5), the peak gave the approximate
value of the energy band gap [48] and by using this value on the whole experiment
data, we could plot a linear regression of In(ahv) and In(hv — Ej); the slope gave
the n value of 0.504 + 0.002, supporting a direct allowed band transition. To obtain
the energy band gap (E,), extrapolation of the (ahv)? vs hv was taken for
(ahv)? = 0 and the value was read from the point of intersection. The Egvalues of

all experiments were found by this method and the results indicate values between

3.15 and 3.54 eV (Table 5.2).
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Figure 5.5 Plots of dIn(ahv)/dhv versus hv and In(ahv) versus In(hv — Ej) (inset

figure)
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Figure 5.6 Plots of (othv)? versus photon energy hv and E, versus doping time (inset

figure) of undoped and doped thin films

The light absorption wavelength exhibited the maximum shifting at the high power
and bias voltage values and it could be asserted that the conjugation ability of the
structure formed in plasma was more effective at these parameters. The result of the
ANOVA analysis gave the Equation (5.4) and a result of the experiment done by
using suggested optimal parameters, the peak wavelength was 323 nm and the

energy band gap was 3.23 eV.
wavelength(1) = 295.2704 — 0.01261V — 0.48054f + 0.02382P 5.4

The films were exposed to iodine (I) for different time periods: 22, 47, and 72
hours. The samples were placed on a grid into a desiccator and the iodine was placed
at the bottom of the desiccator; during the doping process, the desiccator was kept
under vacuum. By this method, the light absorption wavelength was shifted as
shown in Figure 5.4. The energy band gap of the thin films decreased by the iodine
doping process and the values obtained from the graph of (cthv)® and hv are 2.99,
2.92 and 2.87 for 22, 47 and, respectively, 72 hours.
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Table 5.2 List of the results according to independent parameters

Z
o

v f P 1 E t T R, Rk, d
(Volt) (scem) (W) (nm) (V) (au) A) (A) A) (nm)

-24 142 106 298.6 3.23 034718 1666.0 803.7 686.5 363.1 4.388
-120 350 160 296.0 3.23 0.27907 15453 1380.5 11839 711.8 0.666
-24 558 213 297.6 3.17 0.22645 1654.7 11733 1012.8 470.5 2.416
-60 7.00 160 296.0 3.42 0.44491 16854 10558 9003 451.6 3.277
350 160 297.6 3.42 036559 1669.1 862.6 738.5 3649 2.805
-60 350 160 298.1 336 036634 16779 11182 956.8 4679 1416
0 350 160 2939 339 0.38923 16504 19814 17004 785.0 3.833
-60 3.50 70 2923 3.52 057135 16319 2051.7 17584 867.0 3.333
-60 350 250 298.6 3.25 0.24076 14229 12495 10684 518.0 2.694

O 00 3 N L bW~
1
D
[«

10 -95 142 213 3013 3.15 036688 17244 788.8 5874 11162 0.972
11 -95 5.58 213 298.1 3.37 0.25937 1709.6 1093.7 9444 4225 0.555
12 -24 558 106 296.0 3.54 0.58563 1621.8 992.6 8543 4420 0.444
13 -24 142 213 3039 3.16 035576 17253 966.7 8344 378.8 1.166
14 -60 350 160 297.6 3.46 041157 16428 279.8 233.7 2422 3.638
15 -60 0.60 160 297.6 3.27 047091 16275 14364 1241.4 5434 0.194
16 -60 350 160 298.6 338 0.32866 16009 1253.6 1083.7 492.1 4.277
17 -95 142 106 299.2 334 049257 1575.8 10253 886.0 466.6 0.250
18 -60 350 160 301.3 338 033794 16402 963.6 829.8 4044 5.333
19 -60 350 160 299.7 336 035813 1616.8 11463 987.2 462.0 2.861
20 -95 5.58 106 300.2 340 036359 1736.0 763.1 551.1 15246 0.472

5.3.1.3 Thickness and Transmittance Measurements

The ellipsometry was used for measurement of film thickness (T) and the results
were correlated with the transmittance (t); if the thickness is increasing, the
transmittance decreases. The thickness had a complex response surface increasing
by either raising or reducing the CH4 flow rate and the bias voltage (red areas)
(Figure 5.7). When the power was kept at low values, the thickness increased at
higher values of flow rate and if the power was increased, the high thickness values
were measured at lower and higher negative bias voltage values. It could be
suggested that the reason of this variability was the behavior of methane and
complicated reactions in plasma. The values of power, CHs flow rate, and the
negative bias voltage parameters should be higher to obtain the lower transmittance

and higher thickness. The predicted optimum parameters, shown on Table 5.3,
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produced the films with thickness of 1690.2+16.4 A with angle of 68.042+0.195 and

the transmittance of 0.145358. The quadratic equation for thickness and the

regression for transmittance were the following:

T = 1609.8 + 31.3V + 9.4f — 62.1P — 32.5Vf — 25.2fP + 16.5f? + 89V2P — 41V P? + 50V 2f?

t = 0.4106 — 0.0003V + 0.091f — 0.0007P + 0.0006Vf — 0.000007VP — 0.0004fP

Table 5.3 The optimal parameters with respect to Design Expert analysis

V (V) f(sccm) P (W)
-95 1.42 213 A (nm)
323.95
-95 5.58 213 T (A) t(a.u.)
1690.2 0.145358
-24 3.46 106 R, (A) R, (A) R, (nm)
948.3 736.7 1158.7
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Figure 5.7 The diagrams for thickness and transmittance of the thin films

5.3.1.4 Atomic Force Microscope

The nanotopographical properties of the deposited films were analyzed by Atomic

Force Microscope (AFM). The experimental findings of the standard deviation, R4

(rms roughness), the mean absolute deviation, R, (ave roughness) and the maximum

peak to valley, R, (Rp-v) were presented in Table 5.2 with respect to the

independent parameters. The average roughness R, gives information about the

relation between the surface and the center plane, and it is given by equating the

volumes enclosed by the image of the surface above and below the plane, and it is

determined as
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1 Ly (L
Ra = 1" ) If (e y)ldxdy (5.6)

Where f(x, y) is the surface relative to the center plane, and L, and L, are the
dimensions of the surface. The root mean square roughness R is related with the
standard deviation of the Z values, meaning the difference between the highest and

lowest points within the sample area, and the Ry is calculated as

Z(Zi_zav )2

Where Z; is the current value, Z,,, 1s the average of the Z values, and N is the
number of points within the given area. The maximum peak to valley R, is the
maximum observed range in the area of a substrate and describes the distance

between the highest peak Z,,, and lowest valley Z,,,, and it is calculated as
R, = Zimin — Zmax (5.8)

When the surface of the film is rather rough, peaks and valleys are clearly seen. The
changes in average roughness and root mean square (rms) roughness give us
information about the statistical variation of the height of points onto the film
surfaces for all samples [49]. The surfaces can be compared in terms of these
roughness parameters and when their values are close to each other the surface is

found more uniform or points onto the surface has the same roughness for all area.
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Figure 5.8 The images of ANOVA analysis for the rms roughness, the average

roughness, the maximum peak to valley, and the density of nanostructures
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Figure 5.8 (continued)

According to images of the design expert (Figure 5.8), the rms roughness, ave
roughness and max peak to valley showed high values at lower power (red areas)

and the CHy flow rate in 1.50 - 5.50 range. Increasing the negative bias voltage

caused the low rms and ave roughness values while high values were obtained for

max peak to valley. The quadratic equations of the rms and ave roughness and of the

max peak to valley were fitted by ANOVA to the equations presented below.
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R, = 1138 + 93V — 15f — 239P + 44Vf + 31VP + 73fP + 192V + 181P? + 293f2P —
560V 2f2

R, = 1599 + 1.2V — 145f — 1.4P — 1.4Vf + 0.1VP + 0.8fP + 0.001V2P — 0.002V2f2 (5.9)
R, = 1775+ 27V — 152f — 12P — 6Vf — 0.1VP + fP + 0.1V2 + 0.02P2 + 0.04VfP — 0.1V 2

Maximizing these three terms of roughness, we got the parameters presented on the
Table 5.3 (0.633 desirability). In AFM images, it was clear that the surfaces of thin
films were not uniform and on the surface there were some peaks arisen from the
structure of the films. The thin films were able to catch the light due to the presence
of peaks and this property made the polymer thin films suitable for photo voltaic
applications. The surface of thin film was exposed to various changes during the
glow discharge because of impacts of the various ions, radicals, electrons, and
molecules in plasma. The surface roughness of the thin films also depended on the
nature of macromolecular compound and stability of the molecular structures.
Therefore, reactivity of the fragments of the methane for reactions with biphenyl

could be more effective on the surface.
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Figure 5.9 (continued)

The nanostructured film surfaces indicated significant differences with the variable
applied negative bias voltage to substrate, as shown in Figure 5.9. It could be
asserted that increasing the negative voltage led to an increase in the amount and
sharpness of the peaks on the surface. In addition, the surface of deposited film was
charged during the plasma discharge and this charging affected the formation of the
peaks on the surface. The value of max peak to valley supported the assumption that
negative bias voltage was raising the peaks on the surface. We reported the highest
peaks at the negative voltage of -120 V and the surfaces exhibited higher peaks at
lower power value and at higher flow rate value while we were increasing the
voltage. The density (d), defined as a ratio of number of peaks to area of the surface,
showed differences with respect to parameters. It gave the high values at lower
power values and at high flow rate values; the max density was seen at lower

voltage values, presented in Figure 5.8.
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5.3.1.5 X-ray Diffraction Analysis

Intensity (a.u.)

15 20 25 30 35 40 45
20

Figure 5.10 XRD pattern of the thin film

The XRD spectrum, recorded in the reflection mode at 30kV and 15mA with a
scanning rate of 0.05° per 2s at room temperature (Figure 5.10). The crystallinity of
the thin films was expected to decrease due to fragmentation generated inside the
plasma. The ordering within the layer planes led to form a broad peak region starting
at 20=16" and ending at 26=29°. This region included two nested peaks at 26=21.4°
and at 26=27.7°. According to Yamamoto [50] a peak at about 20=23-25° was
assigned to face-to-face distance in the n-n stacked molecular chains. Therefore, the
peak of 21.4° could be caused by n-m stacking provided by the molecular chains of
fluorene [51,52] or biphenyl [53]. The diffraction at 27.7° could come from the
biphenyl substituents [53,54]. There were also two peaks with less intensity at
20=33.2° and 26=39.1°. These disordered and weak diffraction peaks showed that

the thin film had a rather amorphous structure.
5.3.2 Fabrication Under Biphenyl/ Ethylene RF Plasma Environment

5.3.2.1 RGA Mass Spectrometer

Both of the excited biphenyl and ethylene dissociate their fragments after
transferring sufficient energy from the inelastic collisions. Since the ethylene has
two carbon atoms with double bond structure, it shows stability with the biphenyl

inside the plasma and when it is fragmented, it is prone to form bigger molecules.
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Since the aromatic hydrocarbons are more stable and they need high energies to
cleavage the aromatic ring, the first break for molecule of biphenyl is expected at the
C-C bond between two benzene rings and then, two carbon atoms are
simultaneously separated from the rings [38] and dissociations of H-atoms follow
this division. By the recombination of the fragments hydrocarbons were generated
after plasma, such as alkanes, alkenes and alkynes. The compounds could have a
structure including double or triple bonds and also it could be in cycle form. These
compounds were explained in section 5.3.1.1 and they were listed in Table 5.1. The
whole results of spectra for before and after plasma discharge were presented in
Figure 5.11. In plasma polymerization, the polymers generally tend to have
crosslinking and branched structures. Therefore, with more probability the generated
compounds have branched structures instead of linear and branched structures are

significantly different from linear structures with their tendency of rupturing the

bond at the branches [37,38,40,41].
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(Y roe— (" 2

m/z77 m/z14 m/z 91 m/z 166
protonated @/ “
m/z 92 m/z 168
CH,
m/z 91 m/z 14 m/z 105 m/z 180
CH,
.
CH o
H CH, X
m/z 104 m/z 179
CH,
+ N
-H, “XCH O
=
m/z 103 m/z178

(Reaction 5.5)

In the reactions of biphenyl and ethylene, we focused on the ions of C;H;  and
C;Hg'", at 91 and 92 respectively. They played more important role on synthesis
molecule of fluorene and also the ion of Ci3H;," at mass of 168 represented the
presence of derivatives. However, due the reactions in plasma were very
complicated, we also obtained many compounds not related with the fluorene. The
higher intensity of these points increased the probability of forming fluorene and its
derivatives in these complicated reactions. From the Reaction 5.5, it could be seen
that the role of these ions. It should be also emphasized that when the plasma
polymers were exposed to the open air, they reacted with the oxygen and water
vapor [43]. Therefore, it was possible to see the components occurred by directly
combining the hydroxyl groups to the fragments. Since the oxygen atom was very
reactive to connect with any ions or radicals in plasma, the intensities of these
components should be kept at the lowest values. In addition, to raise the probability
of formation bigger components, the small fragments of hydrocarbons should be
also taken lowest values. Here, the most important role belonged to the ions of
C7H7+, C-Hs" and Ci3Hy,", so the highest intensity of these ions should provide an
atmosphere enhancing chance of forming the fluorene polymer thin film correctly.
Therefore, the ratios of the mass intensities after to before plasma discharge for all

experimental data were calculated and analyzed numerically by Design Expert
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software. The images (Figure 5.12) showed the interaction between ratios of these
three ions and independent plasma parameters. To obtain high intensity ratio for
these ions, it should be chosen the lower values of power, negative voltage and C,Hy
flow rate. The models of the results for the intensities were fitted by the analysis of

variance (ANOVA) and the modified equations are presented below.

ratio of 91 = 46.8 — 0.94V + 8.6f — 0.04P + 0.038fP — 0.014V2 — 3.3f% — 0.0009VfP +
0.00002V2P

ratio of 92 = —31.8 + 1.9V + 95.7f — 0.4P + 0.52Vf — 0.019VP — 0.33fP

ratio of 168 = (1.96E — 10) + (2.78E — 12)V — (2.5E — 11)f — (3E — 13)P — (3.7E —
13)Vf + (9.9E — 15)V2 (5.10)

Where V is the negative voltage, f is the C,H4 flow rate and P is the power of the
plasma discharge. After the analysis, the suggested optimal parameters were found -

36 V for voltage, 1.96 sccm for flow rate and 106 W for power.
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Figure 5.12 The images of Design Expert for intensity ratios of C-H,", C;Hg' and
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Figure 5.12 (continued)

5.3.2.2 UV-visible Spectroscopy

The absorption wavelength of the thin films was determined by UV spectroscopy
and the results were listed in Table 5.4. The absorption wavelength for all
experiments gave a change between 296.5 and 301.8 nm because of the structure of
the compounds. The structure is determined by the fragments combining the main
chain during the plasma discharge and this leads the maximum light wavelength to
shift and increase the ability of conjugation. The n-m transition depends on the
conjugation length and, thus, increasing the conjugation property is helpful to
improve the optical and electronic properties of the thin film [9]. The optical energy

band gap was determined by Tauc relation [46,47], which expressed in detail in
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section 5.3.1.2. The generated polymer thin film exhibited a direct allowed transition

and the Eg results indicated differences between 3.08 and 3.48 eV.

100 T T T T

% Transmittance
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—— I2 doped, 47 h |

—&— | doped, 79 h |
—— I2 doped, 117 h
X j

20 |-

Ll 1 1 1
300 350 400 450 500 550
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Figure 5.13 Transmittance % of thin films undoped and doped by iodine for 47

hours, 79 hours, and 117 hours

O undoped
<> 47 hours
/A 79hours
O 117 hours

-
o
T

(a.i"n,')2 (em’evy’ x 10"
[4]
T

2.5

Figure 5.14 Plots of (ahv)” versus photon energy hv of undoped and doped thin films

The surfaces of the films were doped by iodine (I,) for different time periods of 47,
79, and 117 hours. After the doping process, the light absorption wavelength was
shifted and this led to a broadened absorption shown in Figure 5.13, and the energy
band gap of the thin films decreased, presented in Figure 5.14. The values were

found 3.23, 3.00, 2.93 and 2.85 for undoped, 47, 79 and 117 hours, respectively. The
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ANOVA analysis of results of the UV spectra was defined by the Equation 5.11.
With respect to this equation, the suggested parameters corresponded to high values

of power and negative bias voltage as well as low value of C,Hy flow rate.

wavelength(1) = 294.54 — 0.02167V — 0.2166f + 0.02218P (5.11)

Table 5.4 List of the results according to independent parameters

No V f P % E T T R, R, R, d
(Volt) (sccm) (W) (nm) (eV) (a.u) (A) (A) A) (nm)
1 -24 1.42 106 297.1 3.28 0.32932 1850.9 772.1 561.1 1140.3  3.36
2 -120 3.50 160 301.3 3.27 0.17539 1766.7 905.0 6484 13454  1.55
3 -24 5.58 213 298.1 3.33 0.14707 1798.6 810.6 607.0 11094  1.58
4 -60 7.00 160 296.5 3.43 0.17877 1804.6 864.5 555.1 13494 222
5 -60 3.50 160 297.1 3.38 0.26436 1756.7 801.8 597.7 1099.1 2.25
6 -60 3.50 160 298.6 3.32 0.24399 17704 837.8 6429 1087.8 3.5
7 0 3.50 160 296.5 3.37 0.29881 1774.6 731.8 513.6 1126.2 4.41
8 -60 3.50 70 296.5 3.40 0.39991 1778.8 738.1 530.1 1101.7 4.08
9 -60 350 250 298.4 324 0.13786 18699 8123 612.6 1098.8  4.38
10 -95 1.42 213 301.8 3.08 0.26284 16849 701.8 489.7 1100.3  0.19
11 -95 5.58 213 301.8 3.29 0.09849 1760.2 739.5 529.2 11143  2.69
12 -24 5.58 106 298.6 3.43 030352 1771.1 858.0 458.6 1584.6  2.25
13 -24 1.42 213 301.3 3.13 0.23807 1793.2 786.8 580.9 1106.0 1.94
14 -60 3.50 160 301.8 3.29 0.16534 18214 604.7 289.5 1206.7  2.25
15 -60 0.60 160 298.6 3.17 0.20145 1750.2 731.0 521.8 11079 3.52
16 -60 3.50 160 297.3 3.30 0.15472 1822.7 672.0 443.6 1125.1  0.44
17 -95 1.42 106 297.6 3.31 0.37856 1796.5 7474 547.8 1082.0 2.66
18 -60 3.50 160 298.1 3.27 0.26647 1825.6 7853  588.2 1090.6  0.66
19 -60 3.50 160 298.1 3.27 0.16664 1797.7 6964  356.1 1317.1  3.41
20 -95 5.58 106 296.5 3.48 0.46663 17514 666.6 453.6 1088.8  0.83

5.3.2.3 Thickness and Transmittance Measurements

The thickness (T) of the thin films was measured by ellipsometry and all results
were listed in Table 5.4. Due to the presence of the double bond in its structure, the
molecule of ethylene chemically behaved more stable and tended to form bigger
molecules during the plasma discharge. Therefore, this property played an important
role on reactions with biphenyl for diffusing the thin film. Additionally, the
transmittance (t) results were listed with thickness values and the correlation
between the thickness and the transmittance showed that if the value of the thickness

was increasing, the intensity of the transmittance decreased.
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Figure 5.15 The images of ANOVA analysis for thickness and transmittance of the

thin films

It could be seen how change the thickness and transmittance of the films according

to independent plasma parameters from images of ANOVA analysis (Figure 5.15).

When both values of power and C,H4 increased

thickness was increasing (red area). At constant

at constant negative voltage, the

power value, the thickness gave

high values at lower negative voltage values and C,H4 flow rate. When the flow rate

was kept constant, the red areas were obtained at lower power with either the lower

or higher negative voltage values, and if the power was raised, the negative voltage

should be kept at intermediate values. It could be defined from the variable thickness

results, the reactions in plasma was very complicated. On the other hand, because of

the correlation, the parameters giving the lowest intensity of the transmittance (blue
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areas) should give the highest thickness values. Therefore, to obtain the lower
transmittance and higher thickness, according to images if transmittance, the values
for the parameters of power and C,H4 flow rate should be higher while the negative
voltage was at intermediate values. Results of the analysis showed that the new
parameters of -52.86 V for negative voltage, 5.58 sccm for gas flow rate and 213.51
W for power, and the thickness was found 1895.1£28.5 A with an angle of
67.872+0.248 and the transmittance was observed at intensity value of 0.088171.
Cubic model for the findings of the thickness and linear model of the transmittance
were reduced to the data without undesirable coefficients by the Design-Expert

software and ANOVA analysis gave the Equation 5.12.

T = 2261.3 + 12.95V — 96.27f — 2.33P — 1.32Vf — 0.072VP + 0.23fP + 0.09V2 + 7.2f2% —
(6.4E — 04)V2P + 0.16Vf2
t = 0.531 + (3.91E — 05)V — (8.14E — 03)f — (1.6E — 03)P (5.12)

5.3.2.4 Atomic Force Microscope

The nanostructual and nanomechanical properties of the surface of the deposited
films were investigated by Atomic Force Microscope (AFM). The results of the
standard deviation (rms roughness), the mean absolute deviation (ave roughness)
and the maximum peak to valley (Rp-v) were listed in Table 5.4 with the

independent parameters.

rms roughness

rms roughness

Design-Expert® Software 250
Factor Coding: Actual

1 i
1180.18
604 762

X1=A: Voliage
X2=C: Power

Design-Expert® Software 7,00
Factor Coding: Actual

ma reughness

® Design Paints

1180.18
604 762 525
X1=A: Valtage
X2=B: C2H4 flow i
rate o
Actual Factor g
B:C2Hd4 flow &
rate=3.50 8]

Actual Factor
C: Power=160

B: C2H4 flow rate

106

-60 -60
A: Voltage A: Voltage

Figure 5.16 The images of ANOVA analysis for the rms roughness, the average

roughness, the maximum peak to valley
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Figure 5.16 (continued)

Images of the design expert showed that all the roughness parameters gave high
values at higher C,H, flow rate (red areas) (Figure 5.16). While all roughness
parameters had high values at lower negative voltages, only the ave roughness and

max peak to valley values had high values at higher voltages. Analysis of software

110



gave the new parameters of -24 V for negative voltage, 5.58 sccm for flow rate and
106 W for power. The quadratic, quartic and cubic equations of the rms, ave
roughness and max peak to valley, respectively, were simplified by ANOVA the

solutions of the equations are presented below.

R, = 10485 + 9.69V — 15.5f — 0.4P + 0.26Vf — 0.003VP + 0.06fP + 0.068V>

R, = 868.4 + 8.76V — 53.3f — 0.11P — 0.09Vf + 0.009VP + 0.3fP + 0.07V2 — (6.5E —
05)V2f2

R, = 647.5 — 429V + 2887.3f + 1.81P + 3.068Vf + 0.013VP — 1.3fP — 0.014VfP —
0.013Vf2 (5.13)

The plasma species, such as ions, radicals, electrons, and et al., caused various
changes on the surfaces of thin films during the glow discharge. The plasma
polymer thin films have occurred from cross-linked chemical structures and their
surfaces exhibited cross-linking functionalities generated by radicals [39]. Thus, the
cross-linking could be a reason of the differences at surface roughness parameters.
In addition to this, given the stable structure of ethylene, concentration of the formed
polymer thin films influenced the roughness parameters. AFM results showed that
the film surfaces were not uniform and had features which give an opportunity to
catch light, and this property made the polymer thin films appropriate for photo

voltaic applications while it was not for the electrical industry.

111



z

glass substrate ‘
X

o

Tagograph, D00V] Biss,rigf eft
z

V=-24V, {=5.58sccm, P=213W *
X

"

m:} Ao
olo

. Fortzortal Grass Secten o y=1730 S Frizeetel Cross Sechion o y=1730 50

C— \ -
saas B0 gong
»
. ‘
... o
: 2 rl ®)
e e oo e oM Py

Tapomaeh, 0.00] Bias, rght left

V=-60V, f=3.50sccm, P=160W*V
> ¥

Topogaph, 0.001V] e, rghtet

V=-60V, f=3.50sccm, P=250w

Figure 5.17 The AFM images of the glass substrate and the thin films with various

plasma parameters
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Figure 5.17 (continued)

There were remarkable differences, we can see from Figure 5.17, on surface
roughness terms by changing the applied negative bias voltage to the substrate.
According to Tagaki [25], the ion bombardment produced by applying voltage
parallel or perpendicular to the substrate, the morphological properties of the surface
of deposited film were significantly improved. It could be asserted from the AFM
images that increasing the negative voltage led to increase the amount of the peaks
on the surface and also sharpness and height of the peaks increased with higher
voltages. In addition, since increasing the power caused more fragmentations in
reactions, it was raising the amount of peaks having different sizes. The surfaces of
thin film showed differences in density (d) with independent parameters (Table 5.4).
When all the parameters of power, flow rate and negative voltage was at high
values, high density was observed. Also, the high density was obtained as all the
parameters were at low values. Thus, it could be concluded that to provide the
surface with high density the parameters should be changed (increased or decreased)

parallel to each other.
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5.3.2.5 X-ray Diffraction Analysis

Intensity (a.u.)

25 30 35
20

Figure 5.18 XRD pattern of the thin film

The XRD spectrum, recorded in the reflection mode at 30kV and 15mA with a
scanning rate of 0.05° per 2s at room temperature (Figure 5.18). The crystallinity of
the thin films was expected to decrease due to fragmentation generated inside the
plasma. The thin film synthesized under biphenyl and ethylene plasma exhibited a
broad peak centered at 28.8°, which provided by the biphenyl substituents [53,54].
These disordered diffraction peak showed that the structure of the thin film was

quite amorphous.

5.4 Conclusion

Fluorene-type thin films were produced under the mixtures of biphenyl/ methane
and biphenyl/ ethylene plasma by using a single capacitively coupled rf plasma
system. The plasma environment was analyzed via RGA mass spectrometry.
Controlling the plasma chemistry during the plasma deposition was a difficult and
very complicated work. Applying negative bias voltage led to positive ion
bombardment on the substrate and this increased intensities of the corresponding
fragments for the fluorene-type thin films. Therefore, this process can be considered
as an effective way in controlling the reactions in the plasma depositions. In
addition, due to the stability of the molecule of ethylene, it was more attractive than
the molecule of methane to obtain the fluorene-type thin films. The optical

properties of films were revealed by using UV-visible spectroscopy and thin films
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were doped by iodine. The thin films indicated direct band energies and they
changed in the region between 3.15 and 3.54 eV for the mixture with methane, and
between 3.08 and 3.48 eV for the mixture with ethylene, which verified that the
chains in the film structure were generated in different order with respect to the
independent plasma parameters. I, doping improved the electro and optical
properties of the thin films by decreasing the energy band gap up to 2.85 eV, which
may result from the increase in the conjugation length of the structure. The energy
band gap values of the films indicated almost same results for two mixtures after the
doping process. Thicknesses of films were measured by ellipsometry and they
showed a linear relation with the plasma parameters of power, CH4 or C,H, flow
rate. The applied negative bias voltage should be at high values for deposited films
obtained by using the methane gas while it should be at intermediate values for the
ethylene gas. Since the molecule of the ethylene tended to form heavier compounds
during the deposition, which caused increase in the deposition rate, thickness values
corresponding to the mixture of biphenyl/ ethylene were found higher than the
corresponding to the mixture with methane. Moreover, an AFM was employed to
characterize the nanostructural properties of the film surfaces. The surfaces of thin
films formed in both mixtures had remarkable nanostructured characteristics
generated by the various bias voltages. Additionally, peaks on the surfaces of thin
films provide the availability required for photovoltaic applications. As a result, it
may be suggested that applying a negative bias voltage is an effective way to
increase the height of these peaks. The surfaces of the thin films deposited with
ethylene exhibited higher density than the ones obtained with the methane. The
XRD spectrometry exhibited that all deposited films had amorphous structures and
we are going to improve the crystallinity by annealing the thin films in the future.
Finally, it could be suggested that the mixture of biphenyl/ ethylene plasma

environment was more suitable to obtain the fluorene-type thin films.
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CHAPTER 6

SYNTHESIS AND CHARACTERIZATION OF AMORPHOUS
HYDROGENATED CARBON (a-C:H) THIN FILM BY SINGLE RF
PLASMA METHOD AND AN APPLICATION FOR ¢-SI SOLAR CELL

6.1 Introduction

Producing thin films by plasma deposition method is a very effective way to
improve the properties of the films with the various plasma species, such as
electrons, ions, and radicals, etc [1-6]. Among the thin films produced by plasma
deposition, amorphous hydrogenated carbon (a-C:H) films are very promising
materials, since they provide extraordinary physical and chemical properties such as
high density, strength, thermal stability, chemical inertness for both acids and
alkalis, effective infrared (IR) transparency and high electrical resistivity [7-14]. In
recent studies, it has been demonstrated that the anti-reflective properties of infrared
(IR) optical elements and solar cells could be enhanced by coating the surface with
the a-C:H film, and it has also contributed to the protection for magnetic storage
disks and tool materials [12—-19]. Moreover, the a-C:H film has improved the
performance of electronic devices [18,20] due to the property of having a wide band
gap, and it has been used for flat-panel displays as a cathode emitter, and for

biomedical applications [12—-15,21-26].

The radio frequency (rf) plasma deposition has been used as the most common
process to synthesize the a-C:H films [7,27]. The a-C:H thin film was usually
produced from CH4 or C,H, plasma during the last decade, since the ions and
radicals of carbon are well known [28]. The variable parameters of plasma such as
the gas flow rate, the plasma pressure, the power and frequency of power supply,
etc., determine the chemical structure and properties of the thin film by controlling
the reactions of the species in a plasma. Several studies have been employed to
reveal the properties of both plasma and thin films [29-31]. However, due to the

complexity of the reactions in the plasma, there are still many details which are

121



difficult to understand and remain to be investigated. To our knowledge, there is no
systematic investigation of properties of plasma deposited a-C:H thin films with a

wide range of parameters and literature lacks a complete framework.

In this study, the properties of the a-C:H film were explored under the variable
plasma parameters of input rf power (100 — 300 W), CHy4 flow rate (2 — 5 sccm), and
deposition time (15, 30 min) at a constant pressure value of 0.2 torr. The changes of
plasma chemistry during the deposition were investigated by optical emission
spectroscopy (OES). The chemical structural properties were examined by fourier
transform infrared (FTIR) spectroscopy and the optical properties of the films were
explored by UV-visible spectroscopy. The morphology of the films was analyzed by
X-ray diffraction (XRD) and the thicknesses were measured by a profilometer. Also,
the a-C:H thin films were applied to a crystalline silicon (c-Si) solar cell and the
efficiency of the solar cell was improved. This chapter was published in the journal

of Plasma Science and Technology [32].

6.2 Experimental Details

The experimental setup is shown in Figure 6.1 and consists of two parallel
cylindrical electrodes inside the chamber on top of each other; upper one has rf
power with 13.56 MHz frequency and the lower one is connected to the ground. The
diagnostics of the system were studied in section 3.5. The thin films were deposited
on glass slides and on silicon wafers. The glass slides were used with two different
sizes; thicker (1 mm) and thinner (0.2 mm). Since the best coating is obtained at the
center of the bottom electrode, all samples were placed at the center of the electrode,
and the distance between the electrodes was kept at 3 cm. After the pressure dropped
below 107 torr, generally the base pressure of 5.0x107 torr, the MKS multi gas
controller 647C was activated. When the pressure was increased to 0.2 torr by
flowing CHy4 gas, it was kept constant at this value, and the discharge was generated.
Cleaning of all the samples and the parts of the system was done with the ethanol
and acetone. All the changes of plasma species were monitored during the
deposition with the OES which collects all data with a fiber optic cable connected to
the window of the chamber. For the optical emission measurements, a HR2000 high
resolution miniature fiber optic spectrometer (Ocean Optics) was used. The

chemical bonding of the thin films were determined by using Bruker IFS 66/s FTIR

122



spectrometer with 4 cm™ spectral resolution and noise less than 10° AU within a
minute. To measure the thickness of the samples masked by Cu tape, the Dektak
profilometer with a measurement length of 500 pm and force of 3 mg for 7 second
duration was used. For the optical transmission measurements, a PG Instruments
T70+ UV/VIS spectrometer with a spectral bandwith of 0.5 nm was used. The XRD
analysis was employed by a Rigaku Miniflex standard X-ray diffractometer (Cu K,
A=1.54 A) with the resolution of 0.05°.

Q matehirg | | rf generator

network
electrode
gas fiber OES
controller _ . system
slides
electrode
CH4 1

T 1

1 x vacuum
gauge - pump

Figure 6.1 Experimental set up

6.3 Results and Discussion

6.3.1 Optical Emission Spectroscopy

The emissions of plasma species were measured by OES, in the wavelength region
from 200 to 900 nm. Although the OES is a non-intrusive way to define the
diagnostic plasma properties, it can only show the lines of compounds with lower
masses such as the atomic and diatomic species H, H,, CH and C,. Despite the
components with heavier masses such as CH,, CH3; and other polyatomic species
cannot be seen in the spectra, measurements obtained from the spectroscopy are
enough to analyze the chemical species in the plasma [33]. All dissociation steps of
CH4 molecule were seen in the reactions below with threshold energies [27]. The
Reaction 6.1 refers to formation of CH(A?A) radical from CHy dissociation by direct

electron impact. The H; (G12g+) emission can be produced from both the excitation
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of CHj dissociation by electron impact (Reaction 6.3) and direct vibrational
excitation of hydrogen atoms [27]. Additionally, the H atomic hydrogen is generated

almost entirely from the H, molecules [34].

CH;+e — CH(A’A) + H, + H+ e (Eg=12.2 V) (Reaction 6.1)
CHy +e¢ — CH; + H(n=4) + ¢ (Ex=17.1¢V) (Reaction 6.2)
CHy + e — CHy + HY(G'E,) + e (Ex=19 eV) (Reaction 6.3)
H,+e —>H(m=4)+H+e (Ep=17¢eV) (Reaction 6.4)
H+e— H(n=4) te (Ex=12.75¢V) (Reaction 6.5)

The OES of methane plasma at 200 W — 5 sccm — 15 min is shown in Figure 6.2.
The intensities of the emissions were presented in Table 6.1. The CH Q(0,0) band
head of the A’A—X’IT system, which results from transition of direct electron
impact on CH4 molecule [27,35], was observed at 431.2 nm and the CH radical
referring to system of B’ —XII transition was recorded at 387.1 nm [34]. The
486.1 nm line referred to Hp (H(n=4—n=2)) transition and the 463.4 nm line
belonged to Hy G'=g" [27,36]. The H, (H(n=5—n=2)) and Hs (H(n=6—n=2)) lines
were at 434 and 410.1 nm, respectively, and the H, (H(n=3—n=2)) line was seen at
656.2 nm with the H line at 397 nm [37]. In the spectra, the degradation of the CH R
branch was seen from violet to the red colors at the lines from 421 to 425 nm and at
the lines from 434 to 442 nm [37], respectively. The lines at 387.1 nm and 422.5 nm
were referred to the CH R(0.0) band head of the B>~ —X’II system and the CH"
R(0.0) band head of the A'TI-XZ system, respectively [38]. At 601.8 nm,
numerous molecular hydrogen lines attributed to the Fulcher band system of 11,
was observed [39]. Carbon dimer (C,) d’II—a’IT Swan band emission line was

represented around 516 nm [35,40].

124



|200W, 5sccm,15min|

Intensity (a.u.)

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 6.2 The OES spectra of selected a-C:H thin film

Table 6.1 The emission intensities of OES spectra

f P t CH H, CH CH H, H, Hy C, H,
(387) (431)

2 100 15 421 248 375 564 475 509 1173 649 2149
2 150 15 486 307 463 670 631 626 1748 845 3268
2 200 15 486 377 576 795 812 793 2269 1281 4003
3 100 15 211 159 261 492 343 356 825 457 1553
3 150 15 252 215 334 611 465 510 1389 584 2919
3 200 15 301 263 397 715 572 648 1968 680 4002
3 150 30 528 178 297 502 401 372 1162 541 2744
3 200 30 256 288 465 778 576 752 2239 994 5727
3 250 30 227 259 415 670 634 741 2346 996 5706
3 300 30 207 261 432 710 692 781 2800 1251 6693
4 100 15 787 199 330 596 392 415 417 932 1940
4 150 15 2465 390 600 823 644 649 1595 984 3317
4 200 15 2363 472 725 1017 877 839 2257 1228 4001
5 100 15 201 128 211 505 269 305 672 299 1406
5 150 15 277 240 396 834 545 635 1607 603 3967
5 200 15 1649 376 527 722 667 655 1667 1063 3769
5 150 30 401 206 345 677 451 503 1177 633 2476
5 200 30 218 237 380 831 542 745 2037 640 4074
5 250 30 358 272 437 800 612 744 2075 884 4982
5 300 30 991 333 522 778 707 784 2296 1270 6093
f:

CH, flow rate (sccm), P: Power (W), t: Deposition time (min)

The emission intensities of the thin films with various plasma parameters showed
significant differences from each other. There was a decrease in the emission

intensity of the CH (431.2) line at higher power values, so this could be defined by
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the existence of chemical Reactions 6.1 and 6.2, Reaction 6.2 should become
significant as the power increased. Therefore, it may be supposed that the
dissociative excitation in the Reaction 6.1 should be accepted for the major route for
the generated radicals. The Hp emission strongly depends on excitation in the
Reactions 6.4 and 6.5. It can be seen from the Table 6.1 that the intensities of the
hydrogen atom species (Hs, H,, H>, Hg, H,) showed similar changes to each other by
increasing the CH, flow rate. By increasing the power, the amount of species
increased, except only H, and H, showed stability at some power values. In this
case, it can be suggested that increasing the rf input power led to an increase of
secondary electrons which have large effect on the dissociative excitation of Hg and
CH (431.4 nm) [27]. Changing the deposition time also caused some differences in
the intensities of carbon atom species. As the gas flow rate was raised, the amount of
all carbon species indicated an increase at 15 min deposition time while they
decreased at 30 min, except CH(431.2). Increasing the power in both deposition
times resulted in an increase of the amounts of all carbon species. The intensity of
CH" ion increased linearly by the raised rf power and since the quality of the film
could be symbolized with quantity of the CH', it can be suggested that higher power

values are more effective in producing thin films with good quality and uniformity.

To understand the relation of species with each other, the ratios of intensities were
investigated and presented in Table 6.2. The I(CH)/I(Hg) ratio is important for
determining the excitation of CH (431.2nm). From Figure 6.3, it was seen that this
ratio increased for lower gas flow rate while it showed a decrease for higher gas
flow rate. Increasing the power led to a decrease in this ratio. It could be suggested
that more excitation of CH was occurred at low power and low gas flow rate. The
ratio of I(Hg)/I(H,) indicated a decrease with increased gas flow rate, except at 4
sccm. By increasing the power with the flow rate, the ratio first decreased and then
exhibited small increase. The I(H»)/I(Hg) ratio is related with the dissociation and
recombination of hydrogen components. Therefore, for higher levels of this ratio, it
could be supposed that the producing of H, (G'Eg") in Reaction 6.3 is dominant way
for excitation of the CH4 molecules [34]. It indicated a decrease at high values of
input power and low CHj flow rate, and this showed that the recombination of

hydrogen species in plasma with these parameters was at low level.
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Table 6.2 The ratio of OES emission intensities and measurements of thicknesses

and band gap energy

f P t ICH) ICH IHy) IHy) T, T, E,
A(Hg) /I(Cy) /I(Hp) /I(H,)
2 100 15 048 087 043 055 584 446 145
2 150 15 038 079 036 053 654 557 085
2200 15 035 062 035 057 796 634 085
3100 15 059 1.08 043 053 612 504 1.5
3150 15 043 1.05 037 048 757 580  1.55
3200 15 036 1.05 033 049 917 758  1.55
3150 30 043 093 032 042 1017 852  1.60
3200 30 034 078 034 039 1139 972 135
325 30 028 067 032 041 1160 1035 1.40
3300 30 025 057 028 042 478 127 0.65
4 100 15 142 064 100 021 684 551 155
4 150 15 051 084 041 048 798 601 135
4 200 15 045 083 037 056 933 808 125
5 100 15 075 1.69 045 048 797 674  1.50
5 150 15 051 138 040 041 850 767  1.50
5 200 15 043 068 039 044 945 863 145
5 150 30 057 1.07 043 048 1664 1365 1.40
5 200 30 041 130 037 050 1757 1554  1.40
5 25 30 038 090 036 042 2200 1850  1.40
5 300 30 033 061 034 038 583 332 140

T,: Thickness of Imm sample (A), T,: Thickness of 0,2 mm sample (A), Eg:
Indirect Band Gap Energy (eV)
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Figure 6.3 The ratios of [(CH)/I(Hg), I(CH)/I(C,), I(H,)/I(Hp), and I(Hp)/I(H,) with

respect to parameters of rf power, CHy4 flow rate, and deposition time

The I(CH)/I(C,) ratio is directly related with the population of the excited species
[41] and the variations of this ratio shows changes in the density or temperature of
the electron. According to H. Song et al. [42], the C; radical is generated by the
reactions caused by the collisions of carbon-containing radicals in gas phase. The

results showed the intensity of C, radical increased at high power values and high
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gas flow rate. Therefore, it could also be expected that the CH4 dissociation by the
electron impact increased with raised input power and gas flow rate. In addition,
Kim and Lee [43] suggested that the increase of C, components in plasma leads to
the deposition of sp® carbon during discharge. In this case, it may be suggested that
the content of C, components is more useful for determination of the type of thin

film [44].

6.3.2 Thickness Measurements

All thickness measurements were listed on the Table 6.2 with respect to variable
plasma parameters. The flow rate plays an important role in determination of
deposition rate. It leads to a change of plasma properties such as the density of ions
and electrons, the electron temperature, and the chemical effect of ion energies. In
addition, it controls the amount of and the presence time of gas inside the chamber,
therefore, it determines the degree of dissociation [28]. From the table, it was seen
that the increase in the CH4 flow rate led to an increase in thickness of the thin film.
However, at low flow rates (for 1sccm), a film couldn’t be obtained, since the H
content is higher than the C-containing compounds, and this results in decreasing the
ion density while increasing the electron temperature. When the amount of the CHy
gas diffusing through the chamber was increased, the ionization rate was raised by
increased input power. However, this increase was not continuous and the thickness
value started to decrease after it reached to its maximum value at 250 W input
power. This can be due to the saturation of the electron temperature and density
which leads to a loss in collision and diffusion [42]. At low power values, a
deformation on the surface was observed when the deposition time was increased. It
can be due to charging of the surface or insufficient ionization rate and much more
the presence of electrons inside the plasma because of higher H content which
results in etching the surface of the thin film. In contrast, as the input power was
increased parallel to deposition time, this problem was solved and the thin films
were obtained with a better quality and uniformity. Thickness of the thicker sample
was measured higher than that of thinner sample for all experiments and both
showed the same variations by changing the parameters. When the deposition time
was increased from 15 min to 30 min, the thickness showed a significant increase

(Figure 6.4).
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Figure 6.4 Variation of the thickness (thicker sample) with respect to plasma

parameters: (a) CH4 flow rate, (b) input power, and (c) deposition time

6.3.3 Fourier Transform Infrared Spectroscopy

The infrared spectra of the thin films were collected in the region of 3100-600 cm™.
In the spectra, a broad peak in the region from 2800 to 3100 cm™ was assigned to
the C-H stretching vibration band [18,34,42,45-47]. The peak at 1630 cm’! was
associated with the olefinic sp2 C=C stretching vibration [18,46,48,49] and 1580
cm’ was assigned to aromatic sp> C=C stretching vibration [18.,49]. In addition, at
1450 and 1380 cm™ the asymmetrical and symmetrical deformation modes (C-H
bending) were observed in CH; groups, respectively [42,47,50]. The out of plane C-
H bending was observed at the peaks seen in the range from 930 to 700 cm™', and the
peaks of 1095 and 670 cm™ corresponded to in-plane CH deformation and C=C out-
of-plane ring deformation, respectively [51-53]. The presence of carbon double

bond decreased with the increased power as shown in Figure 6.5. This case was
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supported by the results of OES. The sharp peaks observed around 2360 and 2330
cm™ were assigned to CO, vibration. The bands around 1750 cm’ exhibited the

presence of the carbonyl containing groups [48,50-53].
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Figure 6.5 The FTIR spectra of selected a-C:H thin films

The structure of a-C:H film includes both diamond like (sp’ bonding) and graphitic
(sp” bonding) structures. In general, the structure of the a-C:H film is characterized
with the sp’/sp” bonding ratio and the H content. The sp*/sp” ratio can be determined
in four types of structures with percentage: diamond — 100% sp’ bonding,
amorphous carbon film (a-C) — up to 90% sp’ bonding, amorphous hydrogenated
carbon film (a-C:H) — up to 60% sp’ bonding, and graphite — 100% sp” bonding
[54]. Determining the levels of these bonds is possible by exploration of the broad
band centered at 2920 cm™. The deconvolution of broad peak was analyzed with
peak fit software (seasolve, version 4.12) as shown in Figure 6.6. After the fitting
process, the configuration included the centered peak at 2920 cm™ referring to
monohydrogen radicals (-CH) [34] or sp3 CH; asymmetric mode, and the peaks of
2960 and 2870 cm™ attributed to sp° CH; asymmetric mode and sp> CH; symmetric
mode [42,45-47,55-57], respectively. The other peaks contributing to broad band
were at 2855, 2950, 3000, 3020, and 3050 cm’ and attributed to sp’ CH,
symmetrical, sp2 CH; olefinic, sp2 CH olefinic, sp2 CH,; olefinic, and sp2 CH
aromatic, respectively [29,45-47,55-57]. The sp’/sp” ratio could be calculated from
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the areas of these non-overlapping peaks [45,46]. The ratio increased with
increasing CHj, diffusion. The higher flow level caused an increase in the H content,
and since the sp® bond is directly related to hydrogen, this could be suggested as a
reason of the increase in the ratio. Increasing the input power led to a decrease of the
sp>/sp” ratio. This could be explained by influence of the power to the degree of
ionization. By increasing the power, the degree of ionization was also increased, and
this caused the sp® bond to fragment and C bonds to become more unhydrogenated
in the deposition [57]. Therefore, the ratio showed the H content was low at a higher
power. These results were consistent with results of OES. Additionally, the

structures of generated thin films were closer to graphitic structures at high power

and CHj4 flow rate.
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Figure 6.6 Deconvolution of the 2920 cm™ peak of FTIR
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Figure 6.7 The variation of sp>/sp” ratio with respect to power

In plasma deposition, a thin film with cross-linking structure is an expected result.
The degree of cross-linking decreases, while deposition rate increases by the
increased gas flow rate. It was stated before that the low excitation and dissociation
of the monomer in the plasma chamber causes to obtain the thin film with higher
cross-linking degree [58]. As the degree of cross-linking increases, this leads to the
removal of sp> bonding and increase of the sp’/sp” ratio [45]. Therefore, it could be
suggested that the structure of thin films indicated higher degree of cross-linking at

the low power and flow rate.

6.3.4 X-ray Diffraction

X-ray diffraction analysis were employed to reveal the structural properties of a-C:H
films. The X-ray diffractograms of only two selected films are presented in Figure
6.8, for clarity. It is seen from the figure that a diffused broad peak is present in both
diffractograms showing amorphous nature of the film structure. It is a general

knowledge that the property of crystallization could be improved by annealing.

133



3scem, 30min

Intensity (a.u.)

Figure 6.8 X-ray diffraction patterns of a-C:H films produced at 200 and 250W rf

power with 3sccm flow rate under exposure time of 30 minutes

6.3.5 UV-visible Spectroscopy

The evaluation the optical performance of a-C:H thin films can be done by using the
information about their optical transmittance. The result of the optical transmission
measurements for the samples produced with the applied rf power of 150W in the
wavelength range of 275 to 1100 nm were given in Figure 6.9 as an example. The
ripples seen in some of the spectra are thought to originate from the interference of
light due to their wave form. The results show that a wide wavelength range of
absorption is present in all of the samples suggesting formation of amorphous film

structure which was also confirmed by X-ray analysis previously.

134



60 .

40 / —o— 2scem, 15min g
! " —— 3sccm, 15min I

—a— 4scem, 15min
20 —&— 5sccem, 15min il
—&— 5sccm, 30min

% Transmission

300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 6.9 The spectral dependence of transmittance of a-C:H thin films produced
with the applied rf power of 150W (Symbols were added to the figure for clarity)

The analysis of transmission data for all the samples can be done by using the

absorption coefficient calculated by Beer Lambert’s formula [59]

I

a=-2in(7) (6.1)

Io

where d is the thickness of the film, 7 and / are the transmitted and incident light
intensities, respectively. The dependence of the absorption coefficient on photon
energy can be used to obtain detailed information about the optical band gap
energies of films. The calculation of a can yield information about the nature of the

band gap by the help of Tauc’s relation of the form [59]
(ahv) = B(hv — E;)" (6.2)

where B is a constant that is related with the probability of transition and p is an
index that defines the optical absorption process. The value of p is theoretically
equal to 2 and 0.5 which refers to allowed transitions of indirect and direct origin,
respectively. Figure 6.10 shows the dependence of a on light energy for a selected
sample grown at a flow rate of 3 sccm, with the applied rf power of 300W and
deposition time of 30 min. as an example. Analysis showed the dependence of

absorption coefficient a to (hv — Eg)2 for all samples, which suggests the presence of
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an indirect band gap structure, since the value of the parameter p is equal to 2. As a
result, a linear dependence of (a/4v)’> on photon energy hv is expected. Inset of
Figure 6.10 was drawn to show this dependence. In the figure, the experimental data
were shown as circles and fitted to a linear equation shown as a solid line for finding
the band gap energies. Extrapolation of the straight line to (ahv)™*=0 reveals the
value of indirect band gap energy, as suggested by equation (6.2). The resulting
band gap energies calculated for all the samples by this method are given in Table
6.2.
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Figure 6.10 The dependence of o on hv. Inset: The linear dependence of (ahv)™* on

photon energy hv

For the analysis of optical band gap data, Figure 6.11 is drawn. In the figure, the
dependence of optical indirect band gap energy on rf power and flow rate is shown.
The range of calculated optical band gap energy values is consistent with the ranges
reported by Dischler [45], Couderc [46], Meyerson [60] and Bubenzer [49]. It is
seen from the figure that band gap energy roughly increases as the flow rate increase
except for the sample produced in 15 min. with 3 sccm flow rate. Such an increase

in band gap energy with increasing flow rate can be related to the increase in H
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content, and hence sp>/sp” bond ratio [49,61,62]. It is also seen from the figure that
band gap energy roughly decreases as the power increases except for the samples
produced in 15 min. with 3 sccm flow rate and in 30 min. with 5 sccm flow rate.
Similarly, such a decrease in band gap energy with increasing power can be related
to the decrease in H content, as reported previously. It has been also reported that
besides an increase in the optical gap, an increase in the hydrogen content also
results in a decrease in the film density, volume stresses, hardness and an increase of

the polymeric content of the film [46].
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Figure 6.11 The dependence of optical band gap energy of produced films on power

6.3.6 Contact Angle Analysis

To define the characteristics of wettability, we measured the contact angle between a
liquid (water for our measurements) and the surface of the films. Before the
deposition, the contact angle of the sample was 70.3°, and this value increased after
the deposition (Figure 6.12). It is known that if the contact angles are smaller than
90°, this refers to hydrophilic characteristics, and if larger, this refers to hydrophobic
characteristics. The generated thin films exhibited more hydrophobic properties at
low gas flow rate. Increasing the rf power led to an increase in the contact angle up

to 200 W, and then a small decrease occurred at higher rf power. There was no
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important difference as the deposition time was changed. As shown in the Figure

6.13, the contact angle represented a variable behavior with the sp>/sp” ratio.

Figure 6.12 The contact angle images of thin films
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Figure 6.12 (continued)
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Figure 6.13 The change in contact angle with respect to flow rate and sp*/sp” ratio

6.4 An Application for Crystalline Silicon (c-Si) Solar Cell

The efficiency of photovoltaic devices such as solar cells is limited due to the
reflection of incoming radiation. To minimize the reflection and improve the
efficiency of the solar cell, a suitable antireflection coating is used as an effective
way. The antireflection coating should cover a wide range of wavelengths of solar
radiation with low reflectance [63]. A good antireflection coating requires the cases
of the sensitive control of coating, the high durability, the good response to

ultraviolet radiation, and the effective combination with the surface. Although there
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are many materials which have been used as antireflection coating for solar cells
such as indium-tin-oxide (ITO), tin dioxide (SnQO,), silicon dioxide (SiO,),
magnesium fluoride (MgF»), and zinc sulfide (ZnS), these materials are not practical
due to the shortage problem and it increases the product cost. However, carbon
based compounds such as amorphous carbon (a-C) and amorphous hydrogenated
carbon (a-C:H) separated from these materials with their good environmental

behavior and low cost opportunity [64,65].

The a-C:H (diamond-like) film was used in several studies as the antireflection
coating material for silicon solar cells [65—-73]. The diamond-like (sp’ bonded)
carbon film has been used as antireflecting coating due to its suitable transmission
range, chemical and thermal stability, tunable optical properties, environmental
behavior, internal stress, homogeneity, reproducibility, etc [74]. It can be obtained
with various methods, such as plasma enhanced chemical vapor deposition
(PECVD) [75-78], sputtering [79], ion beam deposition [80,81], microwave
deposition [82], pulsed laser deposition [83,84], and filtered vacuum arc [85].
Among these methods, the radio frequency PECVD method is commonly used due
to the opportunity of deposition to a large area under low temperature with low cost

and providing the uniform coating for different sizes and shapes [86].

In our work, we investigated the effect of the a-C:H thin film by coating on a
crystalline silicon (c-Si) solar cell. The c-Si wafer solar cells were produced in
GUNAM laboratory at Middle East Technical University. The a-C:H thin film was
formed under methane plasma with single radio frequency system. All
measurements were shown in Table 6.3. The effect of the thin films was discussed
with respect to the efficiency of the solar cell n which is defined as

_ VoclscFF

o (6.3)

where V,. is the open-circuit voltage, I, is the short-circuit current, FF is the fill
factor, E is the incident radiation flux, and A, is the area of the solar cell. The change
in the efficiency was investigated under the rf power, CHs flow rate, and the
deposition time. As seen in Figure 6.14, deposition of the thin film on top of a
moderate-efficiency solar cell resulted in improved efficiencies for a-C:H thin films.

Also, thin film deposition caused higher fill factor (FF) values. The most effective
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changes were seen for the samples deposited at 5, 10, and 15 min deposition time, at
200 W power, and 5 sccm flow rate. The efficiency showed small increases as the
deposition time was decreased below 5 min. Also, decreasing the power value
caused insignificant increases in the efficiency as the deposition time and the flow
rate was hold at low values. It could be suggested that the interesting results were

obtained at high values of the power, CH4 flow rate and deposition time.
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Figure 6.14 The I-V graphs of solar cells before and after the a-C:H film deposition
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Figure 6.14 (continued)

It is known that, in order to use the a-C:H thin film as window (absorber) layer, it
should exhibit a high absorption (especially in the visible region) to be able to form
the sufficient electron-hole pairs, which help to trap the photons and prevent them
from escaping from the absorber layers of solar cells. To obtain an effective
absorber layer, the most crucial step is forming a layer with physical thickness as
thin as possible and with maximizing the optical thickness. If the thickness is larger
than the desired one, it leads to prevent the photons reaching the interlayers [69,87].
Therefore, it could be said that the efficiency of the solar cell depends on the
thickness of the coating film [74] and the effective coating thickness for our

parameters was obtained at high power and high flow rate.

In amorphous hydrogenated carbon film, the structure could occur in the form of the
sp> bonding or the sp® bonding. The sp> bonding corresponding to a diamond-like
structure has higher chemical inertness, optical transparency, mechanical hardness,
thermal conductivity, and wider band gap than the sp” bonded structure [11]. To
provide the photons penetrate into the silicon solar cells, the antireflection coating
materials should have a large band gap. Because of that, it can be said that the sp
bonded films (graphite-like) which have small band gap are not recommended for
antireflection coating [65]. In other words, the sp3 bonded structures are more
appropriate for the antireflection coating. The utility of band gap in an a-C:H-based
solar cell was investigated by Tinchev et al [88]. We studied the optical properties of
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a-C:H thin film in section 6.3.5. It was shown that the deposited thin film had a good
transmission and a wide range of band gap which is changeable with respect to the

variable plasma parameters.

Table 6.3 Measurements of [-V graph for a-C:H films

Power  Flow Dep. Voc Isc Jsc Fill Efficiency
(W) rate  Time V) (A)  (mA/cm’)  Factor (%)
(sccm)  (min) (%)
100 2 15 before  0.58 0.07 31.2 66.9 12.2
after 0.586 0.075 33.8 65.4 12.9
100 3 5 before 0.582 0.079 33.1 65 12.5
after 0.576  0.081 33.7 65.8 12.8
100 3 10 before 0.564 0.068 32.7 55.8 10.2
after 0.55 0.061 29.2 55.7 9
100 3 15 before 0.584 0.077 34.5 62.9 12.5
after 0.571  0.069 30.7 58.6 10.3
100 4 15 before 0.592  0.073 32.8 69.3 13.5
after 0.579 0.064 28.6 68.8 11.4
100 5 15 before  0.583  0.067 32.5 64.8 12.2
after 0.572  0.06 28.9 65.7 10.9
150 3 5 before 0.575 0.077 32.1 69.3 12.8
after 0.589  0.081 33.7 69.1 13.6
150 3 10 before 0.582 0.082 34.2 63 12.5
after 0.563 0.071 29.7 64 10.7
150 3 30  before 0.576 0.067 323 64.2 11.9
after 0.565 0.061 29.3 63.8 10.6
200 3 5 before 0.572  0.08 29.7 62.8 12
after 0.583  0.08 33.5 63.4 12.3
200 3 10  before 0.579 0.073 32.5 63.2 11.9
after 0.563  0.069 31 62.5 11
200 5 1 before  0.568 0.064 22.9 71.2 11.1
after 0.573  0.063 22.6 72.2 11.7
200 5 2 before 0.568 0.070 27.6 70.9 13.4
after 0.573  0.069 27.3 71.7 14.1
200 5 3 before  0.552  0.052 27.1 69.1 12.5
after 0.554 0.051 26.8 69.0 12.8
200 5 4 before 0.574 0.074 242 72.4 12.1
after 0.577 0.072 23.6 72.9 12.4
200 5 5 before  0.591 0.121 25.3 47.3 9.1
after 0.600 0.125 26.1 74.3 14.3
200 5 10  before 0.593 0.134 30.7 48.4 9.5
after 0.599 0.120 25.1 73.5 13.2
200 5 15 before 0.591 0.134 279 47.7 10.1
after 0.599 0.125 26.1 74.4 11.4

Besides the antireflection effect, the hydrogen passivation effect on the solar cell

was also investigated for a-C:H films [§9-91]. The improvement of the efficiency of
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c-Si solar cells can be supplied with both of the appropriate antireflection coating on
the solar cell and passivation of recombination active centers on the solar cell
surface during the film deposition [74]. In the passivation process, the properties of
cells are improved via the interaction of H with impurities and defects in the bulk of
Si. The H passivation also provides to obtain devices with high quality and low

surface recombination [92].

The electrical activities of deep impurities and shallow of acceptors in silicon solar
cells are neutralized by hydrogen interaction [93]. It is expected that the formation
of a pair of neutral and hydrogen vacancy with the formation of a bridged Si-H
bond. Firstly, in the case of absence of hydrogen, a Si atom moves toward the
vacancy. While the Si atom is following into a straight path toward the vacancy, it
changes along the curved path by the existence of hydrogen atom. Secondly, as a
result of this interaction, the hydrogen atom breaks one S-H bond and then generates
a new bond with Si atom. Finally, this new Si-H bond occurs with rotated position,
and to get back to its initial position a rotation is required. After this rotation, the
total energy decreases [92]. In other words, the passivation can be explained by the
deep penetration of hydrogen into the out of layer of the solar cell and connecting

with dangling bonds in the deflected multicrystalline material [91].
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Figure 6.15 The FTIR spectra results for a-C:H films
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In the FTIR measurements, the 2246 cm™ band corresponded to Si-H stretching
vibration [52,94,95], which is the main band giving information about H-bonding to
the silicon surface. The band around 740 cm’' was assigned to Si-CHj
rocking/wagging mode or to Si-C stretching mode [96,97]. For a-C:H films, two
bands observed at 2160 and 2090 cm™ assigned to Si-H; bonding. The bands at 1240
and 846 cm™ corresponded to deformation of Si-C and Si-H, respectively [94,95].
There is a shifting in wavenumbers for some bands which can be due to the
difference in the optical thickness or the carbon content in thin films. We can
discuss the H passivation effect from the H-bonding with silicon surface. The
existence of H-bonding was clearly seen for each result, but more distinctive result
was observed for the solar cell coated at 5 min deposition time, which is in good

agreement with the effect of antireflective coating.

6.5 Conclusion

The a-C:H thin films were synthesized by using a single capacitively coupled rf
powered CH4 plasma system under variable plasma parameters in a wide range. The
amorphous structure of the thin film was revealed by XRD spectroscopy. The
diagnostic properties of plasma species during the deposition were investigated by
using OES and the structural properties of thin films were analyzed via FTIR
spectroscopy. As a result of the measurements and analysis, it was found that the
sp’/sp> ratio and H content in the plasma are the most significant factors in
determination of the type of the thin films, which was generally closer to graphitic
structure. A profilometer was employed to measure thicknesses of the films, which
were found to be in a linear relation with the sufficient ionization rate and deposition
time. Moreover, the values of the optical band gap energies of films were revealed
by using UV-visible spectroscopy. It was found that the indirect band gap energies
changed in the region from 0.65 to 1.60 eV, which may result from different order of
chains in the film structure generated with respect to the parameters. As a result of
all analysis, it was found that the plasma reactor should contain enough C
compounds and this content should be higher than the level of the H content to be
able to obtain a thin film with good quality. The H content can be controlled with
changing the plasma parameters. The a-C:H films generally exhibited good
characteristics at higher input power and higher CH,4 flow rate, at 30 min deposition

time. The produced a-C:H thin films were coated on the surfaces of c-Si solar cells
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and it led to the improvement of the solar cell efficiency at high values of the
deposition time, rf power, and CH, flow rate. This improvement can be due to the

antireflective property or the hydrogen passivation effect of the deposited films.
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CHAPTER 7

ANNNEALING EFFECT ON FLUORENE-TYPE THIN FILM
SYNTHESIZED BY BIPHENYL/METHANE RF PLASMA SYSTEM AND
AN APPLICATION FOR ¢-SI SOLAR CELL

7.1 Introduction

As mentioned in section 5.1 the fluorene and its derivatives have stood out from the
conjugated polymers by their excellent chemical and thermal stability and large
photoluminescence quantum efficiency [1-5]. They are generally used as stable and
highly blue light-emitting materials [6—-10] for organic light emitting diodes
(OLEDs). The fluorene derivatives can provide almost the entire visible colors range
with high efficiency by the adjustable property of the backbone structure of fluorene
[11-13]. In addition, their high carrier mobility [14] and the ability of construction
ultrathin layers [15] make them suitable for photovoltaic applications [16,17].

In this chapter, we investigated the annealing effect on the fluorene-type thin films
produced under the biphenyl and methane plasma. The annealing is an effective
process to change and improve the optical, electrical, mechanical, and chemical
properties of the plasma polymerized thin films [18-21]. The effect of the annealing
can be determined by the annealing temperature and time, the degree of crystallinity
and branching in the structure [22] and it has been investigated in several
publications [18,19,23-26]. Improvement in the thermal and hydrophobic stability,
and an increase in the extent of crosslinking in film structures can be obtained under
the annealing temperature [18,19,23,25-27]. In addition, the annealing technique has
used to improve the morphology and the electrical mobility of conjugated polymer

films for photovoltaic devices and other applications [28-35].

The variable parameters of plasma such as the gas flow rate, the plasma pressure, the
power and frequency of power supply, determine the chemical structures and

properties of the thin film by controlling the reactions of the species in plasma. The
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properties of the fluorene thin films were explored under the variable plasma
parameters of input rf power (150, 200, 250 W), CH4 flow rate (3, 5 sccm), negative
bias voltage (-66 V), and deposition time (10, 20, 30 min) at a constant pressure
value of 0.3 mbar. The thin films were annealed under 200, 300, 400 and 500 C
temperatures. During the deposition the changes of plasma chemistry were
investigated by optical emission spectroscopy (OES). The chemical structural
properties were examined by the fourier transform infrared (FTIR) spectroscopy.
The morphology of the films was analyzed by X-ray diffraction (XRD) and
nanotopographic properties of the surfaces were revealed by Atomic Force
Microscope (AFM). The thickness was measured by the ellipsometer. The water
contact angle was measured by taking a photo of the water drop on the surface of the
films. The generated thin films were also coated on a crystalline silicon (c-Si) solar

cell and the changes in the efficiency of the solar cell were studied.
7.2 Experimental Details

7.2.1 Experimental Set up

The experimental set up constructed with the combination of two parallel cylindrical
electrodes, which was explained in detail in section 6.2 and its diagnostics were
mentioned in section 3.5. As shown in Figure 7.1, a negative bias voltage was
applied between the substrate holder and the wall of the chamber. The distance
between the electrodes was kept at 4 cm. Solid biphenyl (purchased from Sigma-
Aldrich Company), melting at 69°C, was introduced into a heated reservoir and
degassed down to base pressure of the installation before heating the device. When
biphenyl became volatile enough (reservoir thermostated at 120°C), vapors were
mixed with methane and introduced into the chamber; the total pressure was
controlled at 0.3 mbar. For gas controller, the MKS multi gas controller 647C was
used. Plasma discharge was activated and the negative potential, between the holder

and the ground, was applied simultaneously.

The plasma parameters used in the experiments were listed in Table 7.1 with respect
to the sample names. To measure the optical emission a HR2000 high resolution
miniature fiber optic spectrometer (Ocean Optics) was used. The chemical bonding
of the thin films were determined by using a Bruker IFS 66/s FTIR spectrometer

with 4 cm™ spectral resolution and noise less than 10° AU within a minute. The
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XRD analysis was employed by a Rigaku Miniflex standard X-ray diffractometer
(Cu Ky, A=1.54 A) with a scan step of 0.05°. To measure the thickness of the
samples a VASE Instruments (J.A. Woollam Co., Inc.) ellipsometry was used. The
nanostructual properties of the surface of the deposited films were investigated by an
Atomic Force Microscope (AFM) (Pico Scan, Molecular Imaging Inc. Tempe, AZ)

in contact mode with silicon nitride nanoprobe for scanning area of 6x6 um®.

J MEtdIng rf generator

network
Crauo electrode
heater fiber OES
as
g - system
controller L
slides
~ = ; DC Power
Supply
electrode
CH, .

i i z vacuum
gauge - pump

Figure 7.1 The experimental set up

Table 7.1 Sample names with experimental parameters

BM refers to mixture of biphenyl and methane plasma

Sample Power (W)  Flowrate  Dep. Time Pressure Bias
Name (sccm) (min) (mbar) Voltage (V)
BMI 150 3 20 0.3 -66
BM2 150 5 20 0.3 -66
BM3 200 3 20 0.3 -66
BM4 200 5 20 0.3 -66
BM5 150 3 30 0.3 -66
BM6 150 5 30 0.3 -66
BM?7 150 3 10 0.3 -66
BMS 200 3 10 0.3 -66
BM9 250 3 10 0.3 -66
BM10 150 5 10 0.3 -66
BMI11 200 5 10 0.3 -66
BM12 250 5 10 0.3 -66
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7.2.2 Applying Negative Bias Voltage

The kinetic energy of the ions plays an important role in determining chemical and
physical properties in the film formation [36,37]. At low deposition temperature and
low substrate temperature, the positive ion bombardment is very effective way to
improve the film quality, topography, stoichiometry, re-emission coefficient, and
deposition rate [38—43]. When a negative voltage is applied between the substrate
holder and the grounded reactor, the surface of the substrate is exposed to the
positive ion bombardment and it causes an energy exchange between the ions and
the atoms on the surface and as a result, the average energy of these atoms increases

[36]. The fluency of the ions provides an easier electrical controllability of chemical

29 2Vs®
Q0

(Reaction 7.1)

pathway.

—_—

J c\ C— —C C— . {CH;,

CHy:

Here is a diagram, shown in Reaction 7.1, representing the expected reactions during
the formation of fluorene and its derivatives by the mixture of biphenyl and
methane. The excited biphenyl and methane in plasma dissociate into their
fragments after transferring sufficient energy from the inelastic collisions. After the
dissociation, the fragments continue to interact with electrons, ions and free radicals
inside the plasma, and this causes to activate them. These active fragments, in a
short time, start to recombine between each other and form new compounds and
fragments. The fragmentation and recombination in the plasma can be controlled by
applying a negative bias voltage. As shown in Figure 7.2, after the negative voltage
was applied, the intensities of the selected species increased for both cases of

biphenyl plasma and the mixture of biphenyl and methane plasma. In other words,
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the amount of the fragments, especially positive ions, around the substrate holder

increased so that the quality of deposited film was improved.
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Figure 7.2 Change in the OES intensities of the selected species under negative bias

voltage applied a) after 6 min, b) after 5 min

7.3 Results and Discussion

7.3.1 Optical Emission Spectroscopy

The emissions of the plasma species were measured by optical emission
spectroscopy in the wavelength region from 200 to 900 nm. The intensities of the
emissions and assignment list of emissions were presented in Table 7.2 and 7.3. The
CH Q(0,0) band head of the A’A-XI system, which results from transition of
direct electron impact on CH4 molecule [44][45], was observed at 431.2 nm and the
CH radical referring to system of B*Y—XII transition was recorded at 387.1 nm
[46]. The 486.1 nm line referred to Hg (H(n=4—n=2)) transition and the 463.4 nm
line belonged to H, G'Sg" [44][47]. The H, (H(n=5—n=2)) and Hs (H(n=6—n=2))
lines were at 434 and 410.1 nm, respectively, and the H, (H(n=3—n=2)) line was
seen at 656.2 nm with the H line at 397 nm [48]. In the spectra, the degradation of
the CH R branch was seen to the violet and to the red colors at the lines from 421 to
425 nm and at the lines from 434 to 442 nm [48], respectively. The lines at 387.1 nm
and 422.5 nm were referred to the CH R(0.0) band head of the B*Y—X*II system
and the CH™ R(0.0) band head of the A'TI->XZ system, respectively [49]. At 601.8
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nm, numerous molecular hydrogen line attributed to the Fulcher band system of
I*’I1, was observed [50]. Carbon dimer (C,) d°II—a’II Swan band emission line was

represented around 516 nm [45][51].

Table 7.2 Assignment list of emissions of OES spectra

Species System Transition Wavelength (nm)

CH 3900 A B’Y — X1, ground state 387.1(390)
H 397.0
H; Balmer n=6—n=2 410.1
CH' A'TI-XZ 4225
CH APA—XTT 431.2
H, Balmer n=5—-n=2 434.0
H, G'zg 463 .4
Hg Balmer n=4—n=2 486.1

C, Swan band d’TI—a’Tl 516.5

H Fulcher band 11, 601.8
H, 4’ —a’x," 612.2
H, Balmer n=3—n=2 656.2

o} 725

Table 7.3 Results of OES Spectra

Sample  CH H H, CH  CH H, H, H, C, H H, H, 0
Name  (387.1) (431.2)
BM1 1816 1255 1633 2520 4841 3557 410 1093 4132 782 745 2625 2599

BM2 131.7 113.6 1365 2144 5351 2954 376 948 3146 832 771 2341 245.5
BM3 200.6  169.7 221.1 3313 6015 4940 548 1710 5782 1027 957 3978 348.7
BM4 99.2 85.0 110.7 168.0 4145 2423 318 911 247.9 623 596 2464 2122
BMS 136.6  110.0 1473 222.0 4867 3340 346 1195 3305 814 786 3102 261.4
BM6 65.2 61.2 785 1267 3266 1723 244 541 239.8 650 608 1406 189.1
BM7 3282 1412 1788 2819 47478 3663 417 940 5039 942 840 2137 305.2
BMS 3352 1449 1869 302.8 499.66 409.1 473 1232  540.7 1063 949 2929 326.9
BM9 173.8 1443 189 2755 54093 4199 531 1611 594.1 1086 1021 3004  360.4
BM10 173.8 116.7 1479 227.6 55725 3123 370 906 3252 743 684 2090 231.6
BMI11 152.5 119.5 156.5 2373 57122 3248 391 1030 354 749.1 679 2111 231.5
BM12 1834 1361 170.1 258.1 557.53 338 436 1125 371 772 699 2058 245.8
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Figure 7.3 The ratios of I(CH)/I(Hg), I(CH)/I(C>), I(H,)/I(Hg), and I(Hp)/I(H,) with

respect to plasma parameters
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Figure 7.3 (continued)

From the results of OES spectra, it was observed that the intensities of emissions
decreased with the increased the deposition time which can be due to the existence
of more heavy components than weak fragments in the chamber. At 3 sccm CHy
flow rate, almost all the intensities increased with increasing rf power, except the
components of CH(387.1) and CH" indicated a decrease that is maybe due to the
insufficient gas diffusion. At 5 sccm flow rate, all the intensities indicated an
increase with increasing rf power at low deposition time whereas they decreased
with the increased rf power when the deposition time increased. Increasing the gas

flow rate resulted in a decrease in the intensities of emissions.

To understand the relation of species with each other, the ratios of intensities were
investigated. The I(CH)/I(Hp) ratio is important for determining the excitation of CH
(431.2nm). From Figure 7.3, it was seen that this ratio increased with higher gas

flow rate at constant power values. When the deposition time was increased, it
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didn’t cause an important change, whereas increased power led to decrease this
ratio. The ratio of I(Hg)/I(H,) showed a decrease at the higher flow rate. At lower
deposition time, the increased rf power created an unstable change in the ratio at low
gas flow rate, while it caused a linear decrease at high gas flow rate and high
deposition time. The I(H,)/I(Hg) ratio is related with the dissociation and
recombination of hydrogen components. Therefore, for higher levels of this ratio, it
could be supposed that the producing of H, (G'Zg") is a dominant way for excitation
of the CH4 molecules [46]. It indicated a decrease at high values of input rf power,
therefore, it can be said that the recombination of the hydrogen species in the plasma
was at low level in high rf power. While increasing the flow rate increased the ratio
at high deposition time, it led to a small decrease at low deposition time. We could

say that the deposition time is effective on determining this ratio.

The I(CH)/I(C,) ratio is directly related to the population of the excited species [52]
and the differences in this ratio show some changes in the density or the temperature
of the electron. According to H. Song et al. [53], the C, radical is generated by the
reactions caused from the collisions of carbon-containing radicals in gas phase. The
results showed that the intensity of C, radical increased linearly by raised input rf
power. However, the C, radical decreased by increasing the flow rate at constant
power. Increasing the deposition time increased the amount of this radical at higher
flow rate. In addition, Kim and Lee [54] suggested that the increase of C,
components in the plasma leads to the deposition of sp® carbon during discharge. In
this case, it may be suggested that the content of C, components is more useful for

determination of the type of thin film [55][56].

7.3.2 Fourier Transform Infrared Spectroscopy

The infrared spectra of the thin films were collected in the region of 4000-600 cm™.
In the spectra, the broad peaks in the region from 2700 to 3300 cm™ were assigned
to the C-H stretching vibration band [57,46,53,58—60]. The peak at 1630 em’™! was
associated with the O-H bending [61] or the olefinic sp* C=C stretching vibration
[57-59,62] and 1560 cm™ was assigned to aromatic sp> C=C stretching vibration
[57,58]. In addition, at 1450 the asymmetrical deformation mode (C-H bending)
was observed in CHj3 groups [53,60,61]. The out of plane C-H bending in alkenes

and aromatics was observed at the peaks seen from 1095 to 600 cm™; the peak of
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1095 corresponded to in-plane aromatic CH deformation and the peak of 670 cm™
showed out-of-plane aromatic C=C ring deformation, and the peaks between 930
and 700 cm™ corresponded to C-H bending in alkenes [63—65]. The peak observed
around 2330 cm’! was assigned to CO, vibration. The band around 1700 cm™!
exhibited the presence of the carbonyl containing groups [62,61,63—65]. The broad
band around 3600 cm™, especially observed in annealed samples, assigned to O-H

stretching vibration.
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Figure 7.4 Graphs of FTIR spectra for BM1, BM2, BM3, BM4, BM5, BM6, BM7,
BMS8, BM9, BM10, BM11, and BM12
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We could see from the FTIR results that the level of C-C and C=C bonding in the
film structure showed an increase when the rf power increased, which is in
agreement with the OES results. The carbon contents in the structure directly related
to the degree of film quality. Therefore, we could suggest that the high quality thin
film is generated with high rf power. The intensities of peaks between 1095 and 680
cm™ assigning to aromatic sp° C-H bending or C-H bending in alkenes were
increasing with increased both rf power and CH,4 flow rate. Since the contents of the
aromatic structures play important role in the film formation, it can be said that this
case supported the formation of desired film structure. The intensity of CHy peaks
indicated a small decrease as increasing rf power whereas no changes with
increasing gas flow rate. This decrease could be explained by that many radicals and
ions occurred as increased rf power which increase the fragmentation and it led to

decrease in formation of the micro-voids or nano-pores in the film.

The samples were annealed for 1 hour at different temperatures; 200, 300, 400, and
500 C°. After annealing, the broad peak seen from 1800 to 1100 cm™ generated
sharper peaks with higher intensity at 1690, 1600, 1560, 1440, and 1250 cm™
corresponding to C=C or C=0 stretching vibration, C-C or C=C stretching vibration,
aromatic sp> C=C stretching vibration, sp> C-H bending in CHy (x=1, 2, 3), and C-C
or aromatic C-O stretching vibration, respectively [66]. By increasing the annealing
temperature, the peak intensities were also increased as seen in references [18,19].

Therefore, it can be suggested that the high temperature resulted in the dissociation
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of the C-H components and methyl groups (-CH3). The reconfiguration of chemical
bonds in the film structure caused the changes in the intensity of band peaks [67].
According to results, the oxygen content more increased for samples annealed which
may refer to the increase in the extent of crosslinking in the structure of thin films

after the annealing [25,26].

The structure of the thin film includes the types of carbon bonding like sp® bonding
(diamond), sp® bonding (graphite), and sp' bonding (carbyne) structures.
Determining the levels of sp” and sp” bonds is possible by exploration of the broad
band centered at 2920 cm™. The deconvolution of broad peak was analyzed with
peak fit software (seasolve, version 4.12) as shown in Figure 7.5, selected sample.
After the fitting process, the configuration included the centered peak at 2920 cm’™
referring to monohydrogen radicals (-CH) [46] or sp> CH, asymmetric mode, and
the peaks of 2960 and 2870 cm™ attributed to sp’ CH; asymmetric mode and sp’
CH; symmetric mode [53,58-60,68—71], respectively. The other peaks contributing
to broad band were at 2855, 2950, 3000, 3020, and 3050 cm™" attributed to sp3 CH,
symmetrical, sp> CH, olefinic, sp* CH olefinic, sp> CH, olefinic, and sp> CH
aromatic, respectively [71,58-60,68—70]. The sp>/sp” ratio could be calculated from
the areas of these non-overlapping peaks [58,59]. The ratio was an increase with
increasing the CH,4 diffusion at lower input power. The higher flow level caused an
increase in the H content, and since the sp> bond is directly related with hydrogen,
this could be suggested as a reason of the increase in the ratio. Increasing the input
power led to an increase of the sp’/sp” ratio. This could be explained with influence
of the power on the degree of the ionization, which increased as the power
increased. This caused to fragment the sp’ bond and transfer to sp® bond [70].
Therefore, there were not enough unhydrogenated C bonds in the deposition and this
increased H level. When the deposition time was increased, the sp3/sp2 ratio

decreased.
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Figure 7.5 The deconvolution of peak centered at 2910 cm™ selected samples before

and after annealing, and results of sp’/sp” ratio with respect to temperature
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Figure 7.5 (continued)

After annealing the sp’/sp” ratio decreased with increasing temperature for almost all
samples; only sample of BM10 showed an increase at 400 C [72], that is the plasma
bombardment should be more dominant than heat effect here. This decrease can be
explained by degassing of CHy from the surface and hydrogen release with
temperature. The existence of a large number of CH, and CH3 groups as well as
C=C double bonds can be suggested as a proof of the polymeric nature of films.
Moreover, decrease of the ratio provides the existence of the aromatic sp’

hybridization.

The annealing increased the amount sp' carbon bonding (carbyne) in the deposited
film. The carbyne is defined by the formula of R-C’ and assigned to broad band
observed around 3300 cm™. The existence of this structure was more distinctive at
annealed samples, as shown in Figure 7.4. Additionally, in plasma deposition, a thin
film with cross-linking structure is an expected result. As the degree of cross-linking
increases, this leads to the removal of sp2 bonding and increase of the sp3/sp2 ratio
[58]. Therefore, it could be suggested that the structure of the thin films indicated
higher degree of cross-linking at the high power and flow rate [18,19].

7.3.3 Contact Angle Measurement

The wettability of the thin films was investigated by measurement of contact angles
which the degree of wetting from the interaction of a liquid (water for our
measurements) and the surface of the films. If the contact angles are smaller than

90°, they correspond to high wettability (hydrophilic), and if larger, they correspond
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to low wettability (hydrophobic). If we make a comparison between surfaces of
sample before and after the deposition, their property of wettability decreased after
the deposition. In other words, the surfaces of the thin films indicated more
hydrophobic properties. The contact angle had larger values at high power and low
flow rate values, and but it decreased when the flow rate was increased at high
power value. At high flow rate, it should be decreased the power value to able to

raise the contact angle.

Figure 7.6 The images of contact angle
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Figure 7.6 (continued)
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Figure 7. 7 The change in contact angle with respect to flow rate and sp>/sp” ratio

7.3.4 X-ray Diffraction

X-ray diffraction analysis was employed to reveal the structural properties of the

thin films. Polymers generally become in the amorphous phase which doesn’t have
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chains with order in parallel and closely packed situations like in the crystalline
phase. It is possible to improve the property of the crystallization by heating the
polymers above the glass transition temperature (T,). The polymer chains were in
rigid phase at the temperature below T,. To be able to reach the sufficient chain
segmental movement and crystallization, it is needed to have a required free volume.
When it reaches T, temperature, the polymer chains start to become more flexible
and be able to open under stress, thus the sufficient free volume is able to be attained
at T, temperature. Above the Ty, stretching is accomplished and the randomly coiled
and entangled chains begin to disentangle, unfold, and straighten. Therefore, the
occurrence of the latter is dependent on the first order. A sharp change in the lattice
structure can be a reason of critical change in free volume and an onset of segmental
chain movement in the amorphous phase. It is expected that the degree of lattice
parameter shift has a nominally linear relationship with respect to anneal
temperature and annealing step causes a large change in lattice parameter and an
increase in grain size. However, the providing 100% crystallinity for polymers is not

possible because of the non-uniform molecular weight of the polymers [73—75].
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Figure 7.8 X-ray diffraction patterns for all samples before and after annealing
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Figure 7.8 (continued)

It is seen from Figure 7.8 the generated thin films show amorphous nature of the
film structure. Generally, the diffraction peaks locate according to families of lattice
planes and these peaks for our films almost centered at 35°. The annealing caused
some changes in the intensities of the diffraction peaks. These changes can give
information about the ordering in the structure. An increase in the diffraction
intensity may be assigned to increase in the crystallinity or long range
crystallographic ordering. The highest intensity change by annealing was seen in
sample of BM1, so it can be said that the most influence in the property of
crystallization was seen at lower power and CHy4 flow rate values. The intensity for
other samples of BM2, BM3, and BM4 showed a decrease with the annealing. When
the deposition time was increased, the intensities of the diffraction peaks increased
for both of BM5 and BM6 samples, but again higher change was observed at lower
flow rate. The samples deposited at 10 min indicated a sharp decrease in the
intensity after the annealing, except the BM9 sample. Here, the effective change
obtained at 250 W rf power and 3 sccm gas flow rate. There was a shifting
represented in the diffraction peaks after the annealing. While the peaks were
shifting to the right side for samples of BM3 and BM4, it is left for samples of BM2,
BM10, and BM11. This shifting could be due to the arrangement of atoms in the
structure or strain which changes the lattice parameters. In addition, the shifting to
lower 20O values in the diffraction could be due to the existence of small oxygen
impurities or nitrogen vacancies within the crystal lattice [76]. The width of the

diffraction peaks can be explained with the crystallite size. Even though it is small
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for some, the diffraction peaks for all samples showed a decrease in width, as shown
in Figure 7.8. The samples of BM4 and BM3 exhibited their effective decrease at
200C and 300C annealing temperatures, respectively. The diffraction peak of BM9
also decreased in width at 500 C. The sample of BM1 showed in a linear decrease
with increased annealing temperature. Since the peak width varies inversely with
crystalline size, a decrease in peak width can correspond to an increase in crystalline

size.

7.3.5 Thickness Measurements

The thickness of the thin films increased with raised rf power up to 200 W, then
decreased at 250 W which may be due to more fragmentation than recombination
during the polymerization. Increasing the CH4 flow rate resulted in an increase in
thickness since it grows the reactions with fragments of biphenyl and provides a
suitable case to easily generate new components that is increasing the deposition
rate. Since the annealing temperature caused an effective thermal decay and a
disruption of microvoids in the films [67], the thickness of the thin films had a
decrease as the temperature increased. With the thermal decay, some weak
components (C-H) and methyl groups (-CH3) started to disconnect and this led to
increase the porosity in the thin films. The decrease in thickness can be related with

degassing of CHyx components from surface as a result of annealing [72,77].
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Figure 7.9 Thickness measurements and the change of thickness with respect to the

annealing temperature
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7.3.6 Atomic Force Microscope

The surface of the thin film has significant nanostructures as shown in the AFM
images. The peaks on the surface increased by increasing the rf power, a result of
more fragmentation and reconstruction during the film formation in the reaction
chamber. The increase of CH; flow rate also created effective changes in
morphology, which may become due to the higher gas level which is efficient in the
reactions with the biphenyl. After annealing, the intensity of peaks showed a
decrease at 400 and 500 C annealing temperatures, and also some deformation and
peak loss were seen on the surfaces. Increasing the annealing temperature results in
the degassing of film components and this causes to deformation on the surface of
the film. Moreover, the high temperature leads to decomposition and compaction of
the films, and reformation of the amorphous covalent network that is causing

smoother surfaces [67,72].
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Figure 7. 10 The AFM images before and after annealing
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Figure 7.10 (continued)

The parameters of the standard deviation (rms roughness, Ry), the mean absolute
deviation (ave roughness, R,), and the maximum peak to valley (Rp-v, R;) were
measured from AFM images. It presented an increase for these parameters with
raising rf power. Due to easy fragmentation to small and open components at high rf
power, it can be said that the plasma bombardment plays an important role on the
roughness parameters [72]. However, no any important changes were observed as
the CHs flow rate increased. The annealing led to decrease in the roughness
parameters at 400 and 500 C temperatures [23]. This can be explained by the
important thermal decomposition and the collapse of microvoids in the films at these

temperatures [67].
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7.4 An Application for c-Si Solar Cell

The thin films generated from the mixture of biphenyl and methane plasma
deposited on the c-Si solar cells. We characterized the optical properties of these
films in chapter 5 and it was known that they showed an absorption in a wide range
of wavelength and had wide optical band gaps which are suitable for antireflection
coating. When the thin film deposited under the negative bias voltage, the efficiency
showed a sharp decrease after deposition. Also, some deformations were observed
on the surface of the solar cells which may be due to the high level of ion
bombardment. Therefore, we tried to deposit the films without the bias voltage and
the efficiency of the solar cell was improved in this case. However, the results was
not attractive as ones obtained by the a-C:H thin films which was mentioned in
section 6.4. As shown in the Figure 7.11, the efficiency showed only small increases
at low deposition time as the flow rate was at high value. It could be suggested that

the required thickness was achieved in a short time under the high gas concentration.
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Figure 7.11 The I-V graphs of solar cells before and after the film deposition under

the mixture of biphenyl and methane plasma
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The hydrogen passivation effect was also analyzed for the deposited films. The
improvement of the efficiency of c-Si solar cells can be supplied with the
passivation of recombination active centers on the solar cell surface during the film
deposition [78]. In the passivation process, the properties of cells are improved via
the interaction of H with impurities and defects in the bulk of Si. The H passivation

also provides to obtain devices with high quality and low surface recombination[79].

The hydrogen interacts in the silicon solar cells and neutralizes the electrical
activities of deep impurities and shallowness of acceptors in cells [80]. It is expected
that the formation of a pair of neutral and hydrogen vacancy with the formation of a
bridged Si-H bond. Firstly, in the case of absence of hydrogen, a Si atom moves
toward the vacancy. While the Si atom is following into a straight path toward the
vacancy, it changes along the curved path by the existence of hydrogen atom.
Secondly, as a result of this interaction, the hydrogen atom breaks one S-H bond and
then generates a new bond with Si atom. Finally, this new Si-H bond occurs with
rotated position, and to get back to the initial position a rotation is required. After
this rotation, the total energy decreases [79]. In other words, the passivation can be
explained by the deep penetration of hydrogen into the outer layer of the solar cell
and connecting with dangling bonds in the deflected multicrystalline material [81].
The efficiency measurements of the solar cell have shown a higher response for
which the improvement due to the hydrogen passivation in the bulk of solar cell

[81].

180



Table 7.4 Measurements of I-V graph for the films of the mixture

Power Flow Voltage Dep. Voc Isc Jsc Fill  Efficiency
(W) rate V) Time V) (A) (mA/cm?®) Factor (%)
(sccm) (min) (%)
200 3 - 2 before 0.581 0.074 354 65.2 13.4
after 0.592 0.076 36.1 64.1 13.7
200 3 - 3 before 0.565 0.086 24.0 71.8 11.7
after 0.563 0.082 22.8 71.3 11.5
200 3 - 5 before 0.568 0.082 27.4 69.9 13.1
after  0.567 0.080 26.6 67.4 12.7
200 3 - 10  before 0.574 0.074 24.8 72.7 12.4
after 0.568 0.064 214 70.6 10.7
200 5 - 3 before 0.582 0.075 33.7 69 13.6
after 0.593 0.079 35.4 68.4 14.4
200 5 - 5 before 0.574 0.073 30.7 66.3 11.7
after 0.585 0.081 314 65.7 12.1
200 3 -66 10 before 0.569 0.089 24.7 71.8 12.2
after 0.320 0.081 22.5 26.4 2.4
200 5 -66 20 before 0.589 0.133 27.7 41.2 7.9
after  0.091 0.078 16.4 25.3 0.5
Si-H o SiH " | ' '

Transmittance (a.u.)
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Figure 7.12 The FTIR spectra results for the films of mixture

In the FTIR measurements, the 2246 cm™ band corresponded to Si-H stretching
vibration [64,82,83], which is the main band giving information about H-bonding to
the silicon surface. The band around 740 cm” was assigned to Si-CHj
rocking/wagging mode or to Si-C stretching mode [84,85]. The bands at 1240 and
846 cm™ corresponded to deformation of Si-C and Si-H, respectively [82,83]. The
band observed at 1420 cm™ referred to Si-CH; asymmetric stretching [83] or Si-
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Cg¢Hs (silicon attached to benzene ring) stretching vibration [64] and the band
assigned to Si-H deformation was seen at 948 cm™ [82]. There is a shifting in
wavenumbers for some bands which can be due to the difference in the optical
thickness or the carbon content in thin films. We can discuss the H passivation effect
from the H-bonding with silicon surface. As seen in the spectra, the films

represented H-bonding with narrower band as the deposition time.

7.5 Conclusion

The fluorene-type thin film was synthesized under a single capacitively coupled rf
plasma system by using the biphenyl and methane plasma. The films were annealed
under the different temperatures and the changes in the physical and chemical
properties were discussed. The OES measurements were used to characterize the
plasma during the deposition. The C atom content increased with the rf power
whereas the H content decreased. At the high power, increasing the CH4 flow rate
led to increase the excitation of the CH component. From the FTIR spectra, it was
seen that the level of C-C and C=C bonding in the film structure increased with the
rf power. Therefore, we could suggest that the high quality thin film is generated
with high rf power. The sp’/sp” ratio also increased by the rf power. Increasing the
deposition time decreased the sp’/sp” ratio. After annealing the sp’/sp® ratio
decreased with increasing the temperature and the cross-linked structures increased
in the films. The surfaces of the thin films indicated hydrophobic properties at high
power and low flow rate values. At high flow rate, it should be kept the power at
lower values to able to raise the contact angle. The deposited thin films had an
amorphous structure and a small increase was obtained in crystalline size after the
annealing. The thickness of the thin films increased with raised rf power and gas
flow rate up to the state of saturation. The thickness of annealed samples declined
with the increasing temperature. The AFM images showed that the surfaces of the
films have nanostructured features. After the annealing, the height of the peaks on
surface decreased and smoother surfaces was obtained. Also, the heating the films
caused a decrease in the roughness parameters. The generated thin films were coated
on the surfaces of c-Si solar cells and smaller increases in the solar cell efficiency

were achieved as compared with the a-C:H films.
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CHAPTER 8

SUMMARY AND FUTURE WORK

This thesis focused on fabrication and characterization of the fluorene-type and a-
C:H thin films by plasma polymerization technique. Two different plasma systems
were used for the film formation: the single capacitively coupled rf plasma system
and the double discharge system which occurred from the combination of a low
pressure dc glow discharge and a high current pulsed discharge. The plasma
diagnostics of the rf plasma system were measured by using the double Langmuir
probe under the N, and Ar plasmas. The results showed that the applied rf power
caused an increase in both of the electron temperature and ion density. However,
increasing the pressure led to a decrease in both of these features. As the electrode
gap increased the electron temperature and the ion density decreased as a result of

decrease in the plasma energy density.

We presented the plasma polymerized fluorene thin films synthesized by double
discharge system and characterized by FTIR, UV-visible, XPS and XRD spectra,
and SEM measurements. The produced thin films presented the substitution pattern
formation and they had amorphous nature in structure. The optical energy band gap
values of the produced and iodine doped samples would have potential applications

at semiconductor devices.

Fluorene-type thin films were produced under the mixtures of biphenyl/ methane
and biphenyl/ ethylene plasma by using a single capacitively coupled rf plasma
system. The plasma environment was analyzed via RGA mass spectrometry.
Controlling the plasma chemistry during the plasma deposition was a difficult and
very complicated work. Applying negative bias voltage led to positive ion
bombardment on the substrate and this increased intensities of the corresponding
fragments for the fluorene-type thin films. Therefore, this process can be considered
as an effective way in controlling the reactions in the plasma depositions. In

addition, due to the stability of the molecule of ethylene, it was more attractive than
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the molecule of methane to obtain the fluorene-type thin films. The optical
properties of films were revealed by using UV-visible spectroscopy and thin films
were doped by iodine. The thin films indicated direct band energies and they
changed in the region between 3.15 and 3.54 eV for the mixture with methane, and
between 3.08 and 3.48 eV for the mixture with ethylene, which verified that the
chains in the film structure were generated in different order with respect to the
independent plasma parameters. I, doping improved the electro and optical
properties of the thin films by decreasing the energy band gap up to 2.85 eV, which
may result from the increase in the conjugation length of the structure. The energy
band gap values of the films indicated almost same results for two mixtures after the
doping process. Thicknesses of films were measured by ellipsometry and they
showed a linear relation with the plasma parameters of power, CH4 or C;Hy flow
rate. The applied negative bias voltage should be at high values for deposited films
obtained by using the methane gas while it should be at intermediate values for the
ethylene gas. Since the molecule of the ethylene tended to form heavier compounds
during the deposition, which caused increase in the deposition rate, thickness values
corresponding to the mixture of biphenyl/ ethylene were found higher than the
corresponding to the mixture with methane. Moreover, an AFM was employed to
characterize the nanostructural properties of the film surfaces. The surfaces of thin
films formed in both mixtures had remarkable nanostructured characteristics
generated by the various bias voltages. Additionally, peaks on the surfaces of thin
films provide the availability required for photovoltaic applications. As a result, it
may be suggested that applying a negative bias voltage is an effective way to
increase the height of these peaks. The surfaces of the thin films deposited with
ethylene exhibited higher density than the ones obtained with the methane. The
XRD spectrometry exhibited that all deposited films had amorphous structures and
we are going to improve the crystallinity by annealing the thin films in the future. It
could be suggested that the mixture of biphenyl/ ethylene plasma environment was

more suitable to obtain the fluorene-type thin films.

The a-C:H thin films were synthesized by using a single capacitively coupled rf
powered CH, plasma system under variable plasma parameters in a wide range. The
amorphous structure of the thin film was revealed by XRD spectroscopy. The

diagnostic properties of plasma species during the deposition were investigated by
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using OES and the structural properties of thin films were analyzed via FTIR
spectroscopy. As a result of the measurements and analysis, it was found that the
sp’/sp> ratio and H content in the plasma are the most significant factors in
determination of the type of the thin films, which was generally closer to graphitic
structure. A profilometer was employed to measure thicknesses of the films, which
were found to be in a linear relation with the sufficient ionization rate and deposition
time. Moreover, the values of the optical band gap energies of films were revealed
by using UV-visible spectroscopy. It was found that the indirect band gap energies
changed in the region from 0.65 to 1.60 eV, which may result from different order of
chains in the film structure generated with respect to the parameters. As a result of
all analysis, it was found that the plasma reactor should contain enough C
compounds and this content should be higher than the level of the H content to be
able to obtain a thin film with good quality. The H content can be controlled with
changing the plasma parameters. The a-C:H films generally exhibited good
characteristics at higher input power and higher CHy4 flow rate, at 30 min deposition
time. The produced a-C:H thin films were coated on the surfaces of c-Si solar cells
and it led to the improvement of the solar cell efficiency at high values of the
deposition time, rf power, and CH4 flow rate. This improvement can be due to the
antireflective property or the hydrogen passivation effect of the deposited films.

From results, an increase around 5 % was achieved in the efficiency.

The annealing effect on the fluorene-type thin films synthesized by the single
capacitively coupled rf plasma system by using the biphenyl and methane plasma
was investigated under the different temperatures and the changes in the physical
and chemical properties were discussed. The OES measurements were used to
characterize the plasma during the deposition. The C atom content increased with
the rf power whereas the H content decreased. At the high power increasing of the
CH,4 flow rate led to increase the excitation of the CH component. From the FTIR
spectra, it was seen that the level of C-C and C=C bonding in the film structure
increased with the rf power. Therefore, we could suggest that the high quality thin
film is generated with high rf power. The sp’/sp® ratio also increased by the rf
power. Increasing the deposition time decreased the sp’/sp” ratio. After annealing
the sp’/sp” ratio decreased with increasing the temperature and the cross-linked

structures increased in the films. The surfaces of the thin films indicated
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hydrophobic properties at high power and low flow rate values. At high flow rate, it
should be kept the power at lower values to able to raise the contact angle. The
deposited thin films had an amorphous structure and a small increase was obtained
in crystalline size after the annealing. The thickness of the thin films increased with
raised rf power and gas flow rate up to the state of saturation. The thickness of
annealed samples declined with the increasing temperature. The AFM images
showed that the surfaces of the films have nanostructured features. After the
annealing, the height of the peaks on surface decreased and smoother surfaces was
obtained. Also, the heating the films caused a decrease in the roughness parameters.
The generated thin films were coated on the surfaces of c-Si solar cells and smaller
increases in the solar cell efficiency were achieved as compared with the a-C:H

films.

It could be suggested that the thin films produced by the plasma polymerization
were different than the ones produced by the conventional techniques in the physical
and the chemical meaning. It is promising technique to generate thin films for
several applications such as photovoltaic, organic and biomedical devices. In future,
the application of the c-Si solar cells will be repeated for optimum parameters and
different polymer materials will be tried for this application. We will also plan to use
the produced polymer thin films for photovoltaic devices such as organic solar cell
and organic light emitting diodes. Furthermore, we are going to synthesize plasma

polymer thin films and discuss for the different polymer groups.
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