ABSTRACT

RILEY, PARAND. Silicon-doped Diamondike Carbon, Reduced Graphene Oxide, and
Diamond for Biomedical, Chemical, and Physical Applicatigosider the direction of Professor
Roger Narayan androfessodagdish Narayan).

Recently, there has been growing interest in producing cdrbsed materialslue to their
applications in various fields such agh-speednachining, deegeadrilling, cutting/polishing
tools, supercapacitors, batteries, bioapplications, photovoltagrsosion inhibitors, and optical
devices. Quencheecarbon (Qcarbon) and diamondike carbon (DLC) are the amorphous
structures of carbon composed of a mixture éf apd sp- hybridized carbon bonds.-Garbon

has high spcontent (above 75%), and DLC generally composed of ~50%>sgarbon bonds.
Diamond andreduced graphene oxideGO) are the crystalline structures of carbon. While
diamond is composed of $parbon bonds, rGO is composed of sarbon bonded layers with
weak Van der Waals forces bewwvethe layers. Therefore, diamond is a hard material whereas
rGO/graphite structures are solid lubricariEach diamond unit cell consists folur tetrahedra

with a central atom anfur tetrahedra withouthe central atom. In €arbon, the tetrahedra with

a central atom are randomly and compactly packed in the amorphous structto@bd@ Hence,

the atomic number density and hardness-ca€bon exceesthatof diamond. Considering all the
differences inhe carbon arrangement and bonding in the structure of BRG, microdiamond,

and Qcarbonmaterials, a wide variety of properties can be offered by carbon structures, and as
was mentionedbove a broad spectrum of applicatiossovered bythese structes

DLC, rGO, microdiamond, and -@arbon films can be produced by controlling thé apd sp
content and managing the arrangement of atoms. Thus, the ability to control and modiigthe sp
ratio in carborbased materials is crucial for defining thregerties of the resultant carbbased
product. The present study is focused on modifying tharspsp content of the carbon structures
with a myriad ofmethods and producing different carbon structwiéis variouspropertiesfor a

wide array ofapplications There are different methods to modify thé/sp ratio in carbon
structures.

In the present dissertation, by controlling and maintaining the regrowth velocity under 4 m/s, the
formation of phas@ure rGO from insulating polymers of polytetraftaethylene (PTFEand

metapolybenzimidazole electrospun fibers (PRI$ing pulsed laser annealiftas become



possible. The controlled velocity of under 4 m/s, prohibits the formatior*dfydpidized carbon

bonds and leads to the formation of-bgbridized carbon bonds. The ArF excimer laser with a
photon energy of 6.4 eV and a pulse width of 20 ns is an appropriate choice of laser annealing for
the ultrafast melting and controlled undercooling. Our studies show that in all the mefdasered
amealedoolymers, the Xray diffraction (XRD) results confirm the formation (002) planar spacing

and a gho2) corresponding to the reduced planar spacing in rGO structures. This method has the
potential for the future selective polyraeritten electronics.

The present work has taken advantage of reaaivetching (RIE), plasmanhanced chemical

vapor deposition (PECVD), arldw-energy ion bombardmett modify and control the $pnd

sp’ content of carbon structures for further applicatichisese methal enjoy the beneftof
combining an equilibrium component with a requilibrium componentUtilizing PECVD and

RIE method, we were able to enhance the® spntent of DLC structures for the beneficial
applications of synthesizing continuous diamond -thims, largescale deposition on flexible
heatsensitive substrates, enhancing the water stability and moisture barrier of DLC structures, and
improving the biocompatibility of DLC structures.

The plasma component in the RIE systems provides the essamigly for etching off thep?

clusters to smaller dimensions, establishing the previously preseftsitespand evolving new

sp® hybridized radicals depending on the type of precursor used for the formation of plasma. Thus,
the RIE method is used in this work to treat the surface of sitloped diamondike carbon (Si

DLC) films with oxygen and fluorine plasma. The appearanstabie spsites that are now larger

and closer on the surfateated SDLC films than on thaintreatedSi-DLC film, improved the
HFCVD-diamond nucleation density, notably. Consequently, the rdiecemond growth rate on

the surfacdreated SDLC films was slightly improved in comparison to-BLC film.

The plasma component in the PECVD system helps the decomposition of the gaseous precursors
and reduces the required substrate temperature during the deposition. Hence, the deposition on
polymers and heatensitive substrates are feasible by this method. Using PECVD system, the
deposition of SDLC structurewith easy control on the parameters of reaction is achievable.
PECVD also allows for the perfect conformal deposition, and the unifeshaped plasmassists

the scaleup deposition over large areahe plasma component increases the adhesion of the

growing film to the substrate through the bombardment of the substrate with energetic particles.



Here, we have used PECVD to dope DLC with silicon. S;néel i c on c-bhondswhen f or m
present in DLC structures, the®sp sg ratio in SiDLC films increases, and the size of the
graphitelike domains reduces. The enhancement thcgmtent with the presence of silicon,
reduces the internal residual strassDLC structures. Consequently, silicon incorporation
increases the adhesion of thelR&iC film to thesubstrate. Therefore,-BILC is a potential coating
candidate fomoisture barrieandwater stability Our results verified the effectiveness off8iC
coating in reducing the moisture vapor transmission rate of a commercial polymer substrate from
10.10 g/m.24hrs down to 6.31 g/hR4hrs. Theesuccessful results are correlated with the stress
reduction in DLC films by the incorporation of silicotheeby enhaning the adhesion and
decreamg the crack formation in the film.

Surface properties of silicencorporated diamontike carbon (SIDLC) were also tailored
utilizing oxygen and fluorine plasrteeatmentsusing RIE method Successfulanchoring of
oxygen and fluorine functional groups to the surface eDIST was verified using Xay
photoelectron spectroscopy. The impact of surface modificationESion hydrophobicity was
correlated with viability of L929 mouse fibroblasts. Thefoaal microscopy and viability results
indicated that oxygen surfateeatment of SDLC increases cell viability compared to untreated
Si-DLC and fluorinetreated SIDLC samples 5 days after seeding. The increased cell viability was
correlated to the comvsion of the hydrophobic surface of[SHILC into a hydrophilic surface by
oxygen plasmdreatment.

Our investigations on the improved properties and applications-DLSi coatings led us to
recognize¢he mechanism by which the thermal stability of diamlbkel structures is improved by
silicon-doping. The results of the thermal stability experiments show that tb&Gifilms are
almost unchanged up to 300 °C, and th®BC expresses alteration in the structure at 400 °C,
and the SDLC layer is still preent at 500 °C. However, the DLC structure illustrates significant
changes in the structure at 300 °C hpteating the film to 400 °C, the DLC structure is destroyed,
and no carbon signal can be detected. The enhanced thermal stabilitiplo€ Sitructues is
primarily dueto the ability of silicon to form SiC bonds and delay the conversiorPdfydpridyzed
carbonbonds into sphybridyzedcarbonbondsby forming SiQ layer.

Finally, we performedow-energy ion bombardmentethodusing PECVD systerto completely
convert SIDLC structure into Sdoped Qcarbon (SiQ-Carbon) structure. Our detailed EELS,
XPS, Raman, and EDS results confirm the ability of kbw-energy CHs" and Ar* ion



bombardmento produce wafescale integration of @arbon films.By the bombardment of the
amorphous carbon wilbw-energyCHs* andAr™ ions, Frenkel defects are created in the structure
which provide the required energy for tanversion of the threfld coordirated spcarbon units
into sp’ bonded fiveatom tetrahedron unitén optimum ion energy values of 150 eV during the
deposition and 250 eV during the postprocessing were used respectivelysf@@Br* ions, to

effectively fulfill the conversion.
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1. Introduction

Carbon is one of the most important elements on earth, and it belongs to group 14 in the periodic
table with the atomic number[6]. Considering its mass, carbon is tfferdost common element

in the Universe after hydrogen, heliuand oxygerf2]. This material is the f5most abundant
element in the crust of earth and exists in the earth atmosphere in form of carbon dioxide (CO
[3,4]. Since all organic structures contain carbon, carbon is an essential material in organic
connections, organic devices, and modern technd®gy. Carbon atoms can generate different
arrangements of at@rand various types of crystal structures which deliver numerous materials
properties.

Carbon can exist in crystalline and amorphous structures. Diamond and graphite are-the well
known crystalline structures of carbon. While diamond is famous for itshaginess\(ickers
hardnes®f aroundL00 GP#[7] and 100% spcarbon bonds, graphite is known for its lubricating
nature and 100% $mgarbon bondg$8,9]. On the other hand, diamotite carbon (DLC) and
guencheecarbon (Qcarbon) are the main amorphous structures of carbon. DLC is-aostw
candidate for protective coating applicati¢t@]. The discovery of €arbon has created new and
extraordinary properties and applications for carbon materialsarpn with at least 756
randomly packed Sfpponded carbons in forma ¢étrahedron units with a central atom has a higher
atomic number density and a higher hardness than diafhdhd

Thermodynamically, graphite is the sable phase of carbon in room pressure and room temperature
[12], and the formation of diamond is only feasible at high pressure and high temperature
conditions[13,14] As a resultto overcome the thermodynamic limits, different methods of non

equilibrium and equilibrium with a neequilibrium component are inventeddathe formation of
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metastable phases of carbon such as diamond a@ab@n at lower pressures and temperatures
has become viable.

In this dissertation, the various structures of carbon with their properties will be introduced in
chapter 2. The differencbetween the equilibrium method, requilibrium method, and
equilibrium method with a neaquilibrium component to produce metastable phases of carbon
will be investigated. Effestof undercooling in nowequilibrium formation of carbon structures
during the pulsed laser annealing (PLA) method, the diamond nucleation barrier exists for the
formation of CVD diamond, and the role of-c@rbon in diamond nucleation widlso be
elaboratedThe experimental procedures and methods utilized inliggertation will be described

with details in chapter 3, and the principles of the characterization methods will be explained.

It is shown in chapter 4 that the insulating polymergadytetrafluoroethylene (PTFENdmeta
polybenzimidazole electrospuibérs (PBl)as the source of carbon are directly converted into
reduced graphene oxide (rGO) using PLA method. By controlling the regrowth velocity to
maintain under 4 m/s during the PLA method, the pipase rGO is produced. The characteristic
XRD peak @ (002) planes with thegz) corresponding to the rGO structures is observed in the
rGO structures obtained from the PLA of both the polymers. The mechanism of this transformation
is proposed. Thus, using the requilibrium method of PLA, it is viableotcontrol and modify

the sp and sp content of the final product and produce pure rGO stru§lifie

In chapter 5, the Sontent on the surface of silicon dopedC (Si-DLC) samples is modified
using reactiveion etchimg (RIE) method. During the RIE process, thé dpmains were etched

off. Thesp/sp’ ratio of carboncarbon bondsasdiminished from 20.28% for SDLC film down

to 8.96% and 4.41% f@ddxygentreatedSi-DLC andFluorinetreatedSi-DLC films, respectively.
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Therefore, the (111) CVD diamond nucleation and growth has improved on the surface of-Oxygen
treatedSi-DLC andparticularly on the surface of FluoritieeatedSi-DLC films [16].

The vapor transmission barrier capability and water stability-BfL%} coatings were investigated

in chapter 6. The moisture vapor transmission rate (MVTR) results indicated an enhancement in
the moisture transmission barriproperties of a polymer substrate with[BiC coating from

10.10 g/m.24h (without the SDLC coating) to 6.31 g/Ai24h (with the SDLC coating). The

water stability results confirmed the moisture resistance d@DPL8l coatings for protective
applicatiors up to 100 °C for 4 f10].

In chapter 7 and 8, the-BILC, OxygentreatedSi-DLC, andFluorinetreatedSi-DLC films were

tested for the viability of L929 muse fibroblast and the antifungal properties. The cell viability
results showed that the oxygrmination of SIDLC enhances the cell viability of L929 mouse
fibroblast due to the hydrophilic surface of OxygesatedSi-DLC in comparison with the
hydroghobic surface ofhe SiDLC and FluorinetreatedSi-DLC films. In comparisonwith the

other twofilms, the antifungal assessment using a Candida albicans-walltplate screening
method and crystal violet biomass quantificationdicated antifungal behavior and reduced
nosocomial infectios on the hydrophilic surface of Oxyg&eatedSi-DLC.

The thermal stability of SDLC has always beeof concern owing to the common use of DLC
structures aprotective coatings. Thus, {Dhapter 9, it is shown lwthe silicon doping of DLC
elevates its thermal stability, and the mecharafiowing thisenhancement is preseniedietail

Finally, in chapter 10, the lownergy ion bombardment is used to convert tRBIST structure

into SFQ-Carbon structure. TheHs" and Ar ions using negative biasing method collide with the
surface of amorphous carbon during the PECVD deposition and create the Frenkel pairs necessary

for the transformation of threfeld coordinated carbon units into the fiséom tetrahedron units.
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2. Background information

2.1. sp- and sp*- hybridized bonds

The nature of chemical bondimgparticular, the hybridization of bondsas a significant impact

on the properties and the resulting applications of a mafétiahs an example, carbon bonds
specially the bond hybridization in carbbased materials strongly affect their structure and
properties. Orbital bonding in materials normally folleacommon behavior, and the bonding
occursbetween the same type of orlstaFor example, the s orbital would bind with an s orbital,

and the p orbitals would bind with each otf@&8]. Yet, the binding behavior of carbon atoms is

not usually the same, and different kinds of orbitals would bond with each other. For the case of
carbon atoms, the s and p orbitiaésd together and form hybridized borjd$].

Each carbon atom has six electrons with the electron configuration &f(28¥) (2pY. It is
expected that carbon only bonds with two other atoms or molecules, since two unpaired electrons
exist in the outermost shell in the ground state. However, it practically shows the bonding
capability of an atom with four electrof@. The energy of the 2s state and the energy of 2p state
are close enough so that the excitation of electron from the 2s state to the 2p state does not require
a high amant of energy{7]. By providing a small amount of an external energy, such as the
perturbation from a neighboring hydrogen, the required energy is suppigdrherefore, in the
excited carbon atom, one s orbital and three p orbitalp(pand p) intermix, and four identical

hybrid orbitals known as $ghybridized orbitals form. This hybridization helps carbon to have
four unpaired electrons. As shown in Figure 2.1, the fothgbridized orbitals form a tetrahedral

configuration with an angle of 109.5 degree between the hybrid orf@ifals
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Figure 21: The configuration of sphybridized orbitals.

The sp-hybridized orbitals are shaped by theermixing of one s orbital with two p orbitals«(p
and g). As illustrated in Figure 2.2, the%bybridized orbitals form a planar configuration with
an of angle 120 degree. The’$ybridized orbitals creat&-bonds and theorbital which is

perpendiular to the sphybridized orbitals establishésbonds[10].
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Figure 22: The configuration of sphybridized orbitals.
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2.2. Phase diagram of carbon

Knowledge about the phase diagram of carbon is critically important to understand the conditions
and mechanisms under which the different structures oboarén grow. Figure 2.3 displays the
phase diagram of carbon that determines the equilibrium phases of carbon at different pressures
and temperatures. At low pressures and temperatures, graphite is the stable phase [dfi¢arbon

At low pressures with increasingmperatureabove ~ 4000 K, graphite converts into the vapor
phase of carbofl2]. The triple point at which graphite, diamond, and vapor carborinare
equilibrium occurs at 12 GPa and 5000 K. From the carbon phase diagram, it is evident that using
the equilibrium methods such as conventional chemical vapor deposition (@¥Pydiamond
synthesis requires high pressures and high temperatures (HPHT). However, it will be shown later

in this chapter that it is possible to grow diamond at lower pressures and temperatures by

incorporating norequilibrium components in ¢hprocess.
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2.3. Carbon structures

The diversity of carbon structures is exceptionally impresditiere are distinct structures such

as graphite and diamond that are made entirely out of carbon and showing different properties.
The type of carbon bondsid the arrangement of carbon atoms in the crystal structure culminate
in the generation of various carbon allotropes and structures. In this section, different carbon
structures are introduced.

2.3.1.Reduced graphene oxide

Graphite as an allotrope of carbis composed of parallel and multiple layers of tHobe sp-

boned carbon atoms, and graphene is composed of thefdhdes?-boned carbon atoms. The
carbon atoms are densely packed in a hexagonal arrangement (FigyteR. #herefore, the
crystal structure of graphene and graphite are fulfyhgpridized[16]. Within each layer of
carbon atoms, the strong’dpybridized orbitals create strodgbonds[17]. However, between the
layers, th€ -bonds generate the weak VVderWaalsforces. Acordingly, graphite is a very soft
material[18]. The bandgap of graphene is almost zero, and therefore, the charge current cannot be
switched on or off in the graphetased devicefl9]. Graphene oxide, on the other hand, with

the incorporation obxygen is electrically insulatin@0]. Reducing of graphene oxide to produce
reduced graphene oxide (rGO) provides the ability to tune the bandgap and conductivity of

graphene.
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Figure 24: The atomic structure of graphene.

2.32. Diamond-like carbon

As it is evident from Figure 2.3, diamositke carbon (DLC) structure is not a stable structure of
carbon and is a metastable structure of carbon. DLC structures are composed 6f bhoth s
hybridized carbon bonds that are randomly arranged in the stry€lignre 2.5)[21]. This
amorphous structure of carbon can have varied ratio dfasg sp bonding, usally with
considerable amount of $ponding[22]. The sp and sp ratio can be modified by doping of
different elements such as Si, Mo, and[23]. The sp content mainly represents the optical and

electrical properties, and the*spntent is responsible for the mechanical robustji22gs
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Figure 25: The schematic of diamorike carbon structures. The black atoms are the sp
bonded carbon atoms, and the gray atoms are tHsospled carbon atoms (with permission
from Ref.[25]).

2.33.| -carbon

| -carbon is another metastable phase of carbon. This structure is composed of spd sp?
carbon bonds with mainly sp? carbon bonds. Due to the prominence of $garbon bonds, this
structure is soft and is appropriate for lubrication. Similar to DLC structure], -carbon is
amorphous[26].

2.34. Diamond

Diamond is a unique allotrope of carbon with crystalline stru¢2#k The structure of diamond

is made of foufold sp-hybridized carbon atoms that are tetrahylcmordinated28]. Each unit

cell of diamond has eigltarbon atoms that are arranged in a faced centered cubic (FCC) crystal

structure known as diamond cubic crystal structureifirdpace group) (Figure 2.6). Therefore,
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each carbon atom is covalently attached to four other carbon atoms in a tetrahedgomatimf

with a bond angle of 109.5°. Correspondingly, diamond is electrically insulating with a large
bandgap of 5.5 eY28,29] Due to the highly strong covalent bonds, diamond exists in ambient
conditions as a metastable form of carbon. Diamond consists of four tetrahedra with a central atom
and four adjacent tetrahedra with missing central atom. The&@twmber density (AND) in the
tetrahedra with the central atoms isA2fhereas the AND of the tetrahedra with missing atom
is 4/A . Therefore, in the diamond cubic lattice (DCL), the two tetrahedra alternat to give an
average AND 08/A . The highbonding strength and the high atomic number density (AND¥8/

of diamond make it one of the wddhown hardest materials with a Vickers hardness of 100 GPa
[30]. The diamond lattice structure candmmsidered as two interpenetrating FCC lattices that are
displaced by ¥ length of the unit cell in the <111> direction or the body diagonal direction

((Ya,Ya,Ya)a).

Figure 26: The diamond unit cell.
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2.35. Q-carbon
Quencheetarbon (Qcarbon) is a new allotrope of carbon and is formed when the diamond
tetrahedra with central atoms are arranged randomigar@Qon is formed by the ultrafast
guenching of undercooled molten carbon using the-amuilibrium method of pulselhser
anrealing at atmospheric pressure. Hence, it is a metastable structure of carbon and is composed
of four-fold sp*-hybridized carbon (75985%) and thredold sp*-hybridized carboifd1]. The unit
cell of this structure is illustrated in Figure 2.7. These units are randomly packed \aitkiagp
efficiency of 809432,33]. Since Qcarbon has a higher AND than diamond & 2/ersus8/A ), it
is harder than diamond. The hardness and AND are directly related as represented in equation (2.1)
[34]:

( "= 1. g8 2.1)
where H is hardness, is a constant with a value of 6023, B is the bulk modulus, ardis the
Poi ssonbds rati o Awdrborplags a griical ok in thé diadhondl duleatiol® Q
carbon provides a higher nucleation density owing to the generatiorrcafb@nat higher
undercooling and lower Gibbs free energy. The high density tetrahedradrb@n structure act
as the nucleation sites for diamond. The properties@dr®on in comparison with other structures

of carbon is summarized in Table 2.1.
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Figure 27: The unit cell of Qcarbon.

Table 21: The properties of different carbon structuje$,35 37].

Carbon structur¢ Density (g/cmd) | Hardness (GPa sp® (%) Bandgap (eV)

(Vickers)

Q-carbon ~5.0 Harder than 75-85 3.82 (direct)
diamond 2.93(indirect)

Diamond 3.52 100 100 5.5

Graphite 2.25 295x103 0 ~0.04

Diamondlike 1.63 10-30 spH+sp’ ~2.5
Carbon

2.4. Equilibrium, HPHT processes versus nofequilibrium processes
Equilibrium processes follow the thermodynamic considerations. Based on the carbon phase

diagram in Figure 2.3, the equilibrium formation of diamond is only possible at high pressures and
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high temperatures (HPHT[B8]. As a result, the different equilibrium methods of diamond
synthesis such as the conventional CVD method require providing the severe conditions of high
pressure and high tempera(39]. To facilitate the conditions at which diamond forms at lower
pressures and temperatures, alternative methods were designed by incorporagiqgilimium
methods. For instancept filament CVD (HFCVD) methoad¢ombining equilibrium CVD with
nortequilibrium component of hot filament, fulfills the diamond deposition at low temperatures
and low pressures of 800 °C and 20 Torr, respectiidy. Plasmaenhanced chemical vapor
deposition (PECVI combining equilibrium CVD with noequilibrium component of plasma,
effectively deposits diamond at low pressure of 15 Torr and low temperature of 38Q]°C
Although using such methods to alleviate the extreme conditof diamond deposition is cest
effective, the deposition of phapere diamond is not viable. In addition, the formation of
metastable structures that require high undercooling suchcasb@n is not feasible.hE reason
lies in the facthat the methds like HFCVD and PECV[Rre the combination of an equilibrium
component and a negguilibrium component. Therefqrehere is always some equilibrium
graphiticphase present in the final produthe norrequilibrium componentelps withreducing
the temperre and pressurgeecessaryo produce diamond. For example HFCVD methodthe
norrequilibrium component of hot filament bresattown the hydrogen molecules into hydrogen
atomsessentialfor the reduction of methane to produce carbon atoms. As a reiudtyD
produce diamondat a much lower temperature and pressure than thatjwfibrium HPHT
process

To overcome the thermodynamic limits atml be able to generate phgsere, metastable
structures of carbon such as diamond arch@on, the norquilibrium method ofpulsed laser

annealing PLA) has been exploref42]. Noneequilibrium method of nanosecodLA provides
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the ability to rapidly melt and quenclarbon Hence the material would experience a fistder
phase transformation from liquid to solichich culminates in the formation of phgsere final
product By controlling theundercooling fegrowth velocity of the molten carbprit is possible
to establish the desired carbon structdieus, through the PLA method, the generation of both
equilibrium phase of carbon (graphite, rGO) and the metastable phases of ¢antembdn,
diamond, and €arbon) is successfully performgs8,43,44]
2.4.1. Effect of undercooling in nonequilibrium formation of carbon structures
As was mentioned in the previous section, carbon material experiences an undercooling associated
with the quenching from high temperatures to the room temperature during teguibiorium
PLA process. When carbon material is exposed to the pulsed itaglksorbs enough thermal
energy to transform to the molten state, and consequently with termination of the nanosecond laser,
the molten carbon undergoes an undercooling $tg46] During this undercooling farst-order
phase transformation from liquid to sobdcurs[46]. The transformation of a material from one
phase into a second phase is understood by the changes in the Gibbs free energy of the material
( pG) , a sequatloo(2): i n

3 3( 2433 (22
wher e o@H, T, and @S are the changes in entha
respectively. In equilibrium conditions, the system has the lowest value of Gibbs free energy.
Figure 2.8(a) highlights the fact that at the lowest possible Gibb®ifrergy for carbon, graphite
is the stable phase of carbon. This lowest value of Gibbs free energy is called the global minimum.
Besides the global minimum, there exist some local minima in the Gibbs free energy curve which
are assigned to the metastafolens of carbon; diamond and-€@rbon (Figure 2.8(a)). Providing

the appropriate conditions of pressure and temperature, the stable phase of graphite can transform
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into diamond or G@arbon. The higher the energy barrier or changes in the Gibbs free ehergy

this transform is, the slower the transformation oc¢ldd. As a esult, the transformation of
graphite into Qcarbon is slower than the transformation of graphite into diamond. Hence, kinetics

of the phase transformation is crucial in promoting the formation of the metastable phases.

Un d e r c o a)lisidefiged &s dhdifference between the equilibrium melting temperature and

the temperature of solid nucleation. Undercooling is related to the pressure transient (dP/dt)
generated during the quenching process. In other words, undercooling creates a pressure transient

(dP/dt) with the rate of quenching (dT/dt). The pressure transient can be written as:
- - — (2.3
where dP/dT can be described using @lausiusClapeyron elation which shows the phase
transition between two phases of a matg#a]:
— Z— (24)
where,, @&H and @V are the temperature of phase t

changes in volume from liquid to solid. If we consider that— is a constant (C)Therefore,

the equation (2.3) can be rewritten as:

— 434 — (25)
This equation explains the relationship between the changes in pressure with time, undercooling,
and the quenching rate.
Undercooling is shown in Figure 2.8(b). As evidaoni Figure 2.8(b), the Gibbs free energy of
solid phase is less than the Gibbs free energy of the liquid phase at temperatures lower than the
equilibrium melting temperature. Thus, the changes in the two energy acts as a driving force for

the solid phaseofmation, and the formation of the solid phase is favorable.
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Figure 28: (a) The Gibbs free energy versus the possible structures of carbon, and (b) The
changes in Gibbs free energy as a function of temperature, representing the effect of

undercooling as a driving force for the phase transition (adapted frorfiLRpf.

The undercooling provided for a system not only acts as the driving foroe sdlidification, but
also controls the type of the final carbon product that will form. As exhibited in Figure 2.9, if a
higher value of undercooling is applied to the system, the less stable phase of carbon can be
produced in a metastable form-c@rbonformation requires the highest value of undercooling,
and graphite requires no or small amount of undercooling. If the changes in the Gibbs free energy
for the melting processqd@) and for t he ungeanre avtbel follomng pr oc e
equations:

3 (2 33 (2.6)

3 3(4 33 (2.7)
andwe assum@H and @S ar e i nd eTheaiodeetmetotalcGibbstfrecramemy at ur

can be derived as the followifdg]:

3 8 2z 43324 33 34 (2.8)
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In this equationgp Tis the undercooling. The higher the valuewt,,

t

he

h i il leer

t

he

and the driving force for the phase transition would be stronger. Thus, at any temperature lower

than the equilibrium temperature of melting, there is some driving fbddelf the driving force

is high enough, and the system is quenched rapidly; the conditions for the nucleation of diamond

or Q-carbon would be appropriate.

Q-carbon Liquid

Diamon

a—GartN

Graphite

\

Gibbs Free Energy (AG)

Temperature (T) Ta Ta  Ta

T

Figure 29: The change in Gibbs free energy versus temperature ferattfcarbon structures

(adapted from Ref33]).

It should be pinpoited that the molten carbon has a higher entropy than the solid structures of

carbon, as also shown in Figure 2.9. The formation of each phase commences at the point where

the intersection of the free energies oc¢88. The melting point of graphite orlis about 5000

K. The undercooling that is necessary for the fornrmatibQ-carbon was calculated to be about

1000 K or 1000C, as shown in Figure 2.3 with green cdibt].
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2.4.2. Phasepure diamond/Q-phases

For the case of an equilibrium method combined with aewpnlibrium component that is
performing at alleviated pressures and/or temperatures, the presence of the stable forom,of carb
graphite, as the impurity in the final product is inevitable. Thus, the equilibrium methods
performing in low pressure/temperature conditions would limit the formation of jplase
metastable phases of carbon. On the other hand, PLA method fornusdhmeqiastable phases as

far as the undercooling and the regrowth velocity are controlled, as indicated in Figure 2.9.

If the pulsedaser annealing parameters are managed to maintain the regrowth velocity of the
molten carbon under 4 m/s, thhasepure rGO will form. The regrowth velocity of@ m/s will
provide the suitable conditions for nanodiamond nucleation and growth. For the formation of
phasepure Qcarbon with a much higher atomic number density of atoms than that of diamond, a
regrowth velocity of above 16 m/s is requirptd].

2.4.3. Diamond nucleation in equilibrium processes vs. neequilibrium processes

In equilibrium methods such &vD methoddor the synthesis of diamond, there is a nucleation
barrier to overcome for the diamond to be ablewucleate. For the homogenous nucleation of
di amond, the total change i n t kh)eé codposan sfther e e

changes in eneyggndnsygiblame ( G

3 3 3 ZA0—1-V4 10 (2.9

wher e o , @gndr B&fe the radius of diamond nuclei, the density of the diamond, the

molar mass, the lateriteat of melting, and the average surface energy existing between the

diamond nuclei and liquid carbon, respectively.y—ﬂ is the increase in the free energy for

the formation of diamond nuclei.
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The <critical n u cforeha foimation ob a stable diamond gu@eus with the

critical radiusoftc an be f ouwdd=0(BG:i ng dpG

(2.10)

1 — (2.11)

Thus, thepre-existingof nucleation sitess necessary for the diamond nucleation and growth at
lower pressures and temperatufesr this reason, many techniques have been applied to prepare
diamond nucleation sties on the substrate prior to the depospreading nanodiamond powder

on the substratb1], Q-carbon seedinfp2], growth of an interlayer amorphous carljp8], and
biasenhanced nucleaitn [53] are some of the methods utilized to leave diamond nucleation sites
on the substrate for the growth of diamond.

The preexisting diamond nucleation sites should be in the form of a diamond tetrahedron
illustrated in Figure 2.10. A diamond tetrahedron is one eighth of the diamond unit cell shown in
Figure 2.6, enclosed in (a/2,a/2,a/2) of the unit[&l]. The bonthg hybridization of the atoms

in the tetrahedron is 8pTherefore, diamond cannot nucleate and grow érbspded carbon

bonds.

Figure 210: The diamond tetrahedron structure.
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In contrast, the neequilibrium method of PLA does not need the extra process of diamond
seeding. The nanosecond ultraviolet laser through theufa&rcooling process arranges the
liquid-phase atoms to pack tetrahedrally similar to the-pigissure catitions for the equilibrium
formation of diamond. Therefore, the amorphous carbon rearranges in diamond structure without
the need for providing the diamond nucleation s¢&8k From equations (2.10) and (2.11), it is
evident that with increasing the undercoolinggT), the f andop G” decrease

2.4.4. Role of Q-carbon in diamond nucleation

Q-carbon withan sp content of abov&5% is composed of the diamond tetrahedra that are densely
and randomly packed. Therefore.c@bon is an appropriate layer for the diamond nucleation and

growth Q-carbon can enhance the diamanatieation densitup to~1® cm?on sapphirg56].
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2.51. Abstract

With the emergence of new pathogens like CD\PB and the prevalence of cancer as one of the

leading causes of mortality globally, the effort to develop appropriate materials to address these

challenges is a critical research area. Researchers around the world are investigating new types of

materialsand biological systems to fight against various diseases that affect humans and animals.
Carbon nanostructures with their properties of straightforward functionalization, capability for
drug loading, biocompatibility, and antiviral properties have becomeajor focus of biomedical
researchers. However, reducing toxicity, enhancing biocompatibility, improving dispersibility,
and enhancing water solubility have been challenging for cashsad biomedical systems. The

goal of this paper is to provide a rew on the latest progress involving the use of carbon

nanostructures, namely fullerenes, graphene, and carbon nanotubes, for drug delivery, cancer

therapy, and antiviral applications.
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2.5.2. Introduction

Selecting the appropriate materials for drug delivery, cancer therapy, and antiviral applications has
been a challenge for biomedical researchers. Carbon nanomaterials have appealing properties for
many biomedical applications due to the diversity in thiurctures, large ratios of surface area to
volume, facile functionalization, unusual optical properties, and biocompatiffify The
diversity of nanoscale daon structures is impressive. In nanoscale dimensions, carbon nanotubes
(CNTSs), graphene, fullerenes, carbon dots (CDs), graphene quantum dots (GQDs), carbon fibers
(CFs), nanodiamonds, carbon nanoonions, and amorphous carbon nanostructures all represent
aternative structures and allotropes of only one element, cdB8&)89] The classification of

carbon nanomaterials is typically determined by the number of dimensions exceeding nanoscale
(100 nm)[60]. Accordingly, carbon dots, GQDs, and fullerenes are-denensional (0OD)
nanomaterials. CNTs and carbon fibers (CFs) are classified asdimmemsional (1D)
nanomaterials, and layered structures like graphene are classified -@amnevisional (2D)
nanomaterials. Finally, nanodiamonds are classified as -tlmensional (3D) carbon
nanostructures.

Fullerenes were first discovered in 1985; the inventors of this new carbon allotrope won the 1996
Nobel Prize in Chemistrf61]. This achievement is considered as revolutionary in the synthesis

of carbon allotropef58]. Fullerenes are $garbonatom cages ofiifferent sizes with single or
double bonds (Figure 152]. Fullerenes enjoy the highest symmetry among the various carbon
nanostructures and thus exhibit a high structural and chemical stability. Fullerene surfaces can be
decaated with various functional groups for targeted delivery in drug delivery, diagnosis, imaging,
and biosensing applicationfs7,62] The photokectrochemical properties of fullerenes,

particularly Go, make them suitable for photodynamic therfg8)]. Fullerenes are hydrophobic;
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the low solubility of fullerenes in polar solvents such as water isbatacle to their use in
biomedical applications, and numerous methods including synthesizing fullerene derivatives have
been utilized to overcome this obsta@a,63]

Graphene is aimdividual layer of densely packed?sgarbon atoms. The hexagonal arrangement

of this material is indicated in FiguBll [57]. Geim and Novoselov described shmthesis and
characterization of this carbon nanostructure in 2604 thy were recognized for this effort with

the 2010 NobéPrize in Physics. In comparison with bulk structures, this nanostructure has a large
relative surface area. Graphene can be functionalized chemically and dispersed in different
solvents, including water. It has a great electrical and thermal conduatvitgll as unique optical
propertieg57,65] In graphene, all the atoms are located on the surface; this attributed provides
locations for attachment for many types of baiarials[65]. Graphene endowed with all these
features is a great candidate for biosensing, drug delivery, tissue engineering, genetic engineering,
bioimaging, and therapeuti{s7,65]

CNTs, as the cylindrical form of fullerenes, are rolled graphene sheets (REddde these
materials consist of single or multiple graphene layers called siajled carbon nanotubes
(SWCNTs) and multivalled carbon nanotubes (MWCNTS), pestively [57]. Initially, CNTs

were reported in 1991 by lijima, who synthesized fullerenes through the arc discharge method
[66]. CNTs are stretchable and flexible with excellent stref@th They have high electrical and
thermal conductivity as well as significant chemical reactivity. Thereoane barriers that impede

CNTs from large scale use such as the absence of a technique to synthesize CNTs with a repeatable

structure for mass producti¢d7].
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Figure 211: The schematic of main carbon nanostructures: fullerengsfs), graphene, and
carbon nanotubes (SWCNTs and MWCNTS).

The use of carbon nanostructures for treating new viruses such as O\él established ones

such as Ebola virus along with cancer has been a focus of recent research activity. Several studies
on the use of carbon nanostructures for CONXEDtherapy haw recently been published.
Numerous researchers have tried to bring the cabbsed materials one step closer to clinical

drug delivery applications. To turn this idea into realftypctionalization andconjugation of

carbon structures have been offevddch provide new avenues for research. However, with the
emergence of novel carbdrased materials, a systematic review to comprehend the problems,
prevent repetitive research, and find possible solutions is needed. In this paper, we will focus on
the ldest studies that involve the use of graphene, fullerene, and CNTs for adseugddlivery,

cancer therapy, and antivirapplications.

2.5.3. Drug delivery and cancer therapy
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The biodistribution, pharmacokinetics, and excretion properties of the compound play a vital role
in the efficacy of the drug delivery systdf8]. Carbon nanostructures are attractive candidates
for drug delivery systems owing to their dimensions being close to those of viruses, vessels of
tumors, and other biological structures. Consequently, they can easily permeate throughout
biological barriers Carbon nanostructures may linger inside biological structures with poor
drainage (e.g., tumors), while they would not linger inside healthy [&9s Since carbon
nanostructures may barfctionalized in a straightforward manner, they may be conjugated with
chemotherapeutic agents, antibodies, antitumor drugs, and other therapeutif58¢@9its

Fullerenes

Numerous derivatives of fullerenes with improved water solubility for advanced drug delivery
systems including pharmaceutics have been offered. The size of fullerenes together with their
amphiphilicity enable them to penetrate almost all biologicéties and barriers. Conjugated
fullerenes may be used for localized drug delivery, which avoids damage to other body organs.
For instance, ibuprofen is a common prescribed drug for pain relief and inflammation with side
effects such as gastrointestinahtwrhage, ulcer, digestive aggravation, and vomiting when it is
consumed orally. Recent density functional theory (DFT) calculations show dhaill€renes

with a porphyrinlike transition metaN4 can be utilized as ibuprofen carriers. Quantum studies
confirmed the release of the drug in the acidic environment of unhealthy7lls

Nucleic acid delivery systems are advanced delivery systembatatbeen receiving attention
increasingly. In a recent in vitrousty, tetra(piperazino)[60]fullerene epoxide (TPFE) was used
for delivery and stabilization of the unstable siRNA]. In vivo studies have already shown that
TPFE is nortoxic unlike the commonly used Lipofectamine 2000 for siRNA delivery and has a

higher knockdown efficiency72]. As depicted in Figure.22 in the in vitro study, the TPFE
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siRNA particles with a submicron size deliver siRNA into the lung cells and an immediate
agglutination with the plasma proteinagpens. TPRSIRNA-plasma protein materials are first
stable and accumulate in the lung capillaries and are unstable after blocking the lung capillaries
which culminates in releasing siRNA into the cells. The TPFE residues in form of micelles are

under 10hm and are removed from the lung capillaries with high clearancf idte

Serum protein
TPFE-siRNA

HzN'\ /"NHZ

L .‘; vy complex
7 @0 ~ . — —
HoN__ g 1Ge . NH e
4'CF3'::02_
. TPFE-siRNA
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siRNA deliver'gr\
o
@
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Figure 212: Schematic of producing TPF&RNA-plasma protein for sSiRNA delivery (adapted
from [71]).

The blood brain barriers (BBB) are tight junctions that crossing them is a major obstacle in the
advanced drugedl i very systems to deliver drugs to t hi
not allow highly polar drugs to penetrate them. The giitbe-art drug delivery investigations

show that fullerenebased carriers are capable of penetrating BBB. In a raavigioped research,

the effect of fullerene compounds on crossing BBB by polar hexamethonium benzosulfonate was
explored. To do so, -fdridd epkanarivirpudlblIlby | ap
membranes were prepardd3]. It was evident that without fullerene, the addition of

hexamethonium benzosulfonate to the lipid bilayer membrane did not produce any observable
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transmembrane current. However, with the presence of the fullerene compoundal@BMnd
IEM-2144), the ion permeability through the phosphocholine bilayers, lipid disorder on the
phosphocholinenembranes, and transferring through the lipid bilayers éakianced. In general,

with the assistance of fullerene compounds, the interaction between the lipid bilayers and the polar
hexamethonium benzosulfonate has imprdveéy.

Studies of the coronavirus 2019 dise&S®VID-19) pandemic indicate that chloroquine (CQ)

may be an efficient medicine to combat the COMI®infection[74]. DFT studies show thal

and Si doped & are stable CQ carriers for COWI® treatment due to the wetatched
energetics between these species; fullerene serves the electron acceptor and CQ serves as the
electron donof74].

Lung cancer chemotherapy methods suffer from an inadequate concentration of the drug
interacting with the tumor cells and the toxicity of the drug. Various vsatieible fullerene
derivatives for drug delivery were investigated for their anticancer potential as an alternative to
conventional lung cancer chemotherd@$]. It was found that a stronger cytotoxic ability of
fullerene derivatives against lung cancer cells corresponds to: the presence of less aliphatic single
bonds attached to the fullerene cage, the absence of chlorine in the structure, and the presence of
2-phenoxyacetate residugib].

A very effective drug for the pancreatic cancer is gemcitabine; however, this agent shows some
chemoresistivity and poor distribution inside the tumor. Theeefan alternative mechanism to
deliver gemcitabine is an important focus of current research efforts. One potential solution is the
conjugation of gemcitabine with [60]fullerene for improved water soluldi®}. The compound
exhibits cytotoxicity that can be boosted through the oxygen species generated by blue LED

irradiated Go [69].
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Ceo conjugated with serinolamide can pwrate liver cancer cells;sé&serinol conjugated with

paclitaxel reduces the size of tumor without the side effect of weight loss. A study of the in vivo
function of Ge-serinol shows that its biodistribution aegcretion from kidney in mice is rapid

and efficient [76]. Based on computational resultsso€an be successfully loaded with the
chemotherapeutic drug doxorubicin and antibvugent boronic chalcoré?].

A novel drug delivery system was introduced by Shi et al. for advanced cancer therapystising C

[78]. Unli ke the traditionadnaodrtuygp ed edri wgeloed/e Isiyvser
not suffer from an uncontrolled drug release. In this strategy, fullerene is conjugated with

doxorubicin (DOX) using reactive oxygen species (ROS) and a hydrophilic shell is attached to its

surface which has a significant turtargeted feature. Imte A of f 06 mode, DOX i s
even at environments with pH ~5.5. However , i
which consequently release DOX. The switching

remotely by a 532 nm laser widm impressive precisidi8].

Some Goderivatives are able to produce reactive oxygen species (ROS) under light exposure. One
example is glycoconjugatedséderivatives that are used for targeting cancer ¢eé8 Cancer

cells tend to accumulate glucose and lure the glycoconjugaseddthemselves. Based on recent
studies, these glycolfullerenes absorbed by cancer cells plsbtodynamic cytotoxic agents when
exposed to blue and green ligi®].

Graphene

Although graphene has potential use as a drug catrrier, it has a toxicity effastnan brgans

since it can aggregate in tissues and produce oxidative stress. To overcome this issue, surface
modification of graphene is important. Various functional groups can be attached to the graphene

surface through the deep eutectic solvent (DES)hatktto overcome these issues. The
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functionalization of graphene gives rise to a wider application of these materials for advanced drug
delivery. Large surfacareato-volume ration of graphene makes it suitable for holding various
drugs.

ZainalAbidin et d. describedDES functionalization of graphene with choline chloride and
loading with doxorubicin. This material showed good dispersibility and doxorubicin loading
capacity. It exhibits superior anticancer activity since doxorubicin is captured by thieriafized
graphene more efficiently than pristine graphg@te81]

The use of pH modulation is a smart strategy in drug delivery science. Despite of normal cells, the
cancer cells possess acidic environment. Numerous investigations have loketo rtest this
feature for developing novel delivery systems. Nanohybrid hydrogels fabricated by pristine
graphene were introduced as smart materials withrésglnsive drug delivery applicatioig2].

The rubbeilike compound with elevated toughnesaild show drug releasing response with pH
modulations. The conductive elastomeric hydrogel was also employed for tunable pulsatile drug
delivery devices. The pidscillatory response of the hydrogel was tested through measuring the
swelling/deswelling chares in the hydrogel inside a combined buffer solution. The pH of the
buffer solution was adjusted between 7.8 and 1.7. Their investigations proved that the nanohybrid
hydrogel is well pHresponsive and conductive by virtue of respectively the acrylic acid
contribution and graphene contribution to the hydrogel stru¢d2je

According to a newly developed work, graphene quantum dots are potentially the next generation
of drug delivery systems. In this work, GQDs conjugated with the reverse transcripthgersh
(CHI499 and CDF119) exhibited assuring HIV treatment. GQDs were able of carrying the
inhibitors and virus binding to the ce]B3]. In a breakthrough research, it was found that, in vivo,

GQDs are cable of permeating BBB andugling against dopamine neuron [{34].
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Lucherelli et al. attached folic acid to graphene with a PEG chain for targeted delivery of
doxorubicin; they used indocyanine green for tracking the compound inside cancer cells to observe
its dispersity and anticancer activity. In vitro and in vivo stadihowed reduced toxicity for the
multi-functionalized grapheri85]. A novel method for fluorination of graphene by an ionic liquid
was studied for curcumin delivery. The functionalized material showed higher drug loading
efficiency and stronger anticancer beha\igs].

Combination drug delivery plays a pivotal role in cancer therapy since therapy methods involving
only one anticancer drug are not always successful. Due to itsh#fimagard functionalization

and large relative surface area, graphene is a promising material for combination drug delivery
[87]. Computational studies show that graphene can be conjugated with paclitaxel and
doxorubicin, simultaneously. Folic acid functionalized graphene is capable-aslizery of
doxoubi cin and camptof heaoti p[8388t oongh strong
Recent DFT calculations show that graphene with attachegdesies as an excellent adsorptive
carrier for ibuprofen; the ibuprofen/Feigraphene system possesses a high chemical bonding

potential to target biological structur9].

Carbon nanotubes

CNTs are hydrophobic materials that exhibit tumiform dispersity in biological environments;
functionalization of the CNT surface can overcome this limitation. When exposed to oxidative
agents, CNTs form carboxylated surfacéhe carboxylated CNT materials are uniformly
dispersed and biocompatible materials that can be loaded with drugs. Carboxylated SWCNTs can
be loaded with droxidopa using amine and carboxylate groups; droxidopa is utilized as a treatment
fororthostatici pot ensi on and Parkinsonés disease. Mo |

stability for this materia]91].
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I n an innovative wor kandcancdiacgetédimolgceauectionatized ng p e
MWCNTO was d9nTheresylts imdeeated multiple medical applications including an
increase in ROS level in favor of anticancer activity, an elevated BBB permeability, and an
improved anti orthotopic glioma tumor. The improved BBB penetration anddlectivity of the

compound towards glioma cells led to its aatnor ability[92].

Viral nervous necrosis (VNN) disease, which is caused by nervous necrosis virus (NNV), target

the central nervous system in fish; accessing this affected tissue with drugs is a technical challenge.
Fluorescein isothiocyanate (FITC) and Isoprinosine, arNNV agent, were conjugated with

SWCNTs to boost the effectivity of Isoprinosine delivery (Fig2ii) [93]. A delivery system

composed of bovine serum albumin, isoprinosine, and SWCNTs was investigated both in vitro and

in zebrafish larvae and showed enhancedMN ability with significantly reduced fatalit{93].

Red channel Green channel Merged

Control

SWCNTs
-I-FITC

Figure 213: Tissue section observation confirming the effective delieéfgoprinosine using
conjugated systenfrirstrow: the zebrafish exposed to FITC as the control system and second
row: the zebrafish exposed to SWCNIFBITC. No clear green fluorescence can be seen in the
control system, while the green fluorescence in the conjugated system is evident of ar effectiv
internalizetion green fluorescence corresponds to the FITC labellingeshélourecence

corresponds to dyed cell membrangitli permission from Ref93]).
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SWCNTs were also successfully used to enhance the efficacy of a bath vaccine for juvenile pearl
gentian grouper against iridovirus. The efficacy of the immune genes was improved through the
use of SWCNTSs as the vaccine carfi#t].

Besides the increasing toxicity for healthy tissues, the aggregation of CNTs prevents
straightforward estimation of the cytotoxicity of an anticancewvdgli system. To facilitate the
uniform dispersibility and biocompatibility of CNTs, Pennetta et al. functionalized SWCNTs and
MWCNTs with pyrrole polypropylene glycol (PPGP) covalently (CNT/PPG&hd norn
covalently (CNT/PPG# and conjugated these matésiaith DOX. The novel CNT/PPGP/DOX
systems were associated with melanoma and lung cancer cell death at a lower dose of DOX. The
uniformly distributed CNT/PPGP/DOX also facilitated easier evaluation of cytotof@&ty

Other novel, successful antiancer delivery systems containing CNTs and DOX include
PEGylated multwalled discrete CNT$96], oxidization of MWCNTs by HN@H>SOQ: and
coverage by"¥YFe203 nanoparticles fomagnetic drug deliveryf97], and polyampholytic
alternating polymer (PMT) functionalized SWCN[PS].

CNTs exhibit exceptional capability to target a special receptor or molecule. A dual targeting
system has k@ proposed to increase the efficiency of-anéiast cancer therapy. In this system,
both the glucose transporter protein and the folic acid receptor of cancer cells were targeted
simultaneously through loading of CNTs with D&@Xnjugated glycoblock copghers and folic

acid [99]. A summary of the recent progress in drug delivery and cancer therapy using the

aforementioned carbon nanomaterials is provided in TaBle
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Table 22: A Summary of the recent progress in drug delivery and cancer theragycasbon

nanomaterials

Carbon Application New Progress Reference

Nanomaterial

Fullerene, Gowith Drug delivery, Predicts the release of Ibuprofe [70]
porphyrintlike Ibuprofen in acidic environment of
transition metaN4 unhealthy cells
FullereneAl and Si  Drug delivery, PossibleCOVID-19 treatment by [74]
doped Go Chloroquine drug delivery
Watersoluble Cancer Therapy Watersoluble fullerene [75]
fullerene derivatives derivatives with cytotoxicity for

lung cancer

[60]Fullereneglycine Cancer drug delivery New synthetic approach fora [69]
derivative gemcitabine highly watersoluble

[60]fullereneglycine derivative

Ceso-serinol Cancer drug delivery Synthesizing a novelds [76]
paclitaxel derivative

Ceo Cancer drug delivery The possibility of functionalizing [77]
Doxorubicin and Ceo with B and N atoms and

Boronic Chalcone loading withDoxorubicin and
Boronic Chalcone
Glycoconjugated 65 Cancer Therapy Glycolfullerenes act as [79]

derivatives photodynamic cytotoxic agents
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Table 2.2 (continued)

Functionalized
graphene with choline
chloride

Graphene with
attached folic acid
and indocyanine
green

Fluorinated graphene

Folic acid
functionalized

graphene

Graphene

Graphene with

attached FeN4

Cancer drug delivery First Doxorubicin delivery by [80,81]

Doxorubicin graphene
Cancer drug delivery Multifunctional graphene [85]
Doxorubicin synthesis with improved

anticancer activity
Cancer drug delivery Synthesis ofluorinated [86]
curcumin graphene with ionic liquid for thi

Combined drug
delivery,
Doxorubicin and
Camptothecin
Combined drug
delivery, Paclitaxel
and Doxorubicin
Drug delivery,

Ibuprofen

first time and curcumin delivery
Enhance the efficacyf@ancer  [88]

therapy

Enhance the efficacy of cancer [89]

therapy

High chemical bonding potentia [90]

to target bieentities
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Table 2.2 (continued)

Carboxylated CNTs Drug delivery, Uniformly dispersed and [91]

Droxidopa biocompatible with great systen
stability

SWCNTs Drug delivery, Enhanced aniNNV ability [93]
Isoprinosine

SWCNTs Drug deliverybath  Enhanced the efficacy of bath  [94]
vaccine vaccine

Functionalized Cancer drug delivery Foster thauniform dispersibility [95]

SWCNTs and Doxorubicin and biocompatibility of CNTs,

MWCNTSs with and easier evaluation of

pyrrole cytotoxicity

polypropylene glycol

(PPGP)

PEGylated multi Cancer drug delivery Successful anitancer delivery  [96]

walled discrete CNTs Doxorubicin systems

Oxidized MWCNTs Caner drug delivery, Successful aritancer delivery  [97]
by HNO3H2SOu Doxorubicin systems

covered by'YFe203

nanoparticles

Polyampholytic Cancer drug delivery Successful anitancer delivery [98]

alternating polymers Doxorubicin systems
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Table 2.2 (continued)

(PMT) functionalized

SWCNTs

CNTs conjugated Dual targeting systen Increase the efficiency of anti  [99]
with glycoblock breast cancer activity

copolymers and folic

acid

2.5.4. Antiviral applications

With the emergence of new viruses such as COYADthe development of new antiviral systems,
including drugs and vaccines, has recently attracted significant attention from the research
community. Carbon nanostructures have shown promising antiviralrdsasuch as viral
inhibition activity and virus enzyme blocking to combat against viruses such as human
immunodeficiency virus (HIV), influenza, herpes simplex virus (HSV), and CGMI[100,101]

The use carbon nanomaterials for antiviral applications currently at an early stage and requires

more comprehensive investigation.

Fullerenes

Hydrophilic fullerenes are of special intstdor antiviral applications. The biological properties

of fullerenes directly correspond to the type of functional groups linked to the fullerene cage. The
most watersoluble fullerene derivative ise@fP(O)(OK)]sH with C-P connected to the cage; the
synthesis of this material has recently been significantly simpl[i€@]. In vitro studies of the

antiviral effect of G[P(O)(OK)]sH show strong activity against influenza A and feline
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coronavirug102]. Klimova et al. reported that the wataluble Go (ndCsg) has activity against

type 1 of Herpes simplex virus (HS) and human cytomegalovirus (HCMV). In vitro and in
vivo studies indicated that ndénhibits virus entry into the host cells by blocking vineseptor
interactiong103].

The outer layer (envelope protein)amironavirus is a hydrophobic phospholipid that is responsible
for interaction with the host. The aqueous colloidal fullerene releases singlet oxygen under UVA
irradiation, which damages the lipid layer of coronavirus. As suclgy @@ting may serve asa
antiviral surface. In addition, the adhesion of the virus on the surface can be minimized. Fullerene
coated surfaces take advantage of the lipid structure of the virus and the hydrophobic properties of
fullerenes by decreasing the contact area of theswin the surfacd01]. A computational study
indicated that fulleropyrrolidine derivatives may interrupt the main mechanism by which the
coronavirus protects itself against antibodies, in which the antibodies are neutralized by areceptor
binding domain of the spikerotein on the coronavirj&04].

The dimensions of flérene derivatives match well with the HIV protease active sites and can
block HIV enzymes. The requirements for fullerene derivatives with efficient¥itiactivity

are hydrophilicity and a balance between cytotoxicity and antiviral action. Voronol et a
introduced five new watesoluble [60]fullerene derivatives as HIV inhibitgi®5] by the reaction
between G@Clsa nd di me(L,4phdnyle@ebigdxy))diacetate. They found that the five
derivatives acted against R5 and X4 strains of-HMrus.

Graphene

Aside from conjugation with antiviral materials, graphene can directly interact with viruses.
Graphene may interact with the virus via electrostatic and hydrophobic interactions to affect the

viral envelopg106]. A newly explored direct interaction mechanism was reported by Matharu et
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al.[107]. They investigated the antial activity of graphene nanoplatelets (110 nm x 170 nm) by
24 hr incubation of a suspension of graphene in Escherichia coli T4 bacteriophage, a double
stranded DNA virus. Graphene nanoplatelets significantly reduced the population of the virion and
preverted infection completely within three hours. They ascribed the antiviral effect of graphene
to its morphology and the generation of reactive oxygen spg®®§. Another recent study
indicated that a hybrid containing graphene and copper inhibited influenza A virisrata@and

entry to the host cell within 30 minutes by destroying the virus envEl9gg

Graphene can be conjugated with negatively charged antivirals (e.g., negativebdchafates)

[109]. This type of conjugation enhances the interaction between graphene and the positively
charged residues of viriorjf409]. Donskyi et al[110] functionalized graphene to enhance its
antiviral activity. They synthesized graphene derivatives that were conjugated with polyglycerol
sulfate and alkyl chains ¢€C18). Graphene with the ;2 alkyl chain acted as the best H3V
inhibitor; it, however, showed strong toxicity toward Vero cdllse chains shorter than {vere
norttoxic for Vero cells yet served as good H&\hhibitors.

There are some suggestions regarding the use of graphene as a-C®DMilbitor based on
computational simulations and experimental results from other RNAesrin the coronaviruses
family [111,112] They suggested that graphene can destabilize CQ9I{zirus; the strong light
absorption propertiesf graphene may serve as a disinfecfamf.,112]

Carbon nanotubes

The RNADbinding domain (RBD) of the nestructural protein 1 (NS1) in influenza A facilitates
virus survival and prevents export of the mRNA of the host cell. Molecular dynamic simulations
predicted that CNTs are able to adsorb and stretch the RBD vekfygand interrupt the virus

protection systemiLl13]. The effect of nonfunctionalized SWCNTs and hydroxylated MWCNTs
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on influenza H1IN1 strain A/Mexico/4108/2009 (IAV) in lung tissue were evaluated by Chen et al.
They noted that body exposure to MWCNTs and IAV changes the antiviral response to the virus
without changing the viral titers or causing significant lung inj@WCNTSs generate greater viral

titers with lung damage under the same in vivo conditjafid]. MWCNTs show phagocytosis
through macrophages; tegcretion properties I WCNTSs are considerably faster than SWCNTs
[114]. Using SWCNTs as an antiviral coating on surfaces was suggested based on thefresults
DFT studieg115]. According to the DFT results, Ru, Pt, and Cu functionalized SWCNTSs strongly
adsorb HO2 molecules, whichra lethal to viruses such as coronaviruses.

2.5.5. Conclusions and future perspectives

In this paper, recent progress in utilizing fullerenes, graphene, and CNTSs for drug delivery, cancer
therapy, and antiviral activity mostly during the past two yearsdbas reviewed. Due to their
nanoscale dimensions, these materials possess high samate-volume ratios and high
chemical reactivity. These naisized structures can penetrate many biological structures and
membranes to facilitate drug delivery. Thdrave been remarkable advancements in the chemical
modification of carbon nanostructures and the introduction of new derivatives to improve
solubility, enhance biocompatibility, reduce toxicity, boost antineoplastic activity, and obtain
stable loading ofirugs (e.g., antiviral agents). While most studies emphasized the benefits of
localized drug delivery and reducing the side effects though the use of carbon nanostructures, the

toxicity and safety of these materials still need to be more carefully addlresse
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3. Experimental techniques

3.1. Substrate preparation

The AbOs and Si substrates cleaning procedure performed in this work is as follows:

First, the samples were sonicated in acetone bath for 5 minutes to clean the surfacgenien

based contaminations. Second, the samples were sonicated in methanol bath for 5 minutes to
remove the noivolatile residues left from acetone on the samples. Finally, the samples were dried
using nitrogen gas and immediately loaded into the chaailee desired system to be in vacuum
conditions soon after.

3.2. Plasmaenhanced chemical vapor deposition (PECVD)

A Radio Frequency (RF) PlasAmnhanced Chemical Vapor Deposition (PECVD) sydterated

in Nanofabrication Facility (NNF) center of North Carolina State University (NdSU$edin

this thesis The PECVD instrumenttilized in thiswork is an inhouse assembled system that is
designed for plasma generation in the capacitively couplede.In the capacitively coupled
mode, two electrodes are needed. One electrode is the driving electrode connected to the
alternating power supply, and the other electrode or the counter electrode is grotedsdtem

has a stainlessteel cylindricalchamber that is customade for largesize sample deposition
(Figure 3.1(a and b))n the capacitively mode, the driving electrode with a diameter of 12 inches
performs as the substrate holder and is located on the bottom plate of the dfzensbhemwnn

Figure 3.1(a)) The electrode is connected toreflectedpower supply(RFX-600 Advanced
Energy), capable of providing 600W of poweith a frequency of 13.56 MHZ his electrodés
electrically insulated from the rest of the chamber (the counter @leg¢trThe counter electrode

or the rest of the chamber groundedThe impedance matching is controlled by an impedance

matching network system (ATB00, Advanced Energy).
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The chamber is equipped with a watenling system. The pumping systeronnectedd the
chamber (Figure 3.3)rovides a base pressure of approximatel§ Tiérr. The pumping system is
composed of airbomoleculapump(Seiko Seiki STP)andaroughing pumggrotary vane vacuum
pump, General Electric)lhe process gases flow inside the chamber from above and through a
showerhead distribution ring (Figusel(a and b)) The substrateareloaded in direct contact with

the planar electrode on the base of trendber. The deposition procediseomprised of loading,
plasma cleaning, plasma deposition, and unloading steps. After agowmpfor at least 3 hours

and reaching to the base pressure ¢t Tdrr, the plasma cleaning stepperformed for 10 min
usingargon anfbr oxygen gases with the mass flow rate of 90 SCCM and 50 SCCM, respectively.
During the cleaning step, the petakpeak voltage (W) is keptin the range of a couple of hundred
Volts whichleadsto an RF powefW) and a DC bia$§V). Following the plasma cleaning step, the
plasma deposition step is carried olihe carbon coat is deposited using 1.6 SCCM of
tetramethylsilane (TMS) and 90 SCCM of argon. The depositionisfaformed fora defined
amount oftime with acontrolledVpp (V) leadingto an RF powe(W) and a DC biagV). During

both cleaning and deposition procedures, the total preisskeptat 50 mTorrwhich ismeasured

by a MKS Baratron gaug&he amount of \, utilized in each step depends on the purpose of the

experiment and the type of desired final product.
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Figure 31: (a) The schematic of the PECVD system used in this thesis, and (b) the-custom
designed PECVD system located\tNF center of NCSU.
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Figure 32: The components of the PECVD system located at NNF center used in this thesis.
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The PECVD method is composed of an equilibrium (CVD) component and-aguiibrium

(plasma) component. The plasomamponent assists the precursors to decompose and the reactions
to occur in lower temperatures/pressures. The alternating current applied by the power supply
provides ion bombardmefit,2] to the substrate which is bombarding the substrate half of each
cycle with a frequency 013.56 MHz Considering the high fregeacy of 13.56 MHz, if the
mobility of the ionized species and the electrons in the plasma are high enough, the ion
bombardment can be considered almost continuous. In the chamber, free electrons are generated
as the result of collisions in the vacuum chamlif these electrons have enough energy to collide

and ionize the gases, the process of ionization would continuously take place. This process sustains
the plasma. The collisions can be both elastic and inelastic. The inelastic collisions can participate
in the ionizations and excitations. Some of the possible inelastic collisions between the electrons

with Ar and Q are as followg3]:

A ' Owwn ¢A1 O (3.1)
Al wuwu A /5 /° (3.2
A T wowwwowouiy /41 A (33

The main mechanism for the decomposition of TMS by electrons is through the
dissociation/ionization collisions as folloy4:

3E# ( AC 3E# ( #( A (3.4

3E# ( Ao 3E# ( #( cA (3.5
Other possible collisions are:

3E# ( AO3EB( o#t( A (3.6)

3E# ( Ao 3E# ( o#( ¢ A (3.7

Some of the possible reactions involving organosilicon are as fojijws
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3E# ( #( - O 3E#( - (3.8

3E# ( #( - O3E#( #( #( - (3.9
3E# ( 3E# ( O3E#( #( ( 3#( (3.10
3E# ( #( O #( 3#E(#H( (3.11)

The possible reactions \wihydrocarbons ar&]:

#( #( - o#( - (3.12

#( #( - o#( #( - (3.13
#( #(O#( (3.14)

#( #(o#( ( (3.15)

#( #( 0#( #( (3.16)

#( #( O#( (3.17)

#( #(°#( # (3.18)

The mentioned reactions were in the gas phase between the gas precursors. The possible reactions

on the surface of the substrate culminatmthe deposition args]:

BE#H( O3B #0 18 (3.19
BEH( #(O°03B #0 #( ( (3.20)
#( 0c#O & (3.21)

#(O0#O pd( (3.22

#(o#0O ( (323

#( Oc#0 ¢ ( (3.29)

#( °oc#O ( (3.25)

The presence of oxygen in the deposited thin film is inevitable, owing to the presence of oxygen

trapped in the wall of the chamber either from ¢heaning step or from moisture. The oxygen
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containing species will be bombarded and removed from the wall. The generated-oxygen
containing ion species will participate in the reactions in form f@H", H,O*, H:0*, CC,
CHs0*, O;", HO,", CQyY, SiO", HSIOH', SIOCH:", SIOH", etc.[1].

3.3. Hot-filament chemical vapor deposition (HFCVD)

The micro-diamonddeposition is carried ouising a hot filament chemical vapor deposition
(HFCVD) system (Blue Wave Semiconductors, Baltimore, MD, US¥s).shown in Figure 3.3

and 3.4, the system has a cylindris&dinlesssteel chambewhich isconnected to a gas injet

gas diffuser, a heatirgystem for the samplelderstage, avatercooling system, and an exhaust
connected to the pumping systérhe sampleareplaced orthe sample holder which #ésrotatory
Molybdenumdisk and is connected to a temperature controlleradphstable tempaturesystem

Four tungsten filaments with a diameter of 0.508 anenplacedbove the samples with a distance

of ~5 mmfrom the samples and are connected to two electrodes. The electrodes and therefore

filaments areconnected to a power supply.

Gas Diffuser

Gas Inlet
Electrodes (Hydrogen and Methane)
\

~~4- .. Tungsten
“ Filaments
(~ 20007C)

------------------ Atoms and Free
Radicals
Pumping
System

Substrate

Rotating Heat-Resistance-
Molybdenum Sample
Holder (~ 8007C)

~——

Programmable
Substrate Heater

Figure3.3: The schematic of the HFCVD system used in this tH6éis
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The chamber is connected toaary vane vacuum pump and is pumped down 1@°2 Torr as

the base pressure before the carburization stage. The carburization stage is preformed over 25 min
to reacha current of~ 98 (A) and avoltage of~ 9 (V). During the carburization process, the
working gases a0 SCCM methane (Chl and50 SCCM hydroger{H2) under the pressure of 10

Torr flow in the chamberDuring the deposition, 2 SCCM methane @tdnd 100 SCCM
hydrogen with a working pressure of 20 Thow over the filaments. The substrageperature

is measurethy a K-type thermocoupland ismaintainedat 80&20 °C. The filament temperature

is around 2000 °C as measured by an optical contactless pyrombténe parameters are
monitored during the deposition. At the end of the depositioe samples are cooled down to

room temperature with a cooling rate~0f0 °C.min’.

Filament power supply
Gas inlet (H,/CH,4/Argon)

Water jacket infout

Multiple viewports

Vent valve / vacuum
valve/substrate rotation / fan
control

Mass flow controller
with PID controllers

Substrate heater/
Temperature controller

Filament power supply
controller

Figure 34: The components of the HFCVD system used in this thesis.
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During the deposition stage, hydrogen molecules have to break down to hydrogen atoms. The hot
filaments as the neaquilibrium component of the HFCVD systems, are responsible for this aim.
The hot filaments are able to provide a localized high tempermitar&€000 Giwhich is required

for breaking the hydrogen molecules into its components. The generated hydrogen atoms further
contribute to the consecutive reduction reactions of methane molecules until carbon atoms

necessary for the deposition of diamomnel produced:

CHs+ H Vi+I&H (3.26)
CHs+ H V+I&H (3.27)
CH+ H Y eH + H (3.28
CH + Hiiam¥hay+ €2 (3.29

The produced carbon atoms bind with each difv@ugh the sphybridization bonds to form the
tetrahedra as the nucleation sites for the diamond gr@ivth

3.4. Reactive ion etching (RIE)

For the surface treatment of the samples, the reactive ion etchind&tEd Plasmalab 80 Plus
system is used. The RIE system is very similar to PECVD system. The plasma, as-the non
equilibrium component, decomposes the gases inside the chamberraigyéreplasma species.
To obtain the fluorine and oxygen surface terminatibe,plasma containing oxygen spe@es
producedutilizing a 50 SCCM of @ata pressure of 35 mTorr with a power of 100 W and a DC
bias of 211 V. The plasma containing flu@ispeciearegeneratedhrough25 SCCM Ar and 25
SCCM CHFRunder a working pressure of 35 mTorr and a power of 106]W

3.5. Pulsedlaser deposition (PLD)

A pulsedlaser deposion (PLD) system (Excel instruments) with a laser unit (Lambda LPX 210

KrF) in the range of nanosecond are utilized in this thesis. PLD is an entirelygadibrium
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technique and is considered as a physical vapor deposition (PVD) method. The laser deam
nanosecond pulsed KrF laser with a wavelength of 248 nm, a pulse frequency of 10 Hz, and a
pulse duration of 25 ns. The laser beam is directed into the chamber and is focused on a target
using some optical components. The laser strikes the targeh whimade from the desired
material for deposition. If the laser energy density is higher than the laser energy density threshold
for the ablation of the target, the target will be ablated by the laser, and energetic species in the
form of plasma plume wibe generated (Figure 3.5¢ad ). Since the system is under vacuum

with a pressure of below f0rorr, the mean free path of the energetic species is high enough to
reach the substate which is faced to the target. The distance between the target and the substrate is
about a couple of centimeters4€m) and is lower than the mean free path of thergetic species

in the plasma plume. The kinetic energy of the energetic species is higher than the kinetic energy
of the evaporated materials from typical thermal evaporation methods. Therefore, they move
forward and perpendicular to the target surfade Gdomponents of the PLD system and the PLD
system are shown in Figure 3.5 (a and b). This method is ideal for the deposition of didenond
carbon (DLC) with controlled Spcontent. The target for the DLC deposition has to be glassy
carbon.

The interacthn of laser with the target is a complicated phenomenon and is related to the coupling
of laser with the target material. The laser beam transfers its photon energy to the target atoms and
excites the electrons of the target atoms within a fraction ofeamnd. The energy absorbed by

the electrons will be transferred to phonons and will be converted into heat. The local heat is
sufficient to evaporate the target material. The evaporated materials from target will interact with

the plasma and reach a vérgh kinetic energy of 000 eV[8]. This interaction causes that the
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plasma plume experiences an adiabatic expansion. Therefore, the process of evaporating target is
thermal, while the plasma expansion is not a thermal process.

In summary, the PLD process can Bplained by the following sted8]:

1. During the time irgrval of the laser (laser beam interaction with target, heating, formation of
plasma, and early stages of thcBmensional expansion of plasma).

2. When the laser beam terminates (further expansion of plasma and deposition on the substrate).
The propertie of the deposited thin film on the substate are a function of many parameters
involved in the laser deposition. The laser wavelength, laser pulse width, laser pulse frequency,
energy density of the laser beam, laser spot size, the vacuum conditiorexgttsubstrate
distance, target properties and atomic mass, substrate temperature, and the deposition rate affect

the characteristics of the deposited thin fiByiL0].

(@)

Vacuum
chamber

o

CaF, Mirror

'

Lens

Substrate

\zs

Plasma
Plume

Target
(Glassy carbon)

Figure 35: (a) The schematic of the PLD components, and (b) tiedystem used in this
thesis.
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3.6. Pulsedlaser annealing (PLA)

Pulsedlaser annealing (PLA) is the key for the generation of metastable phases sucarber)

and diamond. PLA is an entirely naquilibrium technique and has been used to remove the
defects implanted i n the matargation procésgdl,12lrThes t a | S
laser unit used in this thesis is a nanosecond pulsed ArF excimetasdda Physik, LP>300)

with a wavelength of 193 nm, a pulse width of 20 ns, and a pulse frequency of 10 Hz (Figure 3.6).
The material melts during the laser annealing, and once the pulse laser terminates it quenches with
an ultrafast rate. Thus, tliest-order phase transforation from liquid to solichappens, and the
formation of phas@ure materials become possible. For this matter to succeed, the coupling of the
material with the laser is important. The right selection of the laser parameters (laser wavelength,
energy dengy, and pulse width) and the materials properties (laser absorption, bandgap, thermal
conductivity, etc.) determine the success of the PLA process. The laser photons lose their energy
within the first few hundreds of angstroms on the surface of the @ilat€his creates a large
amount of heat in the material and melts the material with a certain depth. The melt front
propagates with a certain maitvelocity. With the termination of the laser, the molten layers cool
down in air in a very short amount tifhe (few hundreds of nanosecon{lk3,14] As we saw in

chapter 2, the undercooling determines the structure of the final ebalsed product.

The minimum energy at which the material starts to melt under exposure to laser is a wvital fact

to accomplish the PLD process. The melting energy threshe)dodh be estimated using the

following equation15]:

% =—s (3.30)

wherek, Tm,R, D, and U are the ther mal conducti vity

between the substrate and the melting point of the material, the reflectivity of the molten material
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thermal diffusivity of the material, and the laser pulse width, respectively. Therefore, the minimum
energy required for the melting of the materiahXBy the pulsed laser depends on the thermal
properties of the material, substrate temperature,rangdulse duration.

When the pulse laser hits the material and creates heat, a certain depth of the material is melted.

The maxi mum melt depth (ox) egaatonNlbp cal cul at ed

Z

3= (E-% ) (3.31)

Z

where is a constant and is independent on the laser pulse durajieih@ volume heat

capacity, and L is the fusion latent heat. iine x i mum mel t depth (px) <can

a function of the laser energy density and pulse durétin

3g=—2— %z ~ (23D 8) (3.32)

where Eis the energy deposited into the material after melting, @isdte required time for the
surface melting. The calculated values from both equations are approximately in good agreement.

The velocity at which the melt front proceeds or Arelelocity (vin) can be estimated §¥§5]:
O =— (3.33

Where Kand oT are the ther mal conductivity of

difference between the maximum temperature and the material melting point, respectively.
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Figure 36: The schematic of pulsddserannealing technique.

3.7. Characterization techniques

3.7.1. Raman spectroscopy

Raman spectroscopy is a Rdestructive method to quantify the vibrational excitation of a material
using a monochromatic light, laser, in which the laser in interaction hétimtaterial undergoes
an inelastic scattering. When the material is struck by laser, different types ahtasactions
with the material occur (Figure 3.7). The laser with a frequendy ekcites the molecule up to a
virtual state with a frequencyf dvirual. The virtual state is a transient state, and the excited
molecule can return in three ways (Figure 31B)17}

1. It scatters the light elastically back to the ground state which is called the Rayleigh sg#iting
a frequency ofr (= 1L).

2. It scatters the light inelastically back to a ground state with higher energy than the initial

ground state which is called the Stokes scattering with a frequency d§(= 1% o ).
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3. It scatters the lightinelastically when the molecule is excited from an upper ground state
to a virtual state and returns to the initial ground state. This scatting is called the ar8tokes
band with a frequency oftas(=3%. 2z o ).

The spectrometer in Raman spectroscopy meares all the Stokes scatterings, and knowing
the laser frequency ¢.), thez o value can be found for characterizing the material. Raman
spectroscopy is particularly a strong tool for molecular characterization of carbotvased
materials, since the Ramanband position is highly sensitive to the molecular bond
orientation and the weight of the atoms involved in the bond. Every band from Raman signal
corresponds to a specific vibrational frequency of a molecular bond 8,19].

The Raman instrument used in this the¥8Tec alpha300 M) operates with a sedithte green
light laser (532 nm) with a spot size approximately2 um diameter and a UHTS 300

spectrometer.

Virtual states

Rayleigh Anti-Stokes
Ur
U,

Figure 37: The possible laser scattering bands upon interaction aithterial.
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3.7.2. X-ray diffraction (XRD)

X-ray diffraction (XRD) is an appropriate method for the +d@structive characterizations of

phase, crystal orientation, crystal structure, and lattice information. The XRD characterizations
were accomplished by Rigaku SmartLab system containiagCukKU r adi ati on sour
BraggBr ent 2 8o gé@omet r-3é d @o mehteayy@be is dtatonary, and the
sampl e holder rotates by -raynbeamnviglethe detéctor&otates t h r
byan angle of 28&. Using the f amousgayW®avaeggthd s | av
and & is the incident angle of the beam), the
[20].

3.7.3. Scanning electron microscopy (SEM)

Scanning electron microscopy uses electrons for detailed imaging beyond the resolution of optical
microscopy. In this worka FieldEmissionScanning Electron Microscopy (FESEM, FEI Verios

460L) with a resolution of 0.6 nm was utilizels shown in Figure 3.8fter the emission of

electrons from an electron source, the electron beam will be focused and deflected in X and Y axes
towards the sp@men by condenser lenses and scanning coils, respectively. Then, the objective
lens focuses the beam onto the specimen. Once the beam hits the specimen, different types of
electron interactions with the atoms of the specimen take place. In the case ,diN®Bipes of

electrons are usually collected by detectors: the secondary electrons (SEs) and the backscattered
electrons (BSEs). The SEs are the inelastically scattered electrons from the surface or near the
surface. Therefore, SEs are well suited far ithspection of the surface topograg@¥,22] The
backscattered electrons (BSESs) originate from the elastic interaction of electron beam with the
atoms of specimen. Since these electrons reflect from deeper regions of the specimen, they can

carry information about the atomic number. As a result, the higher the atomic number in a part of
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the specimen is, the more BSEs are reflected, and the biigaterart of the specimen appears in

the imagg23].

Electron source

Secondary
electron
detector

Specimen

Figure 38: The schematic of SEM components.

3.7.4. Electron backscattered diffraction (EBSD)

Electron backscattered diffraction (EBSDpisnethod to acquire the diffraction patterns from the
bulk of a specimen using scanning electron microscopy. EBSD is capable of acquiring quantitative
metallography information, microstructural parameters such as local relationships between grain
orientaton and microstructure, lattice planes, and phase inform§2itj In an EBSD data

acquisition, an electron beam is directed into a point of a titled specimen, and the electrons can be
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Bragg diffracted in interaction with the specimen. Therefore, the diffracted electrons will form of

a group ofpaired cones with large angle. The cones are attributed to diffracting planes and are
projected on a phosphor screen as Kikuchi bands. The Kikuchi bands are useful for finding the
crystallographic information of that point of the specimen. The abilitizisftechnique to choose

a specific point of a specimen with high resolution is important for analyzing materials with
heterogenous microstructurest,25].

3.7.5. Transmission electron microscopy (TEM)

In transmission electron microscopy (TEM), a beam of electrons with uniform current density is
accelerated in the column of the microscope to transmit through a very thin sample. Various types
of electron interactions with the sample provide a tremendmgerof signals about the sample.

This information includes images, diffraction patterns (DPs), various types of signals such as
electron energyoss spectrum. TEM can provide information about the crystal structure,
orientation, atomic arrangement, defedhterfaces, and grain boundaries. The major limitation of

this method is the thickness of the sample. It is important for the sample to be thin enough (less
than 100 nm) so that the information can be collected from the transmitted el¢2@joms this

work, a TalosF200 microscope (RE, Wal t ham, MA , USA) with an
emission gun source at 200 keNis used for the TEM analyses.

3.7.6. Electron energy-loss spectroscopy (EELS)

Electron energyoss spectroscopy (EELS) is the analysis of the inelastic scattering ofdtrerele

beam that passes through the sample. The inelastic scattering of the electrons results in their energy
loss. This energy loss is measured and is used to identify the elements present in the sample. The
inelastic energy loss of each element is theattaristic feature of that element and can be used

as its identification. Despite of some methods such -aayXphotoelectron spectroscopy (XPS)
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and Xray energy dispersive spectrometry (EDS), EELS can detect and quantify all the elements
in the periodictable and is suitable for detecting light elements. Moreover, EELS provides
elemental composition, bonding state, and stoichiometry. Therefore, energy loss spectra of
different carbon structures are distinct and can be used to distinguish betwadyo@diamond,
graphite, and DLC structures. In a typical energy loss spectrum, there are three main regions. The
first intense peak around 0 eV is the zkres peak which originates from the unscattered,
transmitted electrons that is the guide for the eneajipration. The lowoss regime which
contains the plasmon peak and is related to the band structure and surface plasmons. The high
energy loss (coross) region identifies the characteristic ionization edgés28]. In this work,

a TalosF200 microscope (FEWa |l t ham, MA, USA) with an O6XFEGSO
source at 200 keWas used for acquiring the energy loss spectra.

3.7.7. X-ray energy dispersive spectrometry (XEDS)

X-ray emission is one of the most important secondary signals from the electron beam interaction
with the sample. With the -Xay, it is possible to quickly find the type of elements present in the
sample and quantify them. Two kinds ofr&Xys emit duringhe electron interactions with the
sample: the characteristicpdys and bremsstrahlungrdys[26,29,30]

Characteristic Xays: When a higlenergy electron beam collides with the atom in the sample, it
can penetrate and interact with the ingkell electrons. The innahell electron would be ejected

into the vacuum or into the unfilled states and leaves a hole behindiiméneshell. The excited

atom or the ionized atom returns into the ground state through filling the created hole with an
electron from an outer shell. During this transition, theX emission happens. The energy of the
emitted Xrays is the charactenstfeature of every element and can be utilized for the elemental

analyse$31]. The schematic of gengirag characteristic Xays is illustrated in Figure 3.9.
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(KB line)

Ejected inner-
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Figure 39: The mechanism of ionization process and generation of characterstis Xy high

energy electron beam.

Bremsstrahlung ays: When the higlenergy electron beam penetrates entirely though the inner
shell electrons and collides with the nucleus, it loses a significant amount of momentum and can
emit the bremsstrahlung-pay. Since the electron can lose anyoant of energy, the emitted- X

ray can have any amount of energy and the maximum amount of energy is limited by the energy
of the electron beam. Therefore, the bremsstrahluagayXspectrum is continuous. The
bremsstrahlung Xays are generally considerasla nuisance and are dismissed for signal analysis
by materials scientists, since Bremsstrahluagys obscure the characteristiaay signalg26].

XEDS makes the use of the emitteday/s when the sample is struck by the electron beam. There
are four major processing work for an XEDStgyn to identify the elements:

1. The detector produces a charge pulse based on the energy of the emaited X

2. The pulse is converted into voltage.
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3. The voltage is amplified, isolated, identified electronically, and assigned to a sperfyc X
enepy.

4. The signal is digitized and displayed on the computer screen with the assigned energy.

There is a low chance of receivingrXy from ionization of atoms with low Z (light elements).
Thus, XEDS is not an appropriate technique to detect and quagtifyelements. As it was
mentioned previously, EELS is a suitable method for analyzing light elements, since the detection
of energyloss electron is always possib[26,29,30] In the present thesig TalosF200

mi croscope (FEI, Waltham, MA, USA) with an &6XEF
keV were used for the XEDS characterizations.

3.7.8. Atomic force microscopy (AFM)

Atomic force microscopy plays a crucial role in surface science and nanotechnology. AFM is a
surface microscopy technique that renders the topography features using the attractive and
repulsive forces from the interaction between a camiléip and the sample. In AFM, a sharp
cantilever tip detects the local forces resulting from the interaction between the atoms of the tip
and the surface of the sample. In the atomic interaction process a few atoms are involved.
Therefore, this method wualified for highresolution surface characterizations. There are three
kinds of forces that contribute to the attractive force: 1. the electrostatic force, 2. the van der Waals
force, and 3. the sherange chemical force. The amount of contributionmfreach force
dependents on the distance. In the static AFM, the cantilever detects the atomic force through the
bending generated by the interaction force between the tip and the sample. In the dynamic AFM,
the cantilever detects the atomic force througé thanges in the resonant properties of the
cantilever (changes in amplitude, phase, and frequency) caused by the interactif32f@sk

For the surface and roughness chtazations in this work, an AFM systeaisylum Research
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MFP-3D Origin+) in tapping mode with a resonant frequency of approxim&@lgHz was
utilized.
3.7.9. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a methogiofusoft Xrays to excite the valance and
the innershell electrons of the sample within a few nanometers from the surface. During this
method, the energy of the-bdys is adequate for the ejection of petaelectrons, and the kinetic
energy (k) of the ejected electrons will be measured. The excitation process is called the
photoelectric effect. As highlighted in Figure 3.10, the basic components of every XPS system are
a source providing Xays, an electron energy analyzer, and a detector. Thenbiedergy (k)
of the ejected electrons which identifies the chemical elements is related to the kinetic energy by
the following equation:

% Ezd6Z (3.34)
where It is the photon energy absorbed from theident beamand %epectrometeriS the work
function of the spectrometefhe binding energy is the difference in the initial and final energy
states of the ejected photoelectrons. Each element in the periodic table has a characteristic set of
binding enegy. Therefore, XPS can be uséd estimate the chemical compositoand
concentration of the elements the surface of the sam(@6i 39]. In the current workan XPS
system(SPECS FlexMod XPSyithan Mg kU (1254 eaWda Hemispherica t i o n
analyzer PHOIBIS 150s employed The energy calibratiois performedby referencing to

adventitious Carbon (C1s line located at 285.0. eV)
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Figure 310: The schematic of an XPS system.

3.7.10. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is a strmag for examination of almost any
phases (solid, liquid, and gases). In the ground state, atoms and molecules naturally vibrate. When
an infrared light affects a molecule, it stimulates the vibrations in it. These vibrations are bending,
rocking, and setching, and can be symmetric or asymmetric. When the excited molecule returns
to the ground state, the absorbed energy will be emitted. The frequency of the emitted energy is a
characteristic feature to the specific vibrational mode and the atoms inviolvénd bond.
Therefore, this matter serves as the principle of FTIR characterizations. Different functional
groups can be detected using FTIR, since they absorb infrared light at characteristic frequencies
[40,41] The chemical bonding and vibrational mo@é¢samples in this thesis aa@alyzed bya

FTIR (Bruker ALPHA). The infrared absorption specteae collected after the background
omission and in the region of 46800 cm!with a resolution of 4 ch The pressure arm is set to

apply equal pressure during all the experiments.
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3.7.11. Moisture vapor transmission rate (MVTR)

In moisture vapor transigsion rate test (MVTR), the rate of moisture vapor that diffuses through

a barrier is measured. This method is perform
similar to the standards of ASTM E®®. In this method, the samples which are in frérsheets

are places on some dishes that hold water. In our case, the dimensions of the dishes are 82 mm in
diameter and 19 mm in depth. The dishes are filled with water as far as allowimgnaa® gap

between the sheet and water. The weight of wateach dish is carefully measured to make sure

the water weight is the same in all the dishes. Then, the dishes (with water and covered with the
sheets) are placed in an MVTR test apparatus, as displayed in Figure 3.11. The apparatus is a
vibrationfree turnable that can carry 8 dishes. The rotation is unform with a speed of 2 m/min to
assure uniform ambient conditions is imposed to all the dishes throughout the test. The assembled
dishes with the sheets secured on top are rotated for two hours to realtedtabnditions.
Afterward, the initial weight of all the dishes is measured. After 24 hours of rotation in controlled

and uniform conditions, the weight of the dishes is measured again. The rate of moisture vapor
loss or MVTR in g/mM.24hrs is calculatedccordingly. The lower values of MVTR correspond to

the less moisture losses, and the sheets perform as a better barrier against moisture. In the present
thesis,the samplesrecut into89-mm diameter circular swatchesd aretested under standard

atmosphere laboratory conditions of 21 + 2 °C with 65 + 5% relative humidity (RH).
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Figure 311: The MVTR test apparatus.

3.7.12. Contact-angle measurement

Contactangle measurement is a valuabiethod for evaluating the surface wetting properties.
This method is performed throughout measuring the contact angle between the surface of a film
and a droplet of a liquid. By contact angle measurement, the surface tension of a thin film can be
estimated In the case of waterontact angle measurement, a smaller ang)eir{dicates the
hydrophilic nature of gurface(Figure 3.12) In contrast, a higher angle signifies the low affinity

of water with a material and the hydrophobic nature of the mat€éhalpoint at which the solid,

i qui d, and vapor coexist iIis defined as the

101

—_



between the three phases are in balance. The equilibrium in tensions between the three interfaces

can be expressed by:

Rijo —2 (3.3%)

wheredsg, s, 0 a8 are the interfacial tensions for sehdpor, solidliquid, and liquidvapor,
respectivel\ff42,43] The contacangle measurements in this thesis are accomplishad optical
contact angle systefnamehart instrumento.) using distilled water drople{gigure 3.13). The
interaction of the water droplet with the thin film is imaged using an optical microscope, and the

contact angle in the image is measured byDiR©OPimage Standard software.

Figure 312: The schematic of hydrophilic and hydrophobic materials using the-ac@béact

angle measurement.

102



Figure 313: The contact angle measurement setup.

3.7.13. Cell culture and viability assay

A viability assay is an assay to measure the ability of a specific type of living cell to survive. In
other words, a cell viability assay helps to determine the number of healthy cells throughout a
metabolic activity or aell proliferation. Cell viability assays are crucial criteria to predict the
cellular response to a cell culture or a specific experimental environment or a sample environment.
Cell viability assays can be categorized as: 1. colorimetric assays, Zyflometric assays, 3.

dye exclusion assays, 4. fluorometric assays, and 5. luminometric 444a45] Here, he
viability is assessed by using PrestoBlue reagent (Thermo Ri8aéham, MA with L929 mouse
fibroblasts ATCC NCTC clone929, Manassas, VJAThe cellsarefirst cultured in T75 cell culture

flask (Corning, NY)using RPM#1640 medium (ATCC, Manassas, VA) fortifiedtiv10% v/v

fetal bovine serum (FBS, ATCC, Manassas, VA) and 1 % v/v penistligptomycin (ATCC,

Manassas, VA) in an incubator. On the day of seeding, theacetlased with phosphateuffered
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saline (PBSThermo FishefWaltham, MA), exposed to Tryye (Thermo FisheiWaltham, MA)

for 3 min to detach the cells, centrifuged at 200g for 5 min asdspended the cell pellet in fresh
medium. The cells in suspensiarecounted using a hemacytometer.

Thesamplesalong withthe controlareplaced into 24well plate for cell culture. Prior to seeding,
the samplearesterilized with 70% ethanol for 10 min and rinsed with PBS for 3 times to remove
residual ethanol. Then L929 cefleeseeded onto the samples and negative control with a density
of 6400 cellstn?. The fluorescent signal from the seeded samiplesasured with plate reader
(Tecan Infinite M1000, Switzerland) on day 1 and day 5 after seeding and normalized with
negative control (glass). Prior to reading the signal, the old mediaspirated amh replenished

with fresh medium with 10% v/v PrestoBlue reagent. Subsequently, the 2glatelk placed in

an incubator for 20 min and then the supernamtansferred to a new wetllate for signal
reading (Ex: 560 nm/Em: 590 nm). Each condii®performed in triplicates with total N=9 and
statistical analysis of replicatés conducted using GraphPad Prism (GraphPad Software, San
Diego, CA). The comparison of relative viability between each saimptducted through one
way ANOVA with the Tukeyposthoc test. The resultsedeemed statistically significant for p <
0.05.

3.7.14. Cell confocal imaging

The objective of cell confocal imaging method is to detect the living cells, visually. For this aim,
t he <cel | s éactinecomporents apeasttbd Viith different dyes and are imaged with a
confocal microscope. In the present wotle tellsarecultured for 1 day and 5 days then fixed
with 4% paraformaldehyde (MilliporeSigma, Burlington, MA) for 30 min and permeabilized with
0.2% Triton %100 (MilliporeSigma, Burlington, MA, in PBS) for 30 min at room temperature.

Then the cellsarestained forFFa c t i n and nucl ei with Al exa FIlu
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Fisher,Waltham, MA1:200 dilution in PBS) and Hoechst 33342 (AAT Bioquest, Sunnyvale, CA,
1:1000 dilution in PBS) for 30 min at room temperature, respectively. Imeagegformed using

a LeicaSP8 CLSM confocal microscope (Leica Microsystems, Buffalo Grove, IL) with a 40X
water immersion objective lens, adjusting the parameters to detect protein and nuclear dyes (Ex:
499/Em: 518 for Alexa Fluor 488 and Ex: 405/Em: 430 for Hoechst). The resutisgesare

processed using Imadie
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4.1. Abstract

Finding a lowcost and effective method at low temperatures for producing redueptiene

oxide (rGO) has been the focus of many efforts in the research community for almost two decades.
Overall, rGO is a promising candidate foise in supercapacitors, batteries, biosensors,
photovoltaic devices, corrosion inhibitors, and optical devices. Herein, we report the formation of
rGO from two electrically insulating polymers, polytetrafluoroethylene (PTFE) and- meta
polybenzimidazole fibe(m-PBIl), using an excimer pulsed laser annealing (PLA) method. The
resultsfrom X-ray diffraction, scanning electron microscopy, electron backscattered diffraction,

Raman spectroscopy, and Fowtiemsform infrared spectroscopy confirm the successful
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generation of rGO withihe formation of a multilayered structure. We investigated the mechanisms
for the transformatiorof PTFE and PBI into rGO. The PTFE transition occurs by lzoth
photochemical mechanism aaghotothermal mechanism. The transition of BRRlominated by

a photeoxidation mechanisrand stepwise thermal degradation. After degradation and degassing
procedures, both the polymdesave behind free molten carbon with some oxygen and hydrogen
content. The free molten carbandergoes an underdow process with a regrowth velocity (<4
m-S 1) that is necessary for thiermation of rGO structures. This approach has the potential for
use in creating future selectipelymerwritten electronics

4.2. Introduction

Ever since graphene was discoveredd04 by using the Scotthpe method [1}esearchers have
investigated various methods for the production of bulk ddfeetgraphene. The weknown
method of mechanical exfoliation (Scotch tape) [1] is unsuitable fortarotlll graphene
production. Alternatively, graphene has been formeligoyd-phase exfoliation [2,3], annealing
SiC substrates [4,5], chemical vapor deposifiGvD) [6i 8], unzipping of carbon nanotubes
(CNTSs) [9], and bottorup chemical synthesis [10]. However, thesethods suffer from low
production rates [11], high thermbldget, and/or contamination [115] (especially oxygen
contamination); these issuéimit the straightforward largecale synthesis of pure graphene.
Graphene oxide, on thether hand, can be syresized at a large scale [16], without concern for
oxygen contamination. This material was discovered long before graphene [17] and was often
preferred forpatterning graphenlkased electronics [18]. Regardless of these advantages, the
oxygencomponent othe graphene oxide disturbs its conjugated structure and scavenges the
electrons [19]. The oxygen diminishes the electron mobility, the carrier concenteatbnhe

electrical conductivity of the pristine graphene [19]. Pure graphene, as alayaglef densely
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packed spcarbon atoms, exhibits zero band gap with an excellent camobility of 2.5x18
cm?-V'L.g' Lat room temperature [20,21]. The zero band gap imiiietsthe charge current inside
graphene can be directed but cannot be switchethdrofffor applications such as information
storage purposes [18]. In contrast, graphene agidéectrically insulating; oxygen incorporation
can be used to modulate the bandgagraphene. Thus, reducing graphene oxide plays a leading
role in carborbased electronicsjnce it overcomes the aforementioned obstacles.

Reduced graphene oxide (rGO) shows a great deal of potential for use in supercapacitors [22],
batteries [23], biosensors [24], photovoltaics [25], corrosion inhibitors §@&]pptical devices
[27]. Moreover, rGO has been prepared by thermal reduction meteadsthermal annealing
[28] and microwave irradiation [29]) and by chemical reduati@thods, such as chemical reagent
reduction [30], photocatalyst reduction [31], eteathemical reduction [32], and solvothermal
reduction [33]. However, these methods arecootpatible with semiconductor device fabrication
[34]; in particular, they cannot directiyovert the original materials into rGO and/or affect the
whole material (sually underextreme conditions) with no local transformation. Meanwhile,
conventional semiconductotechnology is struggling with the requirement for numerous
processing steps; the challengeexacerbated by the trend of miniaturization in semiconductor
devices. Therefore, it iBnperative to utilize a onstep processing method that delivers high
spatial resolution andoes not require high temperatures or solution contamination. The laser
writing approachs appropriate for converting carbgource madrials into rGO directly and in a
single stepwith high spatial resolution and without affecting the properties of the adjacent
materialsMoreover, this method is agile, casffective, and welkuited for mass production. The
laserannealing approach asrapid norequilibrium process that utilizes rapid kinetico©vercome

the limitations associated with thermodynamics via equilibrium routetheiaserannealing
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approach, various structures can be generated undeamé@ntconditions by controllig the
undercooling factor [35]. We have previously produced@mdprehensibly investigated various
carbon structures, including rGO and quenebadbon (Qcarbon), from amorphous carbon via
laser annealing of carbon [(388].

The laserannealing method hdmeen shown to transform the following polymar® graphene:
polyimide (Kaptoff, McMasterCarr, IL, USA) tape, using a COinfrared laser [39];
polytetrafluoroethylene (PTFE), using a £@frared laser [40]; phenolic resinsing a visible
light laser [41]; and sulfonated poly(ether ether ketone) (SPEEK), usiay mfrared laser [42].
The CQ infrared laser was the main lasainealing tool useth the previous investigations;
however, the infrared laser is not a practical tool for spalgme materials. PTFE suffers from
a low absorption coefficient in the infrared regitvence, a C®laser is not efficient for PTFE
conversion into graphene [43]. In additionaege number of shots (~ 500) is necessary for the
CQO laser to perform PTFE coevsioninto rGO [40]. There are no currently available polymers
capable of rGO productiofvith flexibility in solubility, functionalization, and doping) to expand
the lasetinducedgraphene method to the semiconductor device industry.

Here, we show the dict conversion of polytetrafluoroethylene (PTFER£) into rGO, using
the laserannealing method (ArF excimer lasexr= 193 nm), in whichasersolid interaction
coupling is strong. We also provide a new polymer source,-pdy@enzimidazole electspun
fibers ( P-@nphenyrma ,yasenzilnidpzole](CaoH12N4)n), for the production of
rGO by the ArF excimer lasavriting method. Thespolymers are promising for rGO production,
particularly for direct doping of rGO witharious types ofunctionalization. PBI demonstrates a
high ablation threshold undexcimer laser irradiation that is appropriate for electroleicice

fabrication [44]. PTFEan directly generate fluorinated rGO without the extra step of doping [40].
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Both PTFEand PBlare very insulating, with electrical conductivity values®@ 8Y'*.cm' *and
1.5x1013 Y'l.cm'?, respectively [44,45]. The excimer pulsed laser annealing (Fhéthod
allows for direct rGO formation with a high yield and with no need for the stef reduction.

The structure and bonding characteristics of the rGO structuresbistdmPTFE and PBI were
evaluated. Finally, the possible mechanisms for the conversitie dfvo polymers into rGO are
proposed.

4.3. Materials and methods

4.31.rGo from PLA procedure for conversion of thepolymers into rGO

Two polymer samples were used in this work: (1) white PTFE tape on an <B0{lsubstrate
and (2) electrospun PBI fibers deposited on a glass substrate obtainedkabmthanol solution

as previously described [46]. The laser annealing of the polyameples was carried out by using
an argon fluoride (ArF) excimer laser with a pulse widtt20 ns and a wavelength of 193 nm
(Lambda Physik LPX300, Coherent, Santa Clara, G45A). A conveXens was used for focusing
the laser beam on the samples; the sanpbdes located in front of the laser beam, as depicted in
Figure4.1. The laser energy densityas measured by using an energy meter (Energy MAX 400,
Molectron, San Diego, CAJSA). The onvex lens distributes the laser energy with a Gaussian
distribution on thesample. Therefore, the energy was measured on different spots over the entire
area of théaserbeam interaction with the samples; the average energy was calculated from these
data Subsequently, the lasenergy density in J-crhiwas calculated by measuring ige of the
laserbeam interacting with the samples. The laser annealing of PTFECamalsicted under
ambient conditions, using 30 shots of the ArF laser with a laser flaéfc@+ 0.1 J-cm?. In the
case of the PBI electrospun fibers, laser annealing was perfdoynesing 15 shots of the ArF

laser with a laser fluence of Qt70.1 J-cm?in air.
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Figure 41: Schematic of the PLArocedure used in the experiment.

4.32. Characterization

The structure of the polymers and the rGO formation after the laser annealingpolyimers
were examined via >Ray Diffraction (XRD, Rigaku SmartLab, The Woodlan@X, USA) in a
Bragg Brentanodi 2 djeometry, using a Cki Uradiation source. Fanvestigating the vibrational
modes and structure of the polymers before and afterdasealing, Raman spectroscopy (WITec
alpha300 M, Ulm, Germany) was performed. Boarce of WITec laser was a sefidite green

Il i ght | aser (&= 53 2 appraxinatelyw 2et rh dai asnpeatter s i zAe
spectrometer and a grating size of 600 I/mwere utilized to obtain the Raman spectra. The
calibration of the Raman instrument wamducted by using the charagstic peak of the silicon
wafer at 520.6 cit. For surfac&haracterization and morphology analysis of the polymers before
and after PLA, a fiellemission scanning electron microscopy instrument (FESEM, Verios 460L,
FEI, Waltham,MA, USA) with a resolution of 0.6 nm was utilized. Electron backscattered
diffraction (EBSD) patterns tilted at 70n the backscattering diffraction (BKD) mode were

acquiredor phase identification. Fourigransform infrared spectroscopy (FTIR, Bruker ALPHA)
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was carrié out in the absorbance mode, with a resolution of'4 and in the range &00i 4000
cm' L, background subtraction was performed.

4.4. Results and discussion

4.41. PTFE conversion into rGO

X-Raydiffraction

The crystalline structure of the PTFE tape wasestigated prior to PLA. As shown Figure
4.2(a), the XRD results are consistent with typical characteristics of PTFE. Basbeé &RD
database (ICDD PDB+ #5415 95) , t h equg te 48Kl 81.6a36.7, 37195, and 49.3
areattributed to the (100), (110), (200), (107), and (210) peaks of RE&&fectively [4749]. The
crystallinity of PTFE can be calculated from its XRD patterrubyg the HermarfisVeidinger
method [50], using the following equation [51]

8 pTTD (4.1)

8
where X is the crystallinity of PTFE clis the integral intensity of the crystalline area, knsl the
integral intensity of the amorphous area. Using the XRD pattern of PTFE shé&wguie4.2(a),

we calculated the crystallinity degree of PTFE to be 64656.

L (a) g As-received PTFE | L (b) — PTFE after PLA (rGO) ]
r ] ]
—_ ~ L 20.5°(002) ]
3 = ]
8 s
2 [ 12
‘@ ‘@
c c
@ 8
E 1E
PR
S 82 g
B = Qo a -
b 3 o
- O :
> @
P_JL_ c;) trj.t ¥ 1
1 M 1 1 1 1 1 1 1 1 L 1 L --I-I|I|I|I|I|I|I|I-I-I-I|I|I|I:I|I|-
10 20 30 40 50 60 70 80 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
20 (degree) 26 (degree)

Figure 42: XRD pattern of (a) neat PTFE and (b) after laser annealing of PTFE.

118



After the interaction of the laser with PTFE (with a laser energy densiy@af 0.1 J-cm? and

30 laser shots), the XRD pattern of the specimen entirely changexident in Figuret.2(b),

none of the PTFE peaks appeared in the XRD spectrum aftealasealing of the specimen; a
new pe &R0.5appeated in the spectrum. Beehanges in the XRD pattern of PTFE after
PLA reveal fundamental changes in the strucafrBTFE and the evolution of a new structure.
The XRD pattern of graphite exhibitcah ar act e r i 8 26i5dor thed(X plamé, with d

a dooz)@ 0.34nm [52 54]. Ingraphene oxide, owing to oxygen incorporation between the graphene
oxide sheets,the| anar spacing i ned0eFa[52 slowever, by reducing2 nm
the graphenexide, the (002) planar spacing decreases again close tedhefdjraphite [55,56].

The XRD pattern (Figure.2(b)) matches very well with the XRD pattern of rGO. The pedk dt

= 20.5 corresponds to 0.43 nm for (002) planar spacing in the reduced graphene oxide.
Scanningglectronmicroscopy anadectronbackscatterediffraction

To confirm the results from the XRD experiment, further characterization of the material was
performed. Figure4.3(a,p shows the FESEM micrographs of PTFE before and dadiser
processing at a laser energy density of#)®1 J-cni?. Prior to laser annealingrigure4.3(a)),

the asreceived PTFE exhibited a fiber structure, with amorphous and crystalline regions
distributed next to each other [57]. After laser annealir@y%t 0.1 J-cm?, ultrafast melting and

the subsequentitrafast quenching culminated in profound charigake structure of PTFE and
rearrangement of the carbon atoms in form of a rGO dimetture (Figuret.3(b)). In Figure
4.3(b), the wrinkled structure of the rGO sheets was obseMelEBSD analysis in Figure3(c)

from the laselannealed PTFE confirmed the formatwivtGO. Figure4.3(c) revealed the EBSD

(Kikuchi pattern) and the rGO orientation obtairfean the PLA of PTFE. The EBSD profile
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showed the (0001) crystalline struawf rGO.The Kikuchi bands of the sample after PLA match

those of rGO and do not match thafdTFE

Figure 43: FESEM images of (a) agceived PTFE and (b) PTFE after laser annealing (rGO).
(c) EBSD Kikuchi pattern fromGO, exhibiting the characteristic rGO pattern.

Raman Spectroscopy

Raman spectroscopy is a powerful tool for determining the bonding charactesfstiagous

carbon structures [58]. As shown in Figdrd(a), PTFE exhibits vibrational pealkd 292,385,

731, 1218, 1300, and 1380 cmThe peak at 292 crhoriginates from theuperposition of the A
mode with the Emode of the Cgbond [59]. The torsional activitgnd deformation in CHgive

rise to the vibrations at 385 €h{60]. The peak at 731 crhis attributed to CFbond stretching

[61]. The asymmetric stretching of €Bonds with thde, mode is associated with the vibrational
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peak at 1218 chh[62]. The peaks at 1300 an@80 cm? are assigned to theiAnode stretching

of Ci C bondg59,60].

(a)
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Figure 44: Raman spectra of (a) PTFE before PLA and (b) PTFE after 30 shots of the ArF laser

at 0.9+ 0.1 Jem' 2. (c) Io/ls values versus the number of laser shots.
After the irradiation of PTFE with 30 shots tife ArF laser, the vibrational peaks BTFE
disappeared; new peaks that are characteristic of rGO structures appeared (B{Q)rerde
Raman spectrum of rGO comprises three main characteristic peaks of the D b&nblatitk and

t he 2D ( oassh@ljn Figuadrl(B)) [§3,64]. The D band (usuallgentered at 1320

1350 cm? for the green laser) is assigned to the symmetriobptanebreathing mode () of
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sp’ atoms; the G peak (usually centered at 13805 cm? for the green laser) origites from the

center of the Brillion zone with &g symmetry [6567]. The G band is common for any carbon
structure having ggarbori carbon content, arithe D band is common to any?sgarbori carbon

disorders or defects [68]. Therefotlegintensity ratio of the two peak$(lg) is a criterion for the

level of defects presentn t he gr aphi ti c band usually aenteeed at 26th e 2 D
2700 cmifort he gr een | asoerrd)eri so vtehret ofnseedc-ofdedeegdh e d i n
of theRaman spectrum. The 2D band is produced by the doebtmance phenomenon (wéh
mechanism similar to D band generation); the difference is that two inelastic scpttereshs

are involved [64,67,69]. The shape and peak position of the 2Ddaarge usetb determine the

number of layers present in rGO [70]. Usually, the 2D band of slag&rrGO appears at 2679

cm' twith a Lorentzian distribution; the 2D band of multilayer r€@¥ts to a higher wavenumber

value and the peak becomes brod@ét. The other secondrder bands are D + G and 2G. The D

+ G band is the combination of the D and G baweltone, and the 2G band is the G band overtone

[71]. The fitting results from the rGGpectrum shown in Figur¢.4(b) indicate that the peaks
postioned at 1337, 1591, 2685, 28@0dd 3070 crif can be attributed to the D, G, 2D, D + G, and

2G peaks, respectively. Thatensity ratio of the D and G peaks/(k) is 1. Typically, thed/lc

for graphene oxide iabove 1 due to the grafting of oxygemdtional moieties between the
graphitic planes [72By reducing graphene oxide, th€lt value decreases. The value@itd =

1 from Figure 4.4(b) is consistent with that of reduced graphene oxide structures and is in
agreementvith the XRDresults. In addition, thenllc value provides the information about the

average crystallite size of the?sfpmains (ls), using the TuinstiiZKoenig relation [73]:

, 11 ¢8 phl —Z (4.2
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wherelL, is the averagerystallite size, an@-is the laser wavelength (532 nm). The average
crystallite size of the pdomains was calculated to be 19.2 nm. The 2D band at 2685rcm
Figure4.4(b) is very broad with a full width at half maximum (FWHM) of 426'¢ntonfirming

the multilayer structure of reduced graphene oxide [74]. The changed i ¢healues versus the
increase in the number of laser shots are presentéigjume 4.4(c). After the transformation of
PTFE into graphitic structures, it is observed that, @8tshotof the UV laser, theolls value is
higher than 1. With an increase in the number of shmtsh/I value decreases to 1 and remains
at approximately 1 with a further increase in thenber of laser shots. The decrease in e |
valueafter 25 shots can be attributed to ¥haeation of the defects that are present in the structure.
After 25 shots, the structure starbsform a reduced graphene structure, with a lower amount of
defects in the structure

Fouriertransforminfraredspectoscopy

Further evidence for the successful conversion of PTFE into rGO was providéd IBy
spectroscopy. FTIR spectroscopy is a practical characterization method to detdwrtheal
bonding in polymers and graphene structures. Figi(a) illustrates the FTIRspectrum of PTFE
before laser annealing. The peaks at 502, 553, and 63%adginatefrom the rocking, bending,
and wagging of CFoonds, respectively [75,76]. The pgadsitioned at 1145 crhis attributed to
the symmetricalstretching of CE bonds [75,77].The asymmetric stretching of €mPonds
culminates in the appearance of a 1201'gqmeakin PTFE [75,77]. All of the mentioned peaks
disappear after the PLA of PTFE; new bof@sn, which are evidence for rearrangement m th
chemical structure (Figuré€.5(b)). Thestrong peak at 1563 émbelongs to the ghybridized
C=C bonds. The second strolognd at 1172 chiis assigned to the asymmetric stretching bf C

Oi C bonds [78]; it haveen observed in rGO structures after rédac[79]. The peak at 1380
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cm' tis attributedto Ci OH stretching [80]. The weak peaks at 758 and 2915 ane related to

Oi H bendingand aromatic CH stretching, respectively [81,82]. The absence or weak presence
of oxygencontaining groups, which are atacteristic of graphene oxide, confirms the formation
of reducedgraphene oxide. These GO characteristic peaks are located at ~1728CeD
carbonyl stretching) and ~3412 ththydroxyl group stretching), as well as ~2915 tm758,

and ~599 cit (OH aut-of-plane bending) [82,83].
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Figure 45: FTIR spectra of (a) aseceived PTFE and (b) PTFE after the lee@nealing process

4.4.2. Mechanism ofconversion of PTFE into rGO by the PLAmethod

The laser annealing of PTHREvolves the application of 30 shots of the ArF excihaser with a
photon energy of 6.4 eV, a pulse width of 20 ns, a pulse frequency of 10 Hz |asetenergy
density of 0.9+ 0.1 J-cm? to PTFE, which exhibits a bandgap @b eV[84]. Since the lasr-
energy density threshold for the ablation of PTFE Is6 J-cm [43], ablation of PTFE will not
occur during ArFlaser annealing with a fluence of @9.1 J-cn?.

Since the photon energy of the ArF laser is higher than the PTFE bandgiasetieaergy will
be absorbed by PTFE. Owing to the high bandgap of PTFE, the absqmutemss will initially

commence through the twghoton absorption phenomenon by viraieghe midgap energy states
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present in PTFE [85]. The absorption coefficienP®fE isenhanced following an increase in the
number of laser shots (N) [85]:

1 1 1 (4.3)
Wherelkt is the effective absorption coefficielit is the initial PTFE absorption coefficient, and
U is theabsorption coefficient of PTFE after the first shot. After a sufficgritancement in the
absorption coefficient of PTFE, singidoton absorption will dominatle process [85].
Over a time interval of 20 ns, the energy of the laser is transferreé 8THRE chaindy the
excitation of photons (the photochemical mechanism) and the excitation of phfthens
photothermal mechanism) [86].
In the photochemical mechanism, the laser photons dissociate the bonds in thehRIHSE
During thephotodegradation of PTFE, the polymer backborieC)Cexperiencescission [87].
Similarly, during the photochemical degradation of PTFE by 6.4 eV ArF ilaadration, the C
C bonds (~ 3.6 eV) andi€ bonds (~ 5 eV) undergo breakage. It ilas been coirined that the
major process of releasing F atoms occurs by the desogitdi* ions [87]. C=C bonds are not
generated during the photodegradation of PTHBah temperature [87,88]. Therefore, it is more
likely that the formation of carbon bondsaiphotothermahssisted process.
In the photothermal mechanism, with an increase in the number of laser shatg oty
absorbing PTFE will rapidly experience a rise in temperature during eachigtensterval. The
energy from the electronic structuis transferred to the lattice phonomishin 1 ps (10% s).
Therefore, the excitation of phonons leads to the generatiosigihificant amount of heat within
20 ns. We have previously shown that the 20 ns plusgtion is sufficient for PTFE to be dted
and melted [48]. When PTFE is heated ¥®°C in air, volatilization of GF4, CsFs, HF, CQ, and

CO occurs [89]. As PTFE is interactimgth the ArF laser and is melted, oxygen and hydrogen
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diffuse (as suggested by the FTE#ults) below theurface and provide the origin of the HF, £ O
and CO degassing aradso formation of the TH, Ci OH, C=0, and OH bonds in the resultant
rGO. The monomeyield of PTFE during thermal degradation is 100%; once the thermal factor
triggers theunzipping of themonomers, it proceeds to the rest of the molecule [89]. When the
liberationof HF and other gases takes place, the double C=C bonds form at the expeinGe of C
bond breakage. Therefore, the overall photothermal and photochemical mecharkSrREof
involvesmelting, volatilization of different gases, breakage of the backbone of ROIKE), and
formation of C=C. Meanwhile, the lasannealing causes the dehydratam reduction (thermal

reduction) of some of the absorbed oxygemntaining groups, dsllows [90]:

CHICiOH+H" u C=C+HO (4.9)
The free carbons with some residudlH; Ci OH, C=0, and OH bonds from the absorption of
oxygen and hydrogen at the surface will undergo an undercooling procesthenaserpulse
terminates. We have previously shown that the undercooling determinegtbeth velocity of
solidification [89]. The thermodynamically stable graphitic structuegsire a low undercooling
and a low regrowth velocity of < 4 msin comparisonavelocity of 4 6 m-31is associated with
diamond nucleation, and a velocity>ofl6 m-$! is associated with pure-Garbon formation [89].
For our system (PTFE tape on:@k substrate), we have calculated that a lesergy density of
0.8 to 1 J-cri? provides theappropriate undercooling for the formation of rGO from PTFE [48].

Figure4.6 highlights theprocedure for the direct conversion of PTFE into rGO.
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Figure 46: Schematic showing the direct conversion of PTFE intd,r@ing ArFlaser

annealing.

4.4.3. PBI conversion into rGO

X-ray diffraction

The XRD pattern of the watevashed electrospun PBI fibers (in order to remov&E content)

was obtained to understand its crystal structure. Figure 7a shows gpbeoadk centier ed a
25°. This peak is assigned to the amorphous domains in theRBétructure and is related to

the i stacking of the aromatic rings in the molecular struoct@ieBI. PBI structures with some

degree of crystallinity also exhibit twsharp peaks & &= 9.5 a n d = 22 [91193]. The

absence of these two peaks in the XRD pattern ofifitidates the amorphous nature of the PBI

used in this study, and this may be attributethe electrospinning conditions and the ethanolic

KOH solvent interactions. After las@nnealing of the PBI fibers with an energy density of0.7

0.1 J-cm?, the amorphous a | o0 &25td i2sdappeared and a rffweds har p
(Figure4.7(b)). Thespectrum in Figurd.7(b) aligns with the XRD ptiern of reduced graphene

oxide. The lack o& p e a k 10&trule® ailit the formation of graphene oxide, and the absence

of apeaka t & 2605 excludes the presence of graphite after laser annealing. The observed peak
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at =224{2 is attributed to (002) planes, with a 0.37 nm planar spacing in the obt&htd

structure.
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Figure 47: XRD pattern of (a) aseceived PBI and (b) after laser annealing of PBI.

Scanningalectronmicroscopy

The FESEM micrograph asreceived PBI in Figurd.8(a) shows the structural featuresthe
PBI fibers. The PBI fibers exhibited an average diameter of 250 nm. Aftéagbeannealing
process, changes in the morphology of PBI occurred (Fiy8fie)); the fiberswere replaced with
layers of rGO. The volume of PBI was considerably reducedthtdaserannealing process. The
shrinkage in volume was correlated with thregassingorocess during heating of PBI by the UV

laser
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Figure 48: FESEM images of (a) agceived PBI and (b) PBI after the laser annealing (rGO).

Ramanspectroscopy

Figure4.9(a) shows the Raman spectrum of the PBI fibefele exposure to ArF lasannealing.

The two peaks located at 1592 and 1541'cnere assigned to the stretchingbanzimidazole

rings (C=N and C=C) [94,95]. The broad band at approximately 143batso originated from

the benzimidazole ringtretch.The strong peak at 1303 thandthe shoulder peak at 1228 cm

are consistent with iplane vibration of the TGH bonds.The peaks at 1091 and 995 'ém
correspond to the deformation of benzene trigonal mmdweathing of benzene rings [94,98%

is evident from Figuret.9(b), exposure to multipleshots of the UV laser converted the PBI
structure to the rGO structure. Similar to previ@indings [96,97], the firsbrder region may be

fitted by using five peaks, namely D, G, IJ,NjNj, a nF pdakNg relateld ® the disorder in

the graphitic lattice structure from boti? and sb onds [ 9 8ppak is attritmutedDtdNjN;j
amorphous phases that are observed &aaxr b on st r u c peakriseastiyated by drystalh e DN
defects [64,96,99,100Theresulto f Gaussian fitting show that t
and 2G peaks are centered 1839, 1577, 1333, 1470, 1670, 2666, 2898, and 3134, cm
respectively. The low intensities f t he D* b peaksNihjly a bow dmoudtiNgf lattice

disorders, lattice defects, amadhorphous phases in the rGO structure. The intensity ratiglef |
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= 0.73 confirms theeduced structure of the rGO and aligns with the XRD results. Using Equation
(4.2), theaverage crystallite size of the’?sfpmains is estimated to be 26 nm. The 2D band located
at 2666 cm' is broad, indicating the multilayer structure of rGO. Fighi¢c) shows thehanges

in the b/l values versus the number of laser shots during laser annealinigitigdelecrease in

the Ip/lc value implies a decrease in the defects that are present strabture, which remains

constant up to 35 shots
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Figure 49: Raman spectra of (a) PBI before PLA and (b) PBI after exposure to multiple shots of

the ArFlaser at0.% 0.1 J-cm?. (c) Io/lg ratio versus the number of laser shots.

Fouriertransforminfraredspectroscopy

130



Utilizing FTIR spectroscopy, we explored the disappearance of bonds associated hatid the
formation of new bonds by laser annealing. Figlid€(a) shows the chemicddonding in PBI.
The peaks in the region of 680 to 852 &85 and 796 chi) are associatedith the out of plane
bending of the aromatici® bonds [101]. The peak 4098 cm®is assigned to thei® bonds in
imidazole [102]. The peaks in the 1279 'émegion areassociated with TN stretching and
benzimidazole breathing [103]. At 1438 ¢mthe vibrations from the irplane deformation of
imidazole rings areactivated [104]. The peat 1589 crit is derived from C=C and C=N
stretching. The broad band in the regior2800 to 3500 it is ascribed to the NH stretching
vibrations [104]. Finally, the peak a8577 cm? correlates with the H stretching and is fated

to the moisture absorbed tiye PBI structure [103]. Generally, the broad band in the region of
2400 4000 cm? reflectsthe absorption of moisture by PBI [105]. After laser processing, the
structure shows featuréisat are associated with rGO (FigurdaQ(b)). The strong peak at 1546
cm' tis attributed to th€=C bonds in rGO [106,107]. The peak at 1163'dsrelated to COi

H bonding [106]The peak at 1716 crhis associated with the stretching of C=0 bonds [108]. The
weakpeaks at 667, 2320, an67D cm? correspond to the out of plane bending of OH,CGMd

Ci H stretching, respectively [82]. Similar to the rGO structure obtained from PTFpe#hs
associated with GO at 3412 thihydroxyl group stretching), 2915, ~758, 667, am®9 cm?

(OH ou-of-plane bending) are either very weak or absent [82,83].
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Figure 410: FTIR spectra of (a) neprocessed PBI and (b) rGO after laser processing of PBI.

4.4.4. Mechanism ofconversion of PBI into rGO by the PLA method

For the successful conversion of a material into rGO, it is essential that the thfestiudé of
laser ablation is higher than the threshold fluence of laser annealingxRiBlts a very high
threshold of UV ablation fluemg as such, it is suitable for the las@nealing process [44]. PBI
structures have a propensity to absorb moisture when exmmoaed105]. PBI structures exhibit
an intense UV absorption, which is attributed to pinesence of aromatic units; the highv
absorption rate enables the fast photodegradafitims material. The degradation of PBI (with a
bandgap of 3.18.25 eV) [109] via UV laseexposure is dominated by the phatadation
procedure; oxygen attacks the benzimidasaleunits and imidengs [110,111]. Photoxidative
degradation leads to the oxidatiofithe benzenoid and imidazole rings and the production of C=0
groups, which in turis associated with the presence of the peak at 171%rcthe FTIR spectrum
[105]. Moreover, it causethe scission of benzimidazole rings. Consequently, volatile oxygen

containing products are produced which immediately decompose to GONg;QlO,, and HO

[105,111].
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Meanwhile, extreme heat is locally generated by the UV laser, which leads$ejovase thermal
degradation of PBI. At 300 to 57C, NHz is liberated; afterwards, GHk released at 570 to 700
°C. At 700 °C, arylnitrile-containing units degrade and form HCahd H. Finally, the
decomposition of oxygeoontaining residues liberates,NCO,, andH20 at high temperatures
[111]. All of the dehydration processes are responsible fatitagpearance of the broad band in
the region of 24004000 cm?! in the FTIR spectrum dPBI after laser annealing [103finally,

the residual freearbon with some oxygen and hydrogen content will rélaehmelting point of
carbon. The mixture will experience ultrafast undercooling. iaercooling speed is adjusted
through the appropriate selection of laser fluence forPBe system (0.7 0.1 J-an'?). The
regrowth velocity of <4 m-$!is achieved, and thfermation of rGO withd and” carbon bonds

is facilitated.

4.5. Conclusions

The transformation of PTFE and PBI polymers into rGO structures was perforhreedriving
force for this transformatn is the norequilibrium method of PLA. The ArExcimer laser with a
photon energy of 6.4 eV and a pulse width of 20 ns is an approgh@ite for PLA that involves
ultrafast melting and controlled undercooling. T absorption of PTFE increases wihch
laser shot. PBI exhibits UV absorption with ahigh laser ablation threshold. In both polymers, the
XRD results confirm the formatiof®02) planar spacing and @dad) corresponding to the reduced
planar spacing in rG@tructures. Ramaspectroscopy indicates the presence of a multilayered
structure irthe rGO structures. The evolution of bonds related to rGO structures was identified in
both lasefannealed polymers, using FTIR spectroscopy. The transition of PTFE tie &5€isted

by bah the photochemical and photothermal mechanisms, in which diffugi@axygen and

hydrogen, degassing of byproducts, and thermal reduction culminaigten free carbons. The

133



molten free carbons go through an appropriate ucal@ing process that is aasted by the laser
fluence, which leads to the formation of rGO. In RB& transition is assisted by a photadation
process and is accompanied by stepwilsrmal degradationThe residual molten carbons

rearrange in the form of rGO structudksringthe undercooling process.
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5.1.Abstract

Hereinwe report a method to tailor the surfacesiiton-incorporated diamontike carbon (Si

DLC) thin films to enhance the diamond nucleation density and growth. In this technique, the
surfaces of SDLC films were modified by fluorine and ggen species utilizing a reactien
etching (RIE) method. The surface properties dDBC, oxygenterminated SDLC (O SiDLC),

and fluorineterminated SDLC (F SiDLC) films were investigated and compared. The analyses
depicted that the $fsp’ ratio of carboncarbon bonds has diminished from 20.28% feD8C

film down to 8.96% and 4.41% for O-BILC and F SiDLC films, respectively. Moreover, a
significant amount of new $fhybridized bonds formed on the surface of the modifie®IST

thin films, paticularly in F StDLC film. The deposition of micraiamond on the films was
performed using hot filament chemical vapor deposition (HFCVD). SEM, XRD, and Raman

results showed the enhancement in nucleation density and growth ofchaisrond on F SDLC
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ard O SiDLC films and the irplane stress reduction up to 60%. Owing to the lower number of
sp’ bonds and the greater number of new sifes, the F SDLC thin film provided a superior
platform for diamond nucleation than GBLC film. The continuous diaond coverage on F Si

DLC film was up to ~ 2 mAwersus ~ 0.4 mafor O SiDLC film.

5.2. Introduction

Diamond is continuously surprising scientists and researchers around the world owing to its
applications ranging from ultrahard coatings to hpgiwer anchigh-frequency devices. With its
highest thermal conductivity (2200 W.ZnK?) [1], a breakdown field of more than 10 MV.ém

[2], and a high carrier mobility aipproximately4500 cm.V1.S*[3]; diamond is the ultimate
candicate for heat dissipation in higlower and higHrequency device$4,5]. The defects in
diamond, such as the negatively charged Nitrogaancy (NV) centers, a reflective index of 2.4

[6], and a broad optical transparency are appealing features that support the use of diamond in
photonics, communication technology, and Quantum Information Technology [[@H]) As a

wide bandgap semiconductor (5.6 eV) marveled for its super hard0@s8Pa, Vickers hardness)

and high mechanical strength, diardomas become an interesting candidate for micro
electromechanical system (MEMS) technolodi& 13], cutting toolg14], and wear resistance
applicationg15]. The semiconductor technology, by using the doping of diamond, has found a
new potential material for bipolar diod€k5], transistord17], and UV light emitting deves

(LED) [18]. Diamond has proved to be biocompatible with a wide electrochemical potential
window appropriate for biosensing applicasdd9i 22]. In order to benefit from the unique
properties of diamnd and make its applications feasible, the growth of a large area andrsiess
continuous layer of diamond on practical substrates such as silicon, silicon carbide (SiC), and

sapphire (AlOs) is essential.
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Considering diamond and cubic boron nitrideB(N) are metastable at ambient temperatures and
pressures, the equilibrium synthesis requires extremely high temperatures and pressures,
5000K/12GPa for diamond and 3500K/9.5GPa &N The synthesis at such high temperatures

and pressures creates phpsee diamond and-BN but requires highly inert atmospheres with

very limited yield in the form of grits, which are unsuitable for filim devices. Thechemical

vapor depositionGVD) is an equilibrium method, which must be combined with nonequilibrium
components such as hiament and microwave to reduce the synthesis and processing
temperaturg23]. This combination of equilibrium and nonequilibrium processing results in the
formation of diamond (nonequilibrium phase) and graphitimorphous carbon (equilibrium
phase) mixtures. The latter geferentially etched by atomic hydrogen to leave diamond as a
residual phase. Thus, CVD methods for midiamond synthesis require the pre
existingnucleation sites fagrowth.Si-DLC provides the spbondednucleationsites on which
micro-diamond can gw by hot filament chemical vapor deposition (HFCVD)

The nucleation and growth of mieddamond films are two important interests of application
desired diamonds. Surface seeding method by dispersion of nanodiamond particles on the substrate
has shown stcessful results for improving the nucleation density and growtH{24i84]. The
dispersion of nanodiamonds on the substrate has been performed by various methods including
seeding by ultrasonic treatment of nanodiamond solji#idr85], spinseeding30], dip-coating

[28,29] inkjet printing [31], electrostatic selissembly[32,33], and biasenhanced nucleation

(BEN) involving quencheaarbon (Qcarbon)/nanodiamond seedif6,34,36] The dispersion

of nanodiamond patrticles on the substrate usually suffers from the aggregation of the nanodiamond
seeds and pinholes on the grown diamond IEB&]r Alternatively, the iorbeam assisted method

was utilized for increasing the nucleation den§®y]. The bombardment of the substrate with
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low-energy ionsusing a mixture of argon, hydrocarbon, and hydrogen inesited an interlayer

of amorphous carbon with embedded nanodiamond particles and enhanced the nucleation density
up to 3 10°cm?on Si wafer{37]. Since the nanodiamonds are buried in the amorphous carbon
layer, the epitaxial growth of diamond is prohibited and is unfunctimnahe growth of highly
oriented diamond layers. The combined technique of seeding and thermal annealing of the
substrate was introduced to obtain highly oriented diamond films on metallic subS@htdhe
annealing process helps with the formation of an intermediate layer that retards the graphite
formation and enables diamond nucleation and growth.

It has also been found that the pretreatment of the substrate by a biasing step improves the diamond
nucleation density39i 42]. The nucleation density of diamond on an untre&edubstrate is
typically in the order of 1Dcm?. The pretreatment of the silicon substrate by negative biasing
improves the ndeation density of diamond from 1@m2 on scratched Si substrates up td'10

cm 2 on unscratched Si substrafé$,42] Unfortunately, the biaassisted method can only be
useful for conductive substrati@s]. Another effective pretreatment method employed to enhance
the nucleation desity of diamond was the deposition of an intermediate layer on the supbfrate

46]. An amorphous carbon layer is capable of increasing the density to approximét@ly @n

2on the Si wafef47]. It was shown that the degited diamond on the intermediate carbon layer
was also pinholéree [47]. Among different intermediate carbon layers, diambikel carbon

(DLC) layers containing €p and sp-bonded carbon promote the nucleation and growth of
diamond from the Sphybridized carbon phadd8]. It was found that the addition of silicon to

DLC increases the 3fponding and decreasemhole in the film[49]. Moreover adding some
dopants such as silicon to DLC structure-&IC) reduces the internal stress of the film and

enhances its adhesion to the subs{&&52]. The increase in $gontent and immved adhesion
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of Si-DLC layer to the substrate are important factors during the deposition of diamond by HFCVD
in which most of the ggbonded carbons are etched by atomic hydr§ggh

Recently, the method of using an intermediate layer combined with a laser annealing process has
depicted successful resulit]. In this method, the interlayer of diamelike carbon (DLC) layer

has transferred into a quencheatbon (Qcarbon) layer using a pulsdaker annealing method

[54]. It has also been showhat biasing leads to the formation ofc@rbon as a result of lew
energy ion bombardmef86]. The Qcarbon layer elevated the nucleation density {-€h0? on
sapphire)55] and the growth rate of diamond-c@rbon with an spcontent of abov&0% [56]

has a unique structure that consists of diamond tetrahedra usually decorated with small
nanodiamonds. This structure provides ideal nucleation sites for epgesweth of diamond on

planar matching substrates (e.g.,@d) and polycrystalline growth of diamond on amorphous
substrates (e.g., glag8p].

In the present work, we provide a method to promote the nucleation density and growth rate of
diamond and deposit larggea micrediamond films vith a considerable amount of reduction in
residual stress. For this purpose, surface modifie®LEl coatings are used as promising
interlayer for CVD diamond growth. $ILC films possess higher amount of spntent49] and

higher adhesion strength than raoped DLC film[50i 52]. Surface modification of SDLC films

can further surpass the3spontent level of SDLC coatings. In this technique, silicon (100)
substrates were coated with siliecontaining diamondike carbon(Si-DLC) using a Radio
Frequency (RF) Plasrtanhanced Chemical Vapor Deposition (PECVD) systéhe SiDLC

surface was tailored using an RIE process with fluorine and oxgfgeries to produce oxygen
terminated SDLC (O SiDLC) and fluorine terminated $)LC (F StDLC) samples. The SDLC

samples were coated with miedcamond film utilizing a HFCVD method. The comparison of
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grown micreadiamond on SDLC, O SiDLC, and F SiDLC depicted that F SDLC worked the

best to facilitate the diamond nucleation density and growth and to lessen the residual stress
between the substrate and the midramond film. SIDLC interlayer presented the lowest
diamond nucleation density and grttvin comparison with O SDLC and F SIDLC interlayers.

The increase in availablegites and the reduction in%sites were the factors for the promoted
diamond nucleation and growth. This method applies to any type of substrate without damaging
the substrate and is suitable fbighly oriented micrediamond growth.

5.3. Experimental procedure

5.3.1. Rreparation of silicon-containing DLC films by PECVD deposition

Si (100) pieces were cleaned by ultrasonication in acetone bath and then methanol bath for
minutes for each bath solution; the pieces were immediately transferred into the chawmber of
PECVD system for SDLC coating. An irhouse assembled Radio Frequency (RF) PECVD
system for the plasma generation in a capacitively coupled mode locatedNartbfabrication

Facility (NNF) center of North Carolina State University (NCSU) was used for #id Gi
coatings on the substrates. In the capacitive mode, the driving electrode performs as the substrate
holder (Figure 5.1(a)). The electrode is connetbeaih RFX600 power supply with a frequency

of 13.56 MHz and is electrically insulated from the rest of the chamber (the counter electrode).
The substrates were loaded in direct contact with the planar electrode on the base of the chamber.
The depositioprocedure was comprised of plasma cleaning and plasma deposition. The plasma
cleaning step was performed for 10 min using argon and oxygen gases with the mass flow rate of
90 SCCM and 50 SCCM, respectively. TheD&hiC coat was deposited using 1.6 SCCM of
tetramethylsilane (TMS) and 90 SCCM of argon. The deposition step was performed for 50 min.

During both cleaning and deposition procedures, the total pressure was controlled to 50 mTorr.
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Figure 51: (a) Theschematic of the PECVD system used feD&(C film deposition on silicon
substrates, and (b) the schematic of the HFCVD system used for thedmaicrand film

deposition on the SDLC and surface treated-BILC coated samples.

5.3.2. Oxygen andfluorine surface termination by plasma treatment method

To obtain the fluorine and oxygen surface termination, th®L%l coated samples were
transferred into a reactive ion etching (RIE) system (Oxford Plasmalab 80 Plus). The plasma
containing oxygen sp&s were generated using a 50 SCCM eti@der a pressure of 35 mTorr

with a power of 100 W and a DC bias of 211 V. The plasma containing fluorine species were
acquired using a gas flow of 25 SCCM Ar and 25 SCCM ghtider a working pressure of 35
mTorr ard a power of 100 W. The surface properties of each group of samples were tailored for 5
minutes in each plasma environment.

5.3.3. Diamond deposition by HFCVD

Micro-diamond films were deposited using a hot filament chemical vapor deposition system (Blue
Wave Semiconductors, Baltimore, MD, USA). The samples were placed on a rotatory
Molybdenum sample holder with an adjustable temperaihe. stainlessteel chamber was
connected to a gas diffuser, a heating system for the sample stage, a gas inletg aystelmn,

and an exhaust connected to the pumping systerar@®gl(b)). Four tungsten filaments with a

diameter of 0.508 mm connected to a power supply were located above the samples with a distance
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of approximately 5 mm. A current of 880 A and avoltage of &1 V were applied to the filaments.
During the deposition, 2 SCCM methane (Ckahd 100 SCCM hydrogen with a working pressure

of 20 Torr were flowing over the filaments for 6 hours. The substrate temperature was kept at
800t20 °C, and the filamenemperature was maintained at around 2000 °C as measured by an
optical contactless pyrometer.

5.3.3. Characterizations

The thickness of the $)LC films was measured by the conventional step height method using a
contact profilometer (Veeco Dektak D150) kwia tip size of 12.5 um in radius. To detect the
hybridization of carbon in the films, Raman spectroscopy (WITec alpha300 M) was performed on
the DLC and micraliamond films. The Raman system operates with a-stdit green light laser

(532 nm) with a spt size ofapproximately2 um diameter and a UHTS 300 spectrometer. The
Raman instrument was calibrated using the characteristic peak of the silicon wafer at 520.6 cm
Surface morphology and roughness of all DLC films were examined by an Atomic Force
Microscopy (Asylum Research ME3D Origin+) in tapping mode with a resonant frequency of
approximately 50 kHz, a scan size of 10 um x 10 um, and a scan rate of 0.75 lines per second.
The chemical bonding and vibrational modes of thBIST, F SiDLC, and O $DLC films were
analyzed by Fourier transform Infrared spectroscopy (FTIR, Bruker ALPHA). The infrared
absorption spectra were collected after the background omission and in the region-60@000
cmtwith a resolution of 4 crh The pressure arm was set to apply equal pressure during all the
experiments. XRay Photoelectron Spectroscopy (XPS) is an extraordinary tool to confirm the
anchoring of fluorine and oxygen atoms to the surface and determine the elemental composition
of the tailored surfaces. The surface structure of tHaL8l, F StDLC, and O SiIDLC films were

analyzed by XPS (SPECS FlexMod XPS) wutilizing
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Hemispherical analyzer PHOIBIS 150. The energy calibration was perfdsynegferencing to
adventitious Carbon (C1s line located at 285.0 eV). Hstission Scanning Electron Microscopy
(FESEM, FEI Verios 460L) with a resolution of 0.6 nm was used for the surface characterizations
and morphology analysis of the grown mictiamond on the surface of BILC, F SiDLC, and

O SiDLC films. Diamond formation and structure were validated bRa¢ Diffraction (XRD,

Rigaku SmartLab). The scans accomplished by &Qu r adi at i on s-8Brentanoe Wi t h
€-28 geomet ry ngrangelfe3@Rdegreescwatmeaesolution of 0.01°

5.4. Results and discussion

5.4.1. Analysis of the coated SDLC, O Si-DLC, and F SiDLC films

Atomic force microscopy

The average thickness value for five random spots at the surfac®bCSilm was measured to

be 250+8 nm. As determined by AFM (Figure 5.2), the surface trailering has introduced changes
to the surface. The rombeansquare (RMS) roughness ofSLC, O SiDLC, and F SIDLC films

was measured to be less than 1 nm (769 pm, BY3pd 718 pm, respectively). The changes in
RMS values are not drastic and indicate that the plasma treatment has only modified the surface
without removing the SDLC films. From 2D and 3D AFM images in kige5.2, it is clear that

the surface modificaths with oxygen and fluorine species caused clear changes to the surface
morphology of SIDLC films. The surface morphology of-BILC films is reported to be needle

like [57], and this feature has evolved by plasma treatmEmg. possible causes for surface

morphology changes will shortly be examined with the following characterizations.
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Figure 52: The 2D AFM images of (a) SLC on Si wafer, (b) O SDLC on Si wafer, and (c) F
Si-DLC on Siwafer; with the corresponding 3D AFM images of ()C&IiC on Si wafer, (e) O
Si-DLC on Si wafer, and (f) F SDLC on Si wafer.

Raman spectroscopy

The structural transition of $LC into O StDLC and F SiDLC was assessed through Raman
spectroscopy. Figure 3 exhibits the Raman spectra of the three samples. All the spectra depicted
the presence of two peaks in the region of 1000 2000 crm by visible excitation$58]. The

main peak at approximately 1580 ¢mnd the shoulder peak around 1350'are known as the

G peak and D peak, respectiv@hB,59] Since visible excitation pr
states, visible Raman spectroscopy deteétsemls ©~ bonding) 50 to 230 ti
bonds (0 bondi ng) .tothehzenec&terpmmde lof Fisysnmetrg, and thé 2 d

peak is assigned to the symmetric breathing mode¢J68,61] Gaussian distribution was used

for the curve fitting and the deconvolution of G and D peaks. As shown umef5@(a), the Si

DLC structure exhibits a G peak 8493 cm! and a D peak at 1340 ¢cmGenerally, silicon

incorporated DLC exhibits a downshift in the G and D peaks relative to the DLC strig2lire
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The G peaks of oxygemd fluorine terminated SDLC samples (Figre 5.3(b and ¢) were
detected at 1486 ctrand 1490 cm, respectively. The D fit peak of both OBLC and F SiDLC

samples was located at 1332 trilence, all the samples showed the diagnostic characterization

of diamondlike carbon structures.
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Figure 53: The Raman spectra of (a)BLC (b) oxygenterminated SDLC, and (c) fluorine
terminated SDLC with their G and D fit peaks.

Fouriertransform infrared spectroscopy

Further evidence for the successful oxygen and fluorine termination of 4beCSfilms was
provided by FTIR spectroscopy. FTIR is a useful characterization method for detecting the
compositional structure and the chemical bonds that are present in thiiDlfins. Figure 5.4
represents the differences in the chemical bonding of the three films by IR spectra between 600
and 3700 cm. These results show that the bonds undergdejsth modification by plasma
etching. In comparison with the-BILC spectrum(Figure 5.4(a)), oxygetreated SDLC film

(Figure 5.4(b)) illustrates the broad bandamiroximately83100 and 3400 cth These peaks arise
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from O-H stretching vibration modg63] and are not observed in-BLC and fluorineterminated
Si-DLC films. Theefore, the @GH chemical bonds are formed during the oxygen plasma treatment.
The peaks in the region of 700 to 1000 ¢iowever, existed before the plasma treatment. These
peaks are ascribed to-Si S+C, G-C, and GO bondg64,65]that usually exist on the surface of
the silicon substrate or-BILC film. The two peaks in the region approximately 2850 crhand

2930 cmt can be attributed to the stretching modes &G and asymmetric modes of°’spH;
bonds, respectivelfg6]. The relative comparison of these peaks in the three samples indicates the
very strong existencef sp® bonds between carbon and hydrogen in ST samples (Figure
5.4(c)) originating from CH#gas during the plasma treatment in addition to the TMS origin during
the PECVD deposition. The fluorine terminateelC&iC also shows the characteristics offa
fluorine vibrations. The broad band in the region of 1260 to 1980 (igure 5.5(a)) is the
characteristics of C=C ring stretch {dpybridization), fluorinated aromatic ring -yl), and
fluorinated C=C stretching modes (C=CF, Cz[JB7]. During the fluorine plasma treatment, the
fluorine ions substitute the hydrogen atoms bonded with C=C and increase the frequency of C=C
vibration modes to higher values. Therefore, the C=CFG@r@F, stretching modes appear in
higher frequencies adpproximatelyl670 and 1850 crh respectively{68]. All three samples
show the weak peak of C=C%dpybridization[69] at around 1502 cth In comparison to O Si

DLC and SiDLC films, a fairly broad band in the region of 1033 to 1260 ¢Rigure 5.5(b)) in

F SiDLC spectrum is detected and is attributed to a mixture p¥®Fation modes (CF and GF
overlapped with € sp hybridization and SC absorption peaki$3,70]. Figure 5.5(b) depicts

the deconvolution of the broad band in the region of 1033 to 126Ga@nF SiDLC film. The
appearance of CF and @fodes respectively aD¥7 and 1066 crhindicates that fluorine ions

replace the carbon atoms during the fluorine plasma treafi@@nT he relative comparison ofC
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C sp' hybridization atapproximately11091200 cm' indicates the stronger existence of these
bonds in O SDLC and F SIDLC than in SIiDLC. Therefore, O SDLC and F SiDLC have
formed more tetrahedrally bonded carbon structdries.visualized interpretation is thatSLC

film is composed of clusters eff carbon bonds in a matrix of¥ponded carbon atoms. Whereas,
in O SiDLC and F SiDLC samples, the $glusters are shrieked to smaller domains surrounded
by sp bonded matrix. The decrease irf spntent in the modified SDLC films will be further

evaluated by XPS measurements subsequently.
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Figure 54: The FTIR spectra of (a) ®ILC, (b) O-Si-DLC, and (c) F SDLC films.
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Figure 55: The deconvolution of FTIR spectrum of the FCBiC coating in the band region of
(a) 1260 to 1980 crhand (b) 1033 to 1260 cin

X-ray photoelectron spectroscopy

The reduction in spcarboncarbon bonds and the increase idlmmds of carbon with different
elements as the qualitative results of FTIR wsial were further examined by XPS
characterization. This method is appropriate for the quantitative measurements of the elemental
ratio and the sisp’ ratio on the surface of the samples. Using XPS, the identity of the elements
on the surface was ascen@dl. The spectra in Figure 5.6 revealed the successful grafting of oxygen
and fluorine on the surface of O-BLC and F SIDLC films, respectively, with no other
impurities. Following the literatur@1], the Shirley model was utilized to establish the appropriate
baclground subtraction, and the Gaussian fitting was used for the quantification of the composition
information. Table 5.1 summarizes the atomic percentages and the quantitative analyses of the
three spectra from Figure 5.6 and 5.7. With no plasma treatmddit,CSfilm shows 67.8% carbon

and 17.9% silicon with a small amount of oxygen (14.3%) on the surface. Through the oxygen
termination process, the oxygen content eD&C film elevated from 14.3% to 61.2%; by fluorine

treatment, a large amount of fluori(87.8%) was introduced into the film.
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