ABSTRACT
HAQUE, ARIFUL. Fabrication of Diamond and-@arbon by Ultrafast Nanosecond Pulsed Laser
Processing and Chemical Vapor Deposition for Electron Field EmissiorEkeatrocatalysis
Applications (Under the direction of Dr. Jagdish Narayamd Dr. Mehmet Oztujk

This study focuses on the understanding of the fabrication ofduglity diamond and €
carbon nano and microstructugesd compositelsy nanosecongulsed laser annealing (PLA) and
hot filament chemical vapor deposition (HFCVD) techniques and the struptofzrty
correlation of these structures for electron field emission and electrocatalysis applications. The
role of several major factors suchsasface morphology, microstructure ¥ ratio, density of
states near the Fermi level, and interface and conductivity of these carbon based structures are
taken into account to elucidate and study the propeglesant to thesapplicationsThis thesis
comprises of two major segments, i.e. the first on®@risthe fabricationprocessing and
characterization (experimental study and modeloigjoveldiamond microstructures,-Qarbon,
and CNFdiamond hybrid structuresind the second one is on th@lagations of these structures
such agheelectron field emissio(EFE) device applicatiof Q-carbon andhe electrocatalysis
applicationof tubulardiamondmicrostructuresvith magnificent double layer capacitance owing
to its large electroactive saxfe area founique microstructuregndenhanced conductivity.

At first, the pseuddopotactic growth of singterystal diamond fibers and nanostructures by
nanosecond laser melting of amorphous carbon nanofibers (CNFs) and crystallinevathulti
cabon nanotubes (MWCNTS) at ambient temperature and pressure in air is extensively studied.
Rapid laser meltinghrougha super undercooled state and subsequent quenching convert the tips
of CNFs and MWCNTSs into phagmire <110> nanodiamonds along the growttections.
Subsequent laser @a@s melt regions below <110> nanodiamonds that provide seeds for epitaxial

growth. By repeating this process, the length of <110> nanodiamond ttherbe increased, as



each pulse results in ~50nm nanodiamond region, depending upon the initial size of CNFs and
MWCTs. The simulation results pinpoint the distribution of the optimum ersgggity for the

direct conversion of CNTs into diamond via the formation of liquid carbon and subsequent
ultrafast quenchingThe nature of €C bonding characteristics was studied by kigéolution
electronenergyloss spectroscopy to establish the foioratof diamond phase by the
characteristic peak at 292 eV fofbpo n d i“)nagd apsénce of 284 eV peak fot(sf) graphitic
bonding. The characteristic diamoRdman peak at 1332 c¢hs found to downshift ta321-1324

cm® because of phonon confinent in nanodiamonds. These nanodiamond structures can be
doped with both nand ptype dopants with concentrations far higher than thermodynamic
solubility limit due to solute trapping during quenching from the liquid phase. Thus, these
nanodiamond structes provide ideal platform for nanosensing, computing and communication,
including efficient field emitting devices. The nequilibrium PLA technique is also used to
fabricate the @arbon which is a recently discovered new phase of carbon wi8s®80sp
hybridized carbon and having diamond tetrahedra with a very high packing efficiency owing to
the ultrafast quenching mediated growth from the liquid phase of carbon. Traditionally the growth
of CVD diamond oropticallytransparent substrates like sappliioe optoelectronic applications)
presents greatchallenge because of the large thermal misfit between the film and the substrate,
absence of any carbide layer during diamond growth, and low nucleation density during chemical
vapor deposition (CVD) groth process. This issue is addressed by using toarkbn as an
intermediate layefor large-area diamond filndepositionon ¢sapphire by hot filament chemical
vapor deposition (HFCVD). Thaigh-densitydiamond tetrahedra in-Qarbon acts as tre=edor
diamond nucleation with a nucleation density #0>10'° cm? and successiwe helps growing

waferscale diamondilm on sapphire. A comparatiwtudy on the deposition of diamond film on



uncoated sapphire, diamactike carbon (DLC, grown by pulsed lagkrposition)coatedsapphire

and Qcarboncoatedsapphire substrates BYFCVD was carried out. The results shtive growth

of largearea diamond thin film on the-Qarbon/sapphire substrate, whereas the depasition
diamond on DLC/sapphire or uncoatedpaire substrates give clusiéee/patches of
discontinuous diamond thin film formation with cracks and delamination due to the thermal stress.
Molecular vibrational spectroscopy and diffraction studies of the diamond film on Q
carbon/sapphireshow a smaler residual stress (1.7 GPa) compared to the diamond on
DLC/sapphire £3.1GPa) or diamond on uncoated sapph#& 9(Pa) substrated.he calculated
non-diamond content in the diamond crystals oa@oon coated sapphire is found to be only
0.12%, aroun@.5, and 3.5 times better than that of diamond on DLC coated sapphinecaatiaa
sapphire, respectively. Furthermore, toeductive diamond structures with high surface area are
very appealing for various applications but their synthesis presentsteacigadlange. A simple
onestep method for the synthesis of conductive diamond tube with porous tube wall from carbon
nanotube (CNT) hollow fiber via pulsed laser annealing and hot filament chemical vapor
deposition (HFCVD) is also presented. These diamtudoks exhibit high double layer
capacitances of 11.68.07 mF cr, three orders of magnitudes higher than the equivalent flat
diamond films. The number density of diamond, the average size of diamond microspheres, and
nanocrystallite content on the mispgheresare controlled by HFCVD time and laser annealing
parameters of CNT hollow fiber€onsiderably improvedlectrochemical performances of these
diamond tubes are explained by their significantly enhanced electroactive surface area and the
presence of very small fraction (0.739%.03%) of sp carbon in diamond tubes for electron

conduction.This effective method for the synthesis of diamond tubes having large surface area



makes it an ideal candidate for electrochemical applications such as eleljtsigata
electrosynthesis, electroanalysis, energy storage and conversion.

Finally, I have also investigated the room temperature and high temperature (up to 500 K)
electricfield enhancementharacteristics of the -Qarbon fabricated by the noneqgoirium PLA
techniqgueUnder the optimum fabrication conditions, a dense microstructured morphology of Q
carbon composite was obtained, which is important for local electric field enhancement-in field
emission device applicationAt room temperature the-@arbon requires only ~2.4V/um applied
electricfield to turnon the EFE. The EFE properties of the&ybon composite structure improve
with temperature by lowering the tuam field and increasing the current density. At 500 K we
observed a turon field d ~ 2.34V/um, and a maximum currentlensitywas found to be ~
53uA/cnt at 2.66V/umThe mechanism of electron emission frorc&¥bon over the temperature
range (300K500K) is explained by the Fowkdor dhei m ( FT N) t heory, A
emission of edctrons from the front surface of an emitter via tunneling to a suitable are-
carbon field emitters ab showery stable EFE characteristics (within 7% fluctuations) over time
for current intensities between 7.5pA/cand 47pA/cm. Our findings tlus hold a great promise
for the development of @arbon films in applications ranging from field emitters and frictionless
motors to heterostructures for novel micro and nalectronic devicesThe essence of this
discovery is melting of carbonunder highy undercooled state and quenching to convert
amorphous quenched carbon, GNi@mond hybrid, and fabricate diamond microstructures with
desirable structural and electronic properties for EFE and electrocatalytic appliedtiohsvill

open new opportunés in the field of electronics and energy applications.
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1. Introduction

Carbon is one of the most prospective and versatile elements on earth with many allotropes
owing to the fact that it can exist in linear (sp), trigonaf)(spnd tetrahedral (gpcoordination
systems innaturdl]. It is the sixth most abundant material onteawhich holds numerous
promises from modern technological applications viewpoint ranging from deep sea drilling to
micro and naneelectronics, and quantum computing and nanosefgidj. Besides drilling and
cutting carborbased materials, such as diamond, carbon nanotube,-eab@n, have excellent
prospects and a wide nvety of applications in the field of electron field emission, Riglwer
devices, harsh environment electronics, electrocatalysis etc owing to its uniqustrinahdes,
outstanding charge carrier mobility, high thermal conductivity, excellent strustatality, and
highest number density of atoms in the form of diamond andrQon[5i 8]. However, one of the
major drawbacks of these materials and their hybrids for practicacappfis is the complex
fabrication processes with limited yield and lower quality using conventional routes. These are
metastable materials, which require higmperature and higbressure processing for phase
stability. The transformation of one phasecafbon to another is of immense scientific interest
with profound technological impact. Recent successes in the synthesis and conversion of new
forms of carbon, i.e., @arbon[9], the quenhable transparent liquid phase of carfid], single
crystal phase pure diamond nano and microstructures via nonequilibrium routes etc, have drawn
significant experimental and theetical interest for a variety of applications. The conversion of
one carbon phase to another using the nonequilibrium route is the most feasible way to fabricate
these metastable phases of carbon. Except graphite, the other thermodynamically metastable f
of carbon exist in nature due to the strong caitembon bonding strength. From the phase diagram

of carbon, it is evident that diamond is the stable phase beyond 17 GPa at room temperature,
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although it is stable under ambient conditions once itoisnéd[11]. A substantially large
activation energy barrier of more than 0.8 eV must be overcome or bypass to transform back from
sp-bonding states to graphitic states. From the ClatGiapeyron equation, thermodynamically
very high-temperature and higbressure environments are required for the transformation of
carbon phase into diamond or other metastable phases of ¢athon

In this study, a novel nonequilibrium pulsed laser annealing (PLA) technigsedgaiconvert
thermodynamically stable phases of carbon, i.e. graphitic carbon/carbon nanotube
(CNT)/amorphous carbon nanofiber (CNF), into metastable phases like diamondcanio®
with improved functionalities and quality. The atomic spacing of canamotubes and diamond
are 0.2468 nriL2] and 0.2522 nm (in (1 0 0) plane), respectively, with only 2.5% incompatibility.
Thus the transformation of CNTs to diamond is thought to be even easier compared to that from
other forms of carbon during the pulsed laser induced melting andysios€uenching process.
Careful selection of the laser parameters is very important for irradiating CNTs to convert into
diamond. Earlier researchers have observed an increased realignment of the thin CNTs with an
increase of the laser energy dengl§]. Studies also reported that high energy pulsed laser heating
would lead to an apparent growth process of additional snaatieter CNTs. The use of excessive
energy density (over 1.5 J/émesults in the broken or blown off CNTs due to overheating and
ablation effecf13]. Researchers have also used laser irradiation treatment of aligned CNTSs to
produce clean and uniform surfa¢#4]. Further increase in the energy density produced too high
of a temperature resulting in the burning/etching/ablation and trimming of theda@iés. The
final temperature determines the undercooling and quenching rate during pulsed laser annealing,
which has been controlled by the selection of optimum laser parameters. Hence the direct

conversion of CNTs and CNFs into diamond is only possipléé proper understanding of the
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kinetics and thermodynamics. Upon irradiating the CNTs/CNFs with nanosecond pulsed laser at a
suitable energy density, the tips and bends of the structures can be melted in a highly undercooled
state (due to the geometrgnstraint of the temperature distribution and 1D heat flow). The highly
undercooled state of carbon is a metastable phase and nanodiamonds nucleation will occur from
this state. The whole process (rapid melting, solidification, and growth) takes plass than
200250 ns[15]. Therefore such a highly nonequilibrium phase transformation is ideal for the
formation of singlecrystal diamond and this singbeystal diamond can be doped with dopants of
both p and ftypes at doping concentration far greater than the thermodynamic solubility limit
owing to the liquid phase mediated growth.

On the other hand, theterest on the deposition of largeea diamond thin film on a suitable
optically transparent substrate like2®k has enormously increased owing to the fact that most of
the attractive diamond properties, such as the wide bandgap, optical transpahmh ghermal
conductivity, could be utilized for different applications only when it is in the form of a continuous
large area thin film on such kind of a substrate. Synthesis of adequate quality diamonds on optically
transparent substrates like singlystal AbOs is quite challenging because of the thermal
mismatch, poor adhesion, low nucleation density, and substantial lattice mismatch. On the basis
of carbonsubstrate interactions during the CVD process, the substrate materials used for diamond
depaition can be classified into three major groups, i.e. materials showing (i) little or no carbon
reaction or solubility with the substrate, (ii) weak carbide formation, and (iii) strong carbide
formation. Sapphire is very stable and has no carbon soyuaiid it also does not react with
carbon to form a carbide layer to improve the adhesion. The difference in the coefficient of thermal
expansion between diamond and sapphire is very large (at room tempédiafs@,D 1 x 10 ©

K" 1 CsapphireD 6 x 10 ®K' 3. This leads to a large residual compressive stress in the diamond thin
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film upon cooling. The highly anisotropic stresses in diamond film can be identified by the split
of the signature Raman peak of diamond with a pronounced upbBjft Researchers have
observed peak splitting 4832.7 and 1348 cindue to very high residual stress which ultimately
leads to the delamination of the continuous diamond film.

Due to complex nucleation, adhesion, and streksged issues, the deposition of diamond on
sapphire by the CVD technique islatively difficult compared to the growth of diamond on
carbide forming substrates. Because of the-cabide forming affinity of sapphire during CVD
diamond nucleation and growth, researchers have observed dispersed clusters of diamond film on
the uncoted substrate after long growth timgs]. The nucleation density of diamonds on a
smooth sapphire surface without any conditioning/remihg/pretreatment is only about*x®n
2 which results in scattered isolated individual diamond clusters on the sufiéjatgue to the
dissociation of the methane and the addition of excess gaseous hydrogen into the gas mixture in
HFCVD, the plasma gas at the substrate interface is likely to have a high concentration of
hydrogen. The availability of excess hydrogen at the seidaald enhance the diamond formation
and suppress the formation of graphite phase and can provide a higher concentration of active sites
for diamond nucleation. However, this technique has also been proven futile for large area diamond
deposition on smobtsapphire substrates. Researchers have also obsetuatpressivstress of
~3.7 GPa, even grown at low temperatures (&5n their studie$19]. This amount of stress is
enough to cause the delamination of the diamond film. Coating the substrate surface with graphite
[20], amorphous carbd0,21} diamondlike carbon22i 24], C60, and mechanical ¢25] have
also been employed by other researchers to enhance diamond nucleation. However, these coatings
are responsible for the formation of a graphitic interlaydrsatween the diamond film arttle

substrate, causing a poor adhesion. Although roughening the substrate surface with an abrasive



5

powder has been the most commonly used method, which prone to enhance contamination. From
the experimental studies, we have shown that diamond nucleatiobecanomoted by the
deposition of a thin layer of PLD grown DLC on uncoated sapphire. Although the obtained yield
of diamond on DLC coated sapphire has been improved, however, this interlayer cannot provide
a sufficient amount of nucleation sites to proglgontinuous diamond thin films. The dispersed
morphology of diamond on sapphire is achieved when diamond nucleation is sparse and confined
to a very few sites on the substrate (sapphire in this experiment). On the other hand, enhanced
nucleation is obtaid under the presence of a DLC interld@&]. Hence, the nucleation density

is increased when the DLC layer is introduced where the film adhesion is quite poor. Last but not
least, we have observed the deposition ofgelarea continuous diamond film when the&pbon

layer was introduced on thesapphire substrate. The highly packed diamond tetrahedra present
in the Qcarbon helps to dramatically enhance the nucleation density which is one of the major
findings of thisstudy[27].

Over the years, scientists have also been trying to develop a reliable method to pattern diamond
on different mirror polished singlerysial substrates as a lot of microelectronic applications
require patterned polycrystalline diamond thin films on suitable subst28¢sAt present
different techniques such as plasma etching, chemical etching, selective growth etc. are used for
patterning of diamond thin filmHowever, all of these techniques have their own limitations.
Diamond is very inert to the chemical solutions; therefore, it is very difficult to pattern diamond
by chemical etching. Moreover, finding a suitable masking material for diamond etching, which
can withstand the highly corrosive/erosive solution, is also difficult. On the other hand, reactive
ion etching of diamond with oxygen results in poor etching efficiency. A solution to this problem

could be the utilization of patternedd@arbon on sappheras a substrate. In additiorn;cQrbon
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provides a strong adhesion asc&bon formed at the melting improves interfacial adhesion The
patterned @arbon with suitable size and shape can be fabricated on sapphire using selective area
pulsed laser annealinigy utilizing a suitable optical system and shadow masking. Thus the
patterned diamond can easily be grown on the substrate in this process for the electronic
applications. We have shown a sharp diamond interface betweendadk@n coated and the
uncoate regions on sapphire. All in all, advances have been made by usingctrbd@ coating
on sapphire in this study, which addresses the stringent requirements of coping up with huge
thermal expansion mismatch, ensuring strength and mechanical integtéynipg related issues
while maintaining the sapphire properties unaffected.

The unique properties of diamond make it a promising material for a variety of applications
such as optics, electronic devices, tribology, thermal management, biomedicine, (fdttor
electre) catalysig29i 34]. To realize its wde-ranging applications, a simple and least method
for the synthesis of highguality diamond is highly desirable. As different diamond structures are
favorable for different applications, steering diamond structures is an effective method to adjust
their properties and improve their respective performances. For example, diamond twins show
higher hardness than single crys{8B]; a continuous diamond film covering the entire substrate
is requred for electrochemical applicatiofi36,37} diamond structures with high surface areas
and exposed sites can enhance its performance in sensor and catalysis apiB&a88h3he
equilibrium methods of direct conversion of carbon into diamond require verytdngberature
(~5000K) and pressure (~12 GPa) in the form of diamond particles with adiyigiel. For the
synthesis of diamond coatings, chemical vapor deposition (CVD) integrated watiahwnt,
microwave, and radio frequency plasma are used, where nancfiiaanond seeds sprinkled on

substrates are often used for diamond nuclefio@1] However, diamond is formed with low
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yield due to limited diamond nucleation and growth rates in addition to poor adhesion.
Consderable efforts have been made to enhance diamond nucleation and growth. Nonequilibrium
methods for direct conversion of graphitic/amorphous carbon into nanodiamond include shock
wave[42], spark plasma sinterifg3], ballistic fracturing44], and laser annealir{g5i 47]. The

direct conversion of carbon nanofibers/nanotubds manodiamonds by nanosecond laser
annealing is already achieved in this st{4#,49] The formed nanodiamonds providéeetive
nucleation sites to facilitate higjuality diamond film growth by HFCVD. The most common
approach for preparing novel structured diamond is diamond growth on templates or reactive
ion/plasma etching of planar diamond films. Porous diamond stescivere obtained by diamond
growth on the conductive polymer, Si€pheres, and Sif50i 52], followed by chemical etching

of the templates. Diamond nafmicrowires/rods/channels were synthesized with Si and carbon
nanotubes as templats8i 56]. Meanwhile, reactive ion/plasma etching of planar diamond films
was found to be effective for diamond nanucrowires/cones/glasses preparatjéni,58] The

major obstacles limiting the preparation of various diamond structures of high quality are the
complicated processes of these methods and low yield.

In this study, we report a promising strategy to synthesize nouetwsted diamond with high
quality from amorphous and graphitic carbon materials via HFCVD. Carbon microfibers, porous
carbon, and carbon nanotube hollow fibers are used as nucleation seeds to promote diamond
growth. By using different carbon precursors andtrolling the pulses of laser annealing carbon
precursors, we have successfully prepared diamonds with various microstructures, including
diamond microfibers and diamond microspheres consisted of fivefold twinned microcrystallites,
phase pure diamondifh and diamond tube with porous tube wall. Nanosecond pulsed laser

annealing is effectively used to facilitate diamond growth and control the diamond morphology.
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The method we followed for novel structured diamond preparation is simple areffecsive,
which overcomes the complicated and tiomasuming processes of commonly used methods, and
increases the diamond nucleation and growth rates.

Diamond materials with high surface areas, porous structure and good conductivity are highly
desirable for variouglectrochemical applications, which can provide plenty of exposed active
sites, fast mass transfer, and rapid electron transfer rates for redox systems, leading to enhanced
electrochemical performané®,60] The most common studied diamond structure isifanhond
film consisted of microcrystallites and nanocrystallites on silicon or metal substrates. Many efforts
have been made to synthesize diamond materials with increased surface areas and/or porous
structures, including diamond foam (also called netwarkporous diamond) with pore size
ranging from nanometers to micrometers, ranrowires (also called rods, needles), cones,
grasses etf61]. Diamond foam has been pegpd by depositing diamond film on Si@mplate
and removing the template by chemical etchi®®,63] and diamond films have been grown
homoepitaxially on porous polymer and SiC to obtain composite ma{éda6&] Diamond nano
/microwires and cones are usually synthesized byltopn and bottorup mehods. In a toglown
method, diamond nano/micsiructure is obtained by reactive ion etching or plasma etching of
diamond flat films with etching mask466,67] The gases used for etching are
oxygen/tetrafluoromethane, argon/hydrmogend oxygen. The structures of thepaspared
diamond are dependent upon the masks, etching conditions, initial morphologies, and
microstructures of diamond films. In a bottarp technique, diamond naiimicrowires and cones
are prepared from depositimzamond crystallites on templates such as Si nanowires/microrods
[68,69] where the morphology of templates determines the characteristic -pirepsired

structures. During these deposition processes, doping has been prove to be effective for enhancing
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diamond conductivityf69,70] Moreover, these methods are complicated, time consuming, and
cumbersome with low yield. Thus simple, tempifige2 methods with loveost and high
throughput are needed for conductive diatheynthesis. An alternative method for ndnocro-
structured diamond preparation is the conversion of graphitic carbon mgttiaB] which can

avoid the complicated etching process and the use of expeasipéates/masks. We studied a
simple and cosgffective technique for the synthesis of thdé@ensional structured diamond tube

with porous tube wall from CNT hollow fibers PLA and HFCVD. The PLA treated CNTs can
provide nucleation sites to accelerate dach growth. The optimum amount of residual
unconverted carbon at the interfaces of diamond tubes endows them with desired electrical
conductivity for electron transf¢r3,74] The effects of HFCVD time and PLA on diamondeé

growth and its electrochemical performance were investigated. Double layer capacitance
measurements demonstrated that these diamond tubes have significantly enhanced electroactive
surface area compared with the equivalent flat diamond films.

Electronsfrom the surface of a solid can be emitted into the vacuum by different processes
such as thermal excitation known as thermionic emisgiéh photonic excition known as
photoemission, lowering the work function and tuning the electron affjdiy, or applying
sufficient voltage for field emission which is also known as cold cathode field emission. The cold
cathode fill emitters can potentially emit higlensity electrons at room temperature under
suitable vacuum conditions. On the other hand, most of the conventionally used electron emitters
emit electrons into vacuum utilizing the thermionic emission mechanism. léovtkg thermionic
emitters demonstrate several disadvantages which include poor efficiency, instability in the
emission current density, low lifetime of the emitters, and produce heat, resulting in raising the

temperature of the surrounding devices. Tioees field emitters are desirable for different state
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of-the-art applications, such as flat panel displg§ 78], lamps[79], gas discharge tub¢g80],

and xray[81] and microwave generators, due to the possibility of obtaining large emission current
density at comparatively low applied electric fields, bettaisty and durability, longer lifetime

of the cathode, and low fabrication cost. Over the last few decades, tremendous efforts have been
devoted to investigate electron field emission properties of different materials. Nevertheless, due
to different strutural, morphological, and electronic property related limitations, most of the
conventional electron field emitters do not concurrently demonstrate all of the characteristics
mentioned above which are required for the realization of practical electramtesliedisplays,

and sensors. Under the circumstances, the cdrased field emitters are playing a leading role in
reviving attention to field emission technologies since last two decades due to their exceptional
electron emitting properties coupled witlegative electron affinity (NEA) or very low positive
electron affinity [82i 85]. Many of the carboibased materials possess a tunable bandgap
characteristic, excellent thermal conductivity, high atomic densigy &arrier mobility, in most

of the cases good electrical conductivity, the remarkable chemical stability and biocompatibility,
and very high Young's modul{86i 88]. Therefore, for several decades, these cabased field
emitters with different size, shape, aspeatio, hybrid nanostructures, and dopant types and
doping concentrations have been studied extensively for field emission appli¢@8id®&]. The

electric fields required for electron emission from most ef ¢arborbased field emitters are
considerably lower than those required for emission from Si, Ge, GaAs, or metal S93866§
Moreover, carbotbased systems can sustain exceptionally large electric fields because of their
high breakdown voltage, on the order of 1000 /[97]. Therefore tf8 class of materials is
considered as the most promising nrg&heration materials for a wide range of potential

applications, especially in construction of the Rhggrformance field emission devices. Thus, the
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intriguing properties of €arbon arising fsm its unique structural, optical, magnetic, electronic,

and mechanical properties have given rise to numerous fundamental and applied areas of research
[98]. Promising applications rangjrfrom superhard composite coatings, novel miaral nane
electronic devices, atomic sensors and biomarkers, spintronic devices, nonvolatile memory,
superconducting magnetic resonance imaging (MRI) and nuclear magnetic resonance (NMR)
devices and field eission (FE) devices are feasible after the discovery of this new phase of carbon
[98i 100]. Among these possibilities, the fabrication of practical FE devices is the most foreseeable
one in the near future. Although there has been tremendous interest in cold cathode field emission
from carbon materials ranging from diamda@1], diamondlike-carbon[102], vertically aligned

carbon nanotubg403], and amorphous carbon structurE34], electron emission from-Qarbon

created immense interests in this field due to its outstanding structural, electronic, and mechanical
properties coupled with the simple and lasgale fabrication capdity on rigid to flexible
substrates such as tungsten carbide, saphhire, plastic, and glgd49©5,106]

In comparing and analyzing the emission properties, it is implied that new type of field
emitters (Qcarbon) have the most promising characteristics for advanced applications. Therefore,
the last segment of this thesis focuses on attractive emisdaded properties of €arbon field
emitters. The arbon field emitters not only provide more electrically conductive channels for
electron transport and tunneling but also exhibit high field enhancement factor with lower work
function, weaker screen effeof the neighboring emitters and high density of emission sites.
Therefore, the arbon field emitters show a very low emission threshold field, a high emission
current density, longerm stability, and reproducible performances. A comprehensive stublg on t

emission characteristics and mechanism otagbon field emitter is conducted for our
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comprehensive understanding and further improvements in the next generatiorbasddfield

emission devices.
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2. Experimental
2.1 Deposition and Processing techniques

2.1.1 Hot Filament Chemical Vapor Depositior{HFCVD)

HFCVD is a nonplasma technique, also known as pyrolytic technique, for the fabrication of a
variety of high quality films and structures like diamond, diamond like carbon, organosilicon films
of novel structure, etc. Metallic filaments, swhtungsten, tantalum, or rhenium, are used in the
HFCVD chamber for resistive heating to dissociate the source gas at high temperature. This
dissociation process produces the reactive precursors for the growth of thin films. The flow rate of
the precursogases and the final temperature of the heated filaments control the reactive precursor
concentration and kinetics. The substrate temperature is also controlled independently to govern
the film quality. The HFCVD films do not suffer from the UV irradiatiamd ion bombardment

associated with plasma exposure. A simplified schematic of HFCVD process is shown in Fig. 2.1.

2.1.2 Pulsed Laser Deposition (PLD)

PLD is a versatile technique to grow thin films and multilayers of complex materials. It consists
of a vacuum chamber inside which a target holder and a substrate holder are placed. The energy
source is a pulsed laser source located outside the chamber. So the thin film can be grown in high
vacuum and under ambient gas environment. The high powelidatiezcted towards the target
using a set of optical components to focus and raster the beam over the target. The laser beam
interacts with the target to vaporize the material and grow the thin film. Using this technique a
stoichiometry transfer betwedime target and substrate takes place which allows the deposition of
different types of materials such as oxides, carbides, nitrides, semiconductortgntpghature
superconductors, and even mefals The pulsed nature of the PLD process even allows preparing

complex polymermetatompounds and multilayers as well as polymers and fullerenes. The
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preparation in inert gas or any other advantageous gas atmosphere makes it even possible to tune
important film properties such as stress, texture, reflectivity, magnetic properties eacying

the kinetic energy of the deposited particles. Thus PLD is an alternative deposition technique for
the growth of highguality thin films. Fig. 2.2 shows a simplified schematic diagram of a PLD

system.

2.1.3 Pulsed Laser Annealing

Laser annealg is a very broader class of phenomena ranging from laser induced melting or
growth to alloying, controlled patterning for display devices and so on. In the PLA system a pulsed
laser source is used to anneal the sample. In earlier studies this testasogeieensively used to
remove the structural damage produced during the ion implantation of Si. This process is very
efficient to activate the dopant atoms and thus the process is very suitable for microelectronics.
Judicious selection of the laser paraeng can lead to the melting and subsequent quenching of a
solid which can lead to the phase transformation. Thus we can grow metastable phases, utilizing
this nonequilibrium ultrafast process, which is almost impossible to attain through the
conventionakquilibrium routes. This is the only route to bypass thermodynamics through kinetics
which will open new opportunities in modern microelectronic systems. Moreover, as the PLA
leads to a liquid route phase transformation, the material can be doped apidé concentration
over retrograde solid solubility limit. Therefore the PLA process has a great implication in

materials science and modern microelectronics industry.
2.2 Characterization techniques

2.2.1 Xray diffraction
X-ray diffraction also kown as XRD is a nedestructive analytic technique for identification

and quantitative determination of different types of crystalline forms sometimes termed as
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Ophasesd. The identi fi c a t-raydiffraction paptesnrwithostalanee d by

dat a. Crystalline samples consi st of paral |l el
Diffraction occurs when the radiation enters a crystalline substrate and is scattered. The intensity

of the pattern and the angle of diffraction depend erotientation of crystal lattice with radiation.

The XRD principle is mainly based on the constructive interference of monochromatys #nd

a crystalline sample. The-My is generated by a cathode ray tube. Thiayis filtered to produce
monochrom#c radiation, collimated to concentrate, and directed towards the sample. The
interaction between the-Kay and sample produces constructive interference when the conditions
match to Braggdbés |l aw. This | aw r wavaeehgthoftiehe | a
X-ray radiation and the angle of diffraction.
in all possible diffractions. The diffractedpdy intensity is then processed and counted. When the
Braggds <condi t i o berof sounssaites andl thee XRD pattdrregives wa rpeak.
Conversion of the diffraction peaks tesgacing helps to identify the crystal structure. This is
because each crystalline material has a unique sesgdang2]. The XRD is typically used to

measure the average spacing between the layers or rows of atoms, to determine the orientation of

a single crystal or grain, fond the crystal structure of an unknown material, and also to measure

the size, shape and internal stress in thin film samples. Fig. 2.3 illustrates the basic principle of
XRD.

d-2d sThen geometry of t h2ddstfnaeasshesamnpldrotatesat t F
at an angle of dawi beamegandsthe OUkeéeXtor rot
the reflect-2d deams dhe kbased on Braggods | aw
diffraction, where angles for coheremtdaincoherent scattering from crystal lattice planes upon

the incident of the Xay beam will be determined. The general relationship between the incident



31

beam, incident angle, and the spacing between lattice plares2Qi "Qévhere_ is the
wawelength of the Xray beam;—is the angle of the incident beam, and d is #spating of the
crystal l attice. Refl ections at a given angl e
coherently reflected from those family of planes (hklt{otaplane in case of thin films). If the

film is textured or epitaxial, there is only one family of planes aligned parallel with respect to

substrate planes. In order to checkthpih a n e a | -scgnrcamdoe eémployeéd.

2.2.2 Scanning electromicroscopy (SEM)

The scanning electron microscope (SEM) has a-bigdrgy electron beam which interacts
with the sample and provides information regarding chemical composition, structure, and
microstructure of the materials. When the electron begsle atoms, multiple situations can be
envisaged. It can knock out the outer layer electrons which are called secondary electrons. It can
dislodge the inner layer electron (also are considered secondary electrons) and as a result electrons
from outer orlit transition to the inner orbit and generateay. It can bounce and deflect by the
positive core which is called a backscattered electron. The schematic Figure 2.4 represents
secondary and backscattered electrons.

The secondary electrons (SE) &&ing detected and used for imaging mode as a result of
inelastic interaction. These electrons have low energy and as a result, they give information about
the surface (a few nm). These electrons later are accelerated to have enough energy to be analyzed
and displayed. The brightness of the signal depends on the number of secondary electrons. The
secondary electrons emitted from edges and steep surfaces are more due to the increased incident
angle. Thus, these areas tend to be brighter. This propertyuseatpsld a topography map of the
surface. The backscattered electrons (BSE) are high energy electrons that are deflected through

elastic interaction. The higher the atomic number, the more backscattered electrons are deflected.
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Thus, the heavier atoms shaw brighter in the image. As a result, these electrons give information
regarding the atomic map. The detector needs to be mounted above the sample to collect BSE
electrons. These electrons can also be collected by electron backscattered diffraction (EBSD
detector providing different information. The generateth)X can also be collected, which gives

information related to elemental map and concentration.

2.2.3 Electron backscattered diffraction (EBSD)

Electron backscattered diffraction (EBSD) is aifective and powerful structural
characterization technique to obtain the structure, phase, and crystal orientation of both single and
polycrystalline materialsThe ordered atoms in crystalline sample inelastically scatter a fraction
of the incident eletrons from the point of interest, with a small loss of energy, to form a divergent
source of electrons close to the surface of the sample. A portion of these electrons is incident on
atomic planes at angles that satisfy the Bragg equation for correspangtital structure which
provides information about the lattice planes and orientation. These electrons produce an image
on the phosphor screen containing characteristic Kikuchi bands of associated crystal structures.
Primarily these characteristic Kikudbands are indexed by the miler indices utilizing the standard
software and a standard library where the simulated/standard Kikuchi patterns are stored. Each set
of Kikuchi bands from a polycrystalline material is associated with individual grain. ThB EBS
technique is also used to extract the alignment information across the interface in single crystalline
heterostructure. The resolutions of modern EBSD instruments are in the orderQ8f At which
is very suitable to study the phase transformationga®by laser solid interaction at a nanoscale

level. The resolution can be further enhanced in the transmission Kikuchi diffraction mode.
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2.2.4 Transmission electron microscopy (TEM)

Transmission electron microscope is a very powerful and versadiléot extract information
related to crystallinity, structure, atomic scale imaging, and bonding characteristic of the material
in the electrorenergyloss mode. It uses a high energy coherent electron beam that transmits
through the TEM sample with thinkss of less than 100 nm. The maximum resolution (d) is

l imted to the wavelength of the photons (&) ¢

cei Qe |
where n is the refraction index, isdefdedbyties t he
aperture. Similar to an optical mi croscope, i
is a defining factor in resolution;
Q
~ cop cé('Od)

where h i s t heoiskhé rmassofite elecoon, £ is inaryy of thenelectron beam,

and c is the speed of light. Thus at E=100 KeV, the wavelength of the source is only about 2.5 pm.

The actual achievable resolution is limited to 0.1 nm due to different types of aberrations, such as
object lens aberration, spi@al aberration, and chromatic aberration.

Selecteehrea electron diffraction (SAED)When the electron beam is scattered by the sample

|l attice the elastically scattered el ectrons sc¢
Thus the diffrations spots provide the phase and structural property of the material. When the
material is amorphous SAED gives a thick single ring and polycrystalline materials generate
multiple rings and these rings are indexed by the Miller indices (set of planegksdrof single

crystal material the SAED generates a pattern with a set of spots and each of the spot correspond

to specific a lattice plane.
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Electron energy loss spectroscopy (EEL®ue to the broad range of inelastic interactions of the
high energy eletrons with the specimen atoms, ranging from phonon interactions to ionization
processes, EELS offers unique possibilities for advanced materials analysis. The energy and
momentum of the incident electron changes upon the interaction with the TEM saneptbange

or loss in energy can be detected by the EEL spectrometer to obtain characteristic information of
the sample. Coross excitations occur when tightly bound core electrons are promoted to a higher
energy state by the incident electron. It canamdy be used to map the elemental composition of

a specimen, but also for studying the physical and chemical properties including stoichiometry,
chemical bonding, valence and conduction band electronic properties, surface properties, and
elementspecificpair distance distribution functions of a wide range of materials.

Scanning transmission electron microscopy (STEMhn the scanning transmission electron
microscopy (STEM) mode, the advantages of both TEM and SEM principles are taken by creating
a focuse convergent electron beam or probe at the sample surface upon adjusting the microscope
lenses. The fine electron beam scans across the specimen and generates different signals which are
collected on a point by point basis to generate the image. Thiseraldbtain enhanced spatial
resolution of the imaging. This technique also offers the ability to provide information on
elemental composition and electronic structure at the ultimate sensitivity, that of a single atom. A
bright field detector and a dafield detector are available to generate bright field and dark field
images. The bright field detector includes the transmitted beam whereas the dark field detector
excludes the transmitted beam, therefore, in bright field image the holes appear brigaswne

dark field image the holes appear dark. Such complementary view of the specimen enables to

obtain maximum possible information. Fig. 2.5 illustrates the interaction of incident electron beam
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with the TEM sample and different detector positions. Ei§ illustrates the schematic of TEM

and STEM optics.

Electron transparent sample preparatiofhe sample preparation is one of the most critical parts

in transmission electron microscopy. The sample preparation can be done by advanced focused
ion beam EIB) technique, or conventional mechanical polishing and successive ion milling, or the
combination of both. Conventionally the sample preparation is done in a way to keep the surface
intact and the superficial area of the specimen is prevented from mageaTo do this, the most
common method consists in firstly mechanically thinning the back side of the specimen until the
thickness becomes less than a few tens of microns, followed by an additional thinning method to
reach the electron transparency. @a other hand, focused ion beam (FIB) tools and next the
combined focused iecheam/scanning electron microscope (FIB/SEM) systems are used to prepare
fine TEM samples on specific localized zones with a spatial accuracy of about ten nanometers.
Such fine smples are prepared by controlling the ion beam current, voltage, and angle of the
sample with respect to the incident beam direction. The whole sample preparation is observed in

the chamber using a second electron beam of SEM.

2.2.5 Raman spectroscopy

Raman spectroscopy is a rdestructive characterization technique comprises of the spectral
measurements which provides information about molecular vibrations to identify and quantify
different types of samples. This technique is also used to egtrer important information of a
material, such as phase, composition, chemical bonding, crystal structure, chemical environment
and to identify the number of layers of a 2 dimensional materials. In this technique a
monochromatic source of light, usuadiyaser source is used to illuminate a sample. The oncoming

monochromatic light can be considered as the oscillating electromagnetic field with electrical part
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E. Under this electric field the molecul ar pc¢
effect. Hence the resulting induced electric
molecule. In this way a periodic deformation is generated in the sample which causes the molecule
to vibrate with it s Thelsanplasorkea fractioniotthefomcemgng e nc y
photon and reemits them. In comparison with the oncoming monochromatic frequency, the
frequency of the reemitted photons shifts up, down or remains the same. If a molecule of a sample
does not possess any Raman active neoded absor bs a photon with fr
back to its original vibrational state by emi
is called elastic Rayleigh scattering. On the other hand, if a Raman active molecule absorbs ligh

wi t h f r eeagareohtlee enemgy of the photon is transmitted to the Raman active mode with

t he charact e miAs & lesult, the resglting frequencygof the scattered photon is

r e d u c & dgnwhiah is galled Stokes frequency and thhole phenomenon is known as stokes
scatterind3].

On the other hand, there is another type of scattering which is known as antistokes Raman
scatte i ng. At the time of i nt eoiftheRaman active mdlebulep hot o
already exists in the excited vibrational state, the excessive photon energy is released by the excited
molecule. Hence, the resulting frequency of the scattergdh t r i ot emgThis fpequenay g
is known as AntiSt okes frequency w©Gtokeméti mmes tjhestphoda
process about 99.99999% of the scattered photons undergoes elastic scattering which is not useful
to receive the desirableharacteristic information about a sample. Only aboub%0of the
scattered photons are shifted in energy from the original frequency. However the stokes band is
usually more intense than that of astibkes. Plotting the shifted light intensity versae t

frequency provides the characteristic Raman peaks of the sample which is known as the Raman



37

spectrum. In Fig 2.the difference between the incident photon energy and scattered photon energy
is represented by the arrows with different lengths. Numérjdake Raman shift is the energy
difference between the initial and final vibrational levels in the unit of wave numbet} (ghich

is calculated using the following expression wheredentis the wavelength of the incident photon

and scatteredS the wavelength of the scattered photon.

P p

A proper lens and optical filter setup is essential to obtain optimal data in Raman measurement.
An objective lens is used through which the excitation ligfaaased on the sample. A band pass
filter is used to eliminate the unwanted radiations. An edge filter is also used to block the

frequencies coming from Rayleigh scattering.
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Figure 2.2: Schematic illustration of pulsed laser deposition technique.
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Figure 2.3: 'l Tustration of Braggbs | aw. Depending

constructive(left) or destructive (right).
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Figure 2.4: Emission of secondary electrons (SE), backscattered electrons (BSE}yayndpon

the incident of the electron beam.
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Figure 2.6: Schematic illustration of the TEM and STEM optics.
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3.1 Abstract

We report direct conversion of multiwall carbon nanotubes (CNTSs), synthesized by chemical
vapor deposition, into diamond by nanosecond pulsed laser meltingped@nbient temperature
and pressure in air without any catalysts. The Raman spectroscopy of the CNTs after the laser
irradiation showed the characteristic diamond peak at around1325tcmt. The downshift of
this peak from its theoretical positiont (8332 cm') is explained by phonon confinement in
nanostructured diamond. The SEM and TEM images show the formation of diamond mostly at the
tip and bends of the CNTs. The grain size distribution and the shape of the converted
nanodiamonds suggest that ttransformation takes place by melting of the CNTs in a super
undercooled state by nanosecond laser pulses, and subsequent rapid quenching to convert it into
phasepure diamond. The EBSD analysis illustrates the phase single crystal diamond
formationat the tips and bends of the CNTs. The higéolution electron energgss spectrum in
the STEM contains c¢har actbendingsotdiamondi Thisgtedgdn at 2

the lasetfinduced direct conversion of CNTs to diamond marks a major thmeaigh in the
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formation of diamond nanostructures and diam@NIT hybrid for a variety of potential
applications.
3.2 Introduction

Carbon nanotubes, the tubular form of graphite sheets (100besged carbon), are one of
the most promising forms of carbon which is expected to be implemented in mangcadéno
device applications owing to its exceptional properties such as large thermal conductivity, good
electron mobility, excellent electricabrductivity, and dual bangap properties (metallic and
semiconductor as a function of chiralifif)2]. On the eher hand, diamond (consisting of 100%
sp>-bonded carbon) has tremendous chemical inertness, extreme hardness, biocompatibility,
unique electrochemical properties, large bandgap, and negative electron affinity (observed in H
terminated diamond)i 5]. It is one of the most studied and most promising materials for cold
cathode electron source, heat sink substance for electronic devices, hermetic corrosion resistant
coating for biedevices, protective coating in machining toolsofonenhanced thermionic
emission (PETE) solar cells, and the structural material for m&rd naneelectromechanical
systems (MEMS/NEMSJ61 10]. In fact, the diamonthased PETE solar cells fabricated by the
defect engineering of diamond, obtained by the laser treath@nshown immense potenfiali
13]. Diamond is also widely used to fabricate radiation detectors to detect electromagnetic
radiation with energy of greater than 5.5 eV. These includes UV,aXy s , O rays, hi
particl e r adparctes, electrossuneutrons piondJand other exotic paftidles
However, the diamond cannot be directly integrated in most of these applications due to different
processing limitationg15,16] It is understood that a combination of carbon nanotubes and
nanocrystalline diamond provides hybrids with unprecedented properties that can be

advantageously used in electronics, field emission, and load transfer applicatienkybrid
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material can have excellent electrical and thermal conductivities, and field emission characteristics
comparable to or better than pure diamond (as pure diamond without hydrogen termination has
very limited electrical conductivities). The diamond/CNifbrid structures may thus find
applications in various fields that require a combination of excellent mechanical, thermal, and
electrical properties. As an example, diamond tipped carbon nanotube will provide an ideal high
efficiency field emitter, wherelectrons can be carried via nanotube for enhanced field emission
by diamond tips.

Since the discovery of carbon nanotubes in 1P9ldifferent routes have been tried to
transform CNTs into diamond to form CNT/diamond hybrid struc{ai@ 19]. Synthesis of
diamond from CNTs was achieved by shock wave syntH@8 chemical vapor (CVD)
deposition by nanotube coatiff}], high-pressurehigh-temperature (HPHT) treatmep®2], and
hydrogen plasma poesteatment23]. Most of these processes lead to diamond structures with
limited yield and defects which make them unsuitable for electronic applications. Generally,
pressures above several GPa and-teghperature conditions are required and catalysts such as
Ni, Co, and other metals or alloys are necessary for the conversion procesatalyst induced
formation of diamond often yields contaminated diamond crystals. Researchers also reported
direct synthesis of diamond from CNTs by microwave plasma enhanced chemical vapor deposition
(MPCVD) [24]. During the transformation of CNTs to diamond in MPCVD a sgadsolid
transformation mechanism was involved with limited yield and control over the resulting
microstructire. The transformation of CNTs into diamond has been reported by spark plasma
sintering at 1500€ temperature and 80 MPa presdq@#g. In this process, the diamond structures
are sheathed with an amorphous carbon layer which may hinder its electronic device based

applications. Moreover, the stringent requiraina high pressure, highacuum, and complicated
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formation procedure of the spark plasma at a tremendously large current (>1000 A) are some major
drawbacks of this synthesis process. It is important to note that none of these diamond formation
methods ineke melting as the mechanism for conversion of CNTs into diamond. Moreover, most
of these studies do not provide evidence of diamond structure by TEM and SEM (EBSD)
techniques and bondi ng characteristics by
characeristic peak at 1332 cfpand the phonon confinement effect in the Raman spectrum in the
case of nanostructured diamond, as the synthesis routes are driven by thesdgidior solid

gassolid equilibrium phase conversions.

Apart from the above growth and structural quality related limitations, little evidence of direct
bonding between the CNTs and diamond was observed in most of the di@Ndntdybrid
structures owing to the limitation of the sotimsolid phase transformat. This could lead to
poor emission efficiency owing to the presence of trap states at the interface between the CNT and
diamond and high interfacial resistance as well. Furthermore, the lack of direct bonding weakens
the hybrid structure at the interigdeading to an inefficient mechanical load transfer between
these two structures (matrix and reinforcement). To overcome these problems, we followed an
ultrafast pulsed laser annealing technique to directly convert the tips and bends of the CNTs into
diamond at ambient temperature and pressure in air. This undercooling driven conversion of CNTs
into diamond involves melting in a super undercooled state using nanosecond laser pulses and
guenching rapidly to transform into phgsare diamond. Subsequentdagpulses can be used to
enhance and expand the diamond regions. So far diamond has been doped successtijyeavith p
dopants. These diamond structures can be also fabricated wéhdnptype dopants with
concentrations far higher than equilibrium thedynamic solubility limits as a result of rapid

guenching from liquid and solute trapping phenomenon. Single crystal diamond with such high



47

level of doping concentration has several exciting applications, i.e.-téngberature
superconductivity, power a&onics, and efficient field emission devices. Attaining such high
doping concentration (otherwise impossible to realize) in single crystal diamond is only possible
by this novel discovery of the controlled, direct, ultrafast, andagpnlibrium transfomation of

carbon into diamond. Thus, this novel process of fabricating single crystal diamond structures and
diamondCNT hybrids using the highly neequilibrium technique points towards a new

promising direction for fabricating negeneration diamor@NT based devices.

3.3 Experimental details

The doublewalled and multwalled CNTs were grown using a thermal CVD system. The
substrate, a polished Si wafer, was placed at the center of the horizontal quartz tube inside the
furnace (30 cm in length addcm in diameter). The Fefflowder (~99.9% pure, Kojundokagaku
Laboratory) in a quartz boat was also placed inside the quartz tube which acts as a catalyst during
the synthesis of the CNTs. The chamber pressure was maintaineti adrt @uring the heiatg
cycle, and the chamber was purged with acetylene (98%) using a mass flow controller once the
furnace temperature reached 820°C. At this stage, the furnace temperature remained constant and
the pressure was maintained at 10 Torr. In this chloride need@¥D method of growing CNTs
the constant gas flow was maintained for 2 hours and no metallic film on the substrate was found.
The CVD grown CNTs were mounted on a laser irradiation holder and the surface was irradiated
with a pulsed ArF laset.ambda Phgik, 193 nnwavelength, and 20 ns pulse duration) in the air.
We have used the previously developed SLIM software to simulate and control the detail$ of laser
solid interactions and to determine the range of optimum laser energy density for the diamond
corversion as wel[26]. The laser energy density was ~ 6078 J/cnd which leads to a highly

undercooled state to form diamorkhe irradiated size for the PLA process is .cWe have
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used a Calcium Fluoride (CgHPlaneConvex confocal lens from Edmund optics with a focal
length of 50 cm. This lens possesses low index of refraction and transmits more than 90% of the
radiation at 193 nmAfter the first pulse, the ultrafast pulsed laser annealing technique melts the
CNT tipsand bends where there is limited heat flow for undercooling to occur. Thetasarted
diamond regions can be expanded after subsequent laser pulses. The degree of undercooling is
critical to the formation of phagaure diamond. Fig. 3.1 depicts the posed schematic of the
detail of the CNT to diamond conversion by PLA for a diamond capped CNT field emission
device.

The highresolution scanning electron microscopy (SEM) was performed on the CNTs before
and after pulsed laser irradiation usinguétre-high-resolution FEI Verios 460L SEM instrument,
operating at 2 kV. The Raman spectroscopy data of the nanostructured diamond and CNT were
obtained using a WITec Confocal Raman microscope system (triple monochromator, gratings
2400 lines/mm) withanx0 0O obj ecti ve | ens which focuses th
the spectra were recorded by CCD matrix with a very-Bighe c t r a | resol ution
excitation of the Raman s c at-pumped soligstaredase Aper f or
low laser poweroD2 0 mW was used to avoi d Taesharplpeak a | hea
~520.6 cm' associated with crystalline Si was used to calibrate the instrument during the
acquisition of the Raman spectra. The FEI Titaii3®0 keV aberr@on-corrected scanning
transmission electron microscope, operating at 200 keV, was used to perform annular dark field
(ADF) imaging. The convergence and collection sangles used for ADF imaging are 19.2 and
36 mrad. The electron enerpss (EEL) speca were acquired with a collection seamgle of 28
mrad. The electron probe current used for all the experiments was 35 + 2 pA. The EELS data

acquisition was carried out at 29 mrad collection angle.
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To determine the diamond crystal structure and detailed orientation relationships, we
conducted electron backscattered (EBSD) measurements using FEI Quanta 3D FEEVFIB
system to map out the Kikuchi diffraction patterns. In this system, an EBSD HKLyNb@ato
detector with lateral resolution of less than 5 nm was used to obtain the Kikuchi diffraction pattern.
In this experiment, the stationary electron beam with 15 KV energy and 11 nA current interacts
with the tilted sample (70°) and the diffractedctiens from the diamond surface form a three
dimensional pattern. The diffraction pattern is characteristic of the crystal structure, and hence this
pattern has been used to determine crystal structures and orientation relationships with the
substrate. Inour study, this particular technique was advantageous to determine the crystal
structure of nano and miciystalline regions.

3.4 Results and discussions
3.4.1 SEM

We performed field emission SEM analysis to examine changes in the CNTs befofeeand a
PLA and to investigate the size distributions and growth characteristics of the nanodiamonds
formed by the PLA process. Fig. 3.2dashow the SEM image of the CVD grown CNTs[OQ1
structure) before PLA. The diameters of these nanowires are in te odd0 50 nm and their
lengths are up to several micrometers. At a higher magnification, in Fig.-8)2r(b evidence of
diamond or any other phase is found. Fig. 3.3 (a) shows admsgiution SEM image of the CNTs
after PLA, and it clearly illustras the structural changes at the tips and bends of the CNTs. The
structural changes at the tips and bends are marked by red arrows. The nanosecond pulsed laser
heating leads to the formation of molten carbon and upon quenching the molten (from undercooled
state) carbon crystallizes rapidly to form a diamond structure, which has been characterized in

detail below. Fig. 3.3 (b) shows absence of diamond formation in the middle of the CNTs (far from
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the tips) due to less undercooling. However, the formatiahanhond is clearly evident at the tip

and bends regions (red arrows). The change from a uniform tubular structure to a granular structure
especially at the tip and curves/bends of the CNTSs is evident by thedsiglation SEM images

in Fig. 3.3 (ef), signifying the liquid phase mediated formation of the diamond phase. The contrast
of those granular diamond particles is different compared to that of the unconverted tubular CNTs
due to the shrinkage of the molten carbon. The presence of fine crystals3BKef) (less than

30 nm in size) suggest that these nrdi@nonds were directly transformed from the CNTSs via the
molten state of carbon. Moreover, the process is more efficient when the tip and bends are directly
irradiated by the laser pulses withnanimum angle between the CNT axis and the incident
direction of the laser irradiation. The nanosecond laser parameters and heat confinement by the
onedimensional CNTs determine the temperature distribution and undercooling plays a critical
role in nuclation and growth of nanodiamonds. The nanosecond laser pulses help to achieve the
undercooled state of carbon and upon subsequent quenching leads to the formation of
nanodiamonds from CNTs. The nanosecond laser heating and temperature distributions are
corfined spatially and temporally. Therefore, the tips (and bends) of CNTs melt and achieve
undercooling needed for transformation into diamorus, the right amount of laser energy
density for irradiation and the heat flow geometry to achieve necessagycaaling are very

crucial for the formation of phagsire diamond from CNTs. Some of the surface nuclei grow into
nanodiamond structures normal to the substrate along the diameter. Figf) 2i8dellustrate the
formation of nanodiamonds at the sudaaf the CNTs due to the conversion of the ridges into
diamond due to the undercooling effect. Here, the nanodiamond beads are formed which signifies
direct evidence of carbon melting during the conversion process. Details of the conversion at the

tip areevidenced by an ultraigh-resolution SEM image in Fig. 3.3 (g). This also illustrates that
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up to a few tens of nanometers (in length) of the CNT has been converted into a diamend nano
rod with a radius of ~25 nm after laser irradiation. It is also impbttamention that presence of
no element other than carbon was detected on the samples by the EDX.

It can be observed from the SEM images that diamond nucleates and grows at the tips and
bends of CNTs without destroying the parent CNT structures sifacture of the CNT does not
collapse after the laser irradiation. Moreover, the converted diamond tips are considerably sharp
(Fig. 3.3 (f)) due to the shrinkage from the molten state of carbon during the conversion process
and a smaller amount of carbavailable in the hollow nanotube structure. These results show the
direct formation of sharpest diamond nanoneedles and CNTs with sharpest diamond tips which
can produce the largest possible field enhancement factor due to the large aspect rdigdn the
emission process.

3.4.2 Raman spectroscopy

Fig. 3.4 (ab) represent the rootemperature Raman spectra of thegesvn CNTs and the
laser irradiated CNTSs, respectively. The CVD grown CNT has characteristic D and G Raman
bands at ~1350352 cm* and 1592 cm, respectively. The Raman spectrum of the laser irradiated
CNTs demonstrates a sharp peak at ~1B22b which is consistent with the Raman mode of a
diamond crystdl27,28] The red shift in the characteristic diamond band (from its normal position,
at 1332 crit) can be explained by a phonon confinement effect due to small graj2gjz&he
intensity of the two characteristic Raman peaks, peak elated to the defeehode (b) and the
peak related to the graphiteode (k), and the shift in the graphiteode were analyzed to study
the effect of the pulsed laser irradiation on the unconverted regions of the CNTs/I&matio
of the assynthesized CNT is found to be ~ 0.5. After the laser irradiatiorotheratio increases

to ~1.4, implying the increase in the relative density of dangling bonds and crystal defects in the
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CNT structures, as shown [B0]. Therefore, it is evident that the effect of the pulsed laser
irradiation at the unconverted regions (middle of the CNTs) was insufficient to bring changes in
the structure/bonding characteristics in a stnat sense (e.g. conversion front spnded CNTs

to sp bonded nanodiamond structures and/or size and distribution of the tubes), however, it
induced some changes in the microscopic sense (e.g. defect density in the graphite structure of
CNTs). In additim, the shift in the éand position from 1561571 cmh fo 15961594 cm ,?
significant amount of upshift from the original position of ordered C[8T§ implies the presence

of defects m the unconverted CNT regions due to the degeneration of the graphite structure in
MWCNTSs induced by the pulsed laser irradiatjd®]. The insets of Fig. 3.4 @ show the detail

of the Gpeak before and after laser irradiation. Furthermore, upon laser irradiation the graphite
peaks are found to be broader due to the structural disorder. Thus the pulsed laser irradiation
induces eme structural changes in the unconverted CNT regions which are consistent with other
studies related to the effect of the incident energetic photons on the graphite structure of CNT body
at the microscopic sca[80,32,33] The FWHMs of the diamond peaks at 13325 cmt' in the

Raman spectra are all broad. Such trpaaks are known to be associated with nanodiamond
crystallites (phonon confinement effed9]. The Raman results agree well with the SEM
observations that diamond was directly transformed from the carbon nanotubes during the laser

annealing process.

3.4.3 Electron backscattered diffraction

The phase detecih and the information about the crystallographic orientation of the fixed
diamond structures in an SEM instrument by means of E&&ilysis are shown in Fig. 3.5. The
Kikuchi pattern is generated by the diffracted electron beam showing the diamondstrystate

at the point where the electron beam interacts with the sample surface. The detected backscattered
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patterns of electrons are analyzed by identifying and matching the angles between the detected
bands to that of the standard diamond pattern., thasextracted information is matched with the
crystallographic information to confirm the formation of diamond phase. Fig. 3.5(a) shows the
point of interaction of the incident electron beam on the sample in thedgghution SEM image

to generate a ffraction pattern. Fig. 3.5(b) shows the Kikuchi lines which closely match up with
the ideal diamond pattern after a quick analysis of observed lines in the Aztec software and the
indexed diffraction patterns are shown by the red lines. The possibleosslditir the crystal
orientation are sorted in the software library to find the best fit, and the orientation matrix is
calculated which is shown in the inset of Fig. 3.5(b). Regarding the orientation, because the
diffraction pattern is bound to the crysséducture of the sample, as the crystal orientation changes
the resultant diffraction pattern also changes. The positions of the Kikuchi bands can, therefore,
be used to calculate the orientation of the diffracting crystal. As it is evident from thaefietd
electron backscattered diffraction pattern theadftplane orientation of the crystalline diamond

tip is <101>. The <110> crystallization has been explained by a model of rapid explosive
recrystallization of DLC structurd84]. The size of the electron probe was ~10 nm to obtain these
threedimensional diffraction patterns, and the characteristic EBSD patterns do not change much
along the same nanofiber tip. This negligible ciystmaphic change in the relative orientation
along a diamond tip refers to single crystal growth of the diamond rods at the CNT tips, where
required undercooling is retained. Fig. 3.5 (c) shows another spot on the same nanorod (~15 nm
far from the previos point) from where the EBSD pattern was obtained. The obtained EBSD
pattern matched to that of the diamond and is shown in Fig. 3.5 (d). The relative orientation of the

diamond nanearystallite at this spot is shown in the inset of Fig. 3.5 (d). Theivelatystal
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orientation of diamond at this new point closely matches to that of the previous region, thus
confirming the formation of <110>single crystal diamond upon laser annealing process.

We also obtained the Kikuchi diffraction pattern from the middtgon of a CNT where the rate

of undercooling was insufficient for the diamond conversion. The point of interaction is shown in

Fig. 3.5 (e). The Kikuchi diffraction pattern (Fig. 3.5(f)) matches with that of the CNT suggesting

the retention of the CNTtrsicture in the middle and base of the CNTs. The relative crystal

orientation at this point is shown in the inset of Fig 3.5 (f).

3.4.4 STEM and electrorenergy loss spectroscopy

A detailed STEM/EELS analysis is performed on nanosecond laser ah@dles, as shown
in Fig. 3.6. Fig. 3.6 (a) shows multiple as grown CNTs before laser annealing. A representative
HAADF image of laser annealed CNTs is presented in Fig. 3.6(b), demonstrating the formation of
nanodiamonds in various regions on CNTs. Theagesize of the nanodiamonds is estimated to
be ~3 +1 nm, while CNTs are measured to be ~7+1 nm thick. Fig.-8)6({@ken from different
regions in the sample) further show the formation of nanodiamonds on individual CNT. These two
HAADF images clearlyillustrate the emergence of nanodiamonds at the terminals/tips and the
bends of CNTs. This supports the proposed hypothesis of diamond formation through ultrafast
melting of CNT and quenching from super undercooled state. Various nanodiamonds are also
observed on the body of CNTs formed under similar conditions but through partial melting of
CNTs. The core loss EEL spectkdbsorption edge) obtained from the nanodiamonds, CNT and
nanodiamonds, and unannealed CNT are shown in Fig. {)§ (espectivelyThe spectra are
shown along with the reference CNT and diamond EEL spectra for the comparison. The EEL
spectrum obtained from the nanodiamonds exhibit the near edge fine structure peaks at 292, 297,

305, and 326 eV, however, are broader than the tyméaience spectrum from diamonds. The



55

broadening in the characteristic peaks is attributed to the strained nature of nanodiamonds. An
EEL spectrum (Fig. 3.6(f)) is taken from one of the overlapping diamond and CNT regions which
are found very frequentyinhe sampl e. The additional strong
in Fig. 3.6(f), appearing due to the presence of the underlying CNT. The EEL spectrum obtained
from the CNT appears to be consistent with the typical reference spectraum. It shoeidibeed
that under intense electron flux with prolonged acquisition time diamonds were found to convert
into nanodiamonds and amorphous graphitic phase of carbon due to the smadlizeah&ing
EELS[35]. No chemical composition other than carbon was detected on the samples by the core
loss spectra EEL spectroscopy.
3.4.5 Mechanism othe diamond formation

The formation of diamond occurs by the homogeneous nucleation from the highly undercooled
state of carbon nanotube in the molten state. The change in Gibbs free e#i&iggssociated
with the formation of diamond tipsonsists of a gain in volume energy~at the expense of
surface energy (<), wherer is the radius of the diamond nucleus. So there are two contributions

to the total free energy change which can be expressed by the following equation:
w00 —“l —— Y 1“1 Q)

Where} 7Y , Mm, &ehh, andrsrefer to the density of diamond, melting temperature, molar mass,
latent heat of melting, and the surface free energy between diamond nuclei and the undercooled
state of carbon ICNTSs. The ternaelu (= T Tr) is the degree of undercooling, whékeindicates

the melting point of the initial carbon structure (~4000 K) dmndndicates the nucleation
temperature. With an increase in the valueed, s85t becomes more negative and a conversion

of CNTs to diamond at the tip is favorable. The critical radit¥ ¢f the nucleus and the change



56

in Gibbs free energy can be obtained by differentiating the equation (1) with respect to r and setting

the result egal to zero:

2 Tl —— Y 1™ ¢l ™ (2)

Equation (2) leads to the following two expressions to determine the two critical parameters

i 3)

Equation (3) and (4) renders that increas#igreduces the critical radius of diamond nuclei and
the change in Gibbs free energy occurs even at a faster rate. The rate of nud¢)aatgiven by

the equation:

z

I ~ exp(

), )

Where, kis the Boltzmann constarntherefore the rate of nucleation increases with decreasing
Y'Ghthereby facilitating the formation of diamond. Consideriag= 0.6 Jn¥, Tm =4000 K,
aHm=1.0 eV/atomael,=1000 K, and = 3.5 gmcn¥, we determined a rough astite ofr” ~2.0

nm for the diamond formation. Similar calculations were verified experimentally in earlier works
on silicon[36,37]and diamond34]. HighaTuwould result in a very smaf'0 (asY'0O | pIY'Y)
leading to a very high rate of nucleation. But the critical radius of the diamond nuclei would be
too small to facilitate the subsequent formation of diamond. So a tradeoff béfideandi “are
needed to attain suitable conditions for the direct conversion of single crystal growth from CNTSs.
This is done by the careful selection of the laser energy density for the undercooling.

The growth or crystallization velocity3) is another importanparameter for single crystal
diamond formation by the laseplid interaction. The is directly related to the undercooling by

the following equatiof38]:
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WhereDurefers to the diffusivity in the liquid state (<4@n?s in liquid state)fis the fraction of
available sites, is the atomic jump distanck,is the geometrical factor associated with diffusion
k Boltzmann constanil temperature of the molten stand Sis the change in entropyhe
value of chemical free energy barrier for the phase transformation of CNT to crystalline diamond
decreasewvith increasingy “Y Largew “Ysimultaneously results in a high velocity of the melt
front during the solidification. Thus, the values of undercooling dictate the conversion of CNT into
diamondvia the molten phase of carbon. A slow cooling ratev(londercooling and low
solidification velocity), produces crystalline graphite whereas a high cooling rate (large
undercooling and large solidification velocity) results in the formation of crystalline diamond. Too
high of a velocity of the melt front wadilproduce amorphous carbon due to the lack of available
time for the melted carbon atoms to take proper lattice sites of the crystal structure.
Generally, the conversion of the?dponded state to diamond requires extremely -high

temperatures (5000 Kgnd pressures (12 GH&%]. However, these extreme requirements could
be overcome through kinetics by bypassing the equilibrium thermodynamic route via a highly non
equilibrium laser meing and subsequent quenching phenomena. The processes by which these
transformations are initiated and proceed have been understood by the recent discovery of the
liquid phase mediated transformation of amorphous carbon filmscarigpn and diamoni®4].
We have followed the analogous direct transformation route to from nanodiamonds from CNTs
by nanosecond laser melting of carbon and ultrafast quenching from the molten state of carbon.
Rapid melting and quenching from highly undercooled state is the key to the formation of diamond.
Careful selection of the laser parameters is very important for irradiating CNTs to convert into

diamond. The final temperature determines the undercoolingjaenching rate during pulsed
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laser annealing which has been controlled by the selection of optimum laser parameters. Hence the
direct conversion of CNTs into diamond is possible by the proper understanding of the kinetics
and thermodynamics. The directiofthe incident laser beam onto the CNTSs is very important for
the diamond conversion. During melting of amorphous carbon a highly undercooled state is
created due to the restriction of heat flow WD ICNTs. The undercooled state is subsequently
guenchedo form nanostructures of diamond. Thus, the key consideration is undercooling which
depends upon thermal properties and heat flow geometry. By simulation of the hga6fland
considering thermal properties for spec#ltapes, we can obtain laser parameters needed for the
conversion into diamond-he tips and bends of CNTs directly absorb the irradiated laser energy
with maximum energy density when the laser pulses irradiate the CNTs at a minimunaadgle,
there occurshigh localized temperatures (due to restriction of the heat flow) because of high
undercooling. This leads to the nucleation of diamond (from the undercooled melt of carbon) at
the tips and bends of CNTEhis heat flow restriction is more relevant at tipeand at the bends
where the undercooling reaches to the maximum. If the laser hits the CNTs horizontally, the heat
dissipates along two directions and the undercooling is not enough for diamond formation. At the
middle, the molten carbon of the CNTs nwyench back to $gbonded structure again due to
insufficient undercooling.
3.5 Conclusions

In summary, diamond is directly formed from CNTs as a result of nanosecond laser melting of
the sp-bonded carbon of CNTs in a superdercooled state andmequent ultrafast quenching.
The process takes place at room temperature and pressure in air and can be scaled up easily for
industrial applications by translating the sample or scanning thed®eiz pulses of laser beam.

The EBSD and Raman spectroscagythe laser irradiated CNTs illustrate the structural and
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bonding characteristics of diamond. The core loss EEL spécthgorption edge) were acquired

at different points on the samples, both irradiated and unirradiated, to pinpoint the diamond
formaton using the ultrafast route. The mechanism for forming the cubic diamond nanostructures
(via the norequilibrium route) at the tips and bends along the radial directions of CNTs is also
discussed. The process can be used to fabricate-pheseiamondads across the scale ranging
from a few nanometers to micrometers and beyond depending upon the initial size of carbon
nanotubes for different applications such as weaistant coatings, thermal management of
integrated circuits, electrochemistry, fietission devices, and electrical field shielding in
MEMS and microelectronics. With these results we conclude that the controllesjaitibrium

liquid phase mediated synthesis method can be very useful to fabricate highly pure diamond from

sp-bonded cdron phases for a host of novel applications.

3.6 Figures
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Figure 31: The proposed schematic illustration of the CNT to diamond conversion by PLA for
field emission applications. The diamond tips can act as the ideal fiek$iemisites and the

carbon nanotubes with a large conductivity are the key to the electron flow to the diamond tips.
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Figure 32: High-resolution SEM images of the CNT before PLA. (a) Shows thenhagnification

image, (b) andc) show highmagnification image with no evidence of diamond at the tip of CNTSs.

Figure 3.3: High resolution SEM images of the CNT after PLA. (a) SEM micrograph showing the
conversion of carbon nanotubes into diamond afigrulses of ArF laser (pulse duration 20ns) at
0.750.8 Jcn?; (b) shows no formation of diamond at the middle of CNTs, and (c) and (d) details
of conversion process starting from the tips; the inset of figure (c) illustrates the conversion of the
CNT tip into diamond nanorod; (e) and (f) nucleation of diamond in the middle of the nanotube
and growth of diamond nanorods normal to the tube; and (g) théhidtraiesolution SEM image
shows the detail of the conversion at a single tip. This also illusttzesip to a few tens of

nanometers (in length) of the CNT has been converted into a diamondagano
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Figure 3.4: (a) Raman spectra of the CNTs before PLA shows prominent D and G peaks. (b)
Raman spectra after PLA. A prominatiamond peak at 1324.2 cnillustrates the conversion of
the CNT to diamond. The red shift of the peak form 1332 malue to the phonon confinement

effect. Inset of each figures illustrate the detail of corresponding G peaks.
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Figure 35: EBSD patterns of diamond (b & d) and CNT (f) and corresponding SEM micrographs
are presented in (a), (c), and (e), respectively. The relative orientation of diamond from the laser
treated CNTs are shown in the inset of (b) and (e) byettheubes. The inset of (f) represents the

relative crystal orientation of the CNT structure.
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Figure 3.6: (a) HAADF image of multiple agrown CNTs, (b) HAADF image of CNT after the
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4. Pseudetopotactic growth of diamond nanofibers
J. Narayah A. Bhaumik, A. Haquée
!Department of Materials Science and Engineering, North Carolina State University, Raleigh,
NC, 27695, USA

4.1 Abstract

We reportpseudetopotactic growth of singlerystal diamond fibers by nanosecond laser
melting of amorphous carbon nanofibers (CNFs) and crystalline -maillticarbon nanotubes
(MWCNTS). A rapid laser melting in a super undercooled state and subsequent quenoeng co
the tips of CNFs and MWCNTSs into phagere <110> nanodiamonds along the growth directions.
Subsequent laser pluses melt regions below <110> nanodiamonds that provide seeds for epitaxial
growth. By repeating this process, the length of <110> nanadidrfibers can be increased, as
each pulse results in ~50nm nanodiamond region, depending upon the initial size of CNFs and
MWCTSs. This conversion process can be carried at ambient temperature and pressure in air. The
epitaxial nature of <110> nanodiamofiblers has been confirmed by systematic eleeback
scatterdiffraction studies along the fiber in highsolution scanning electron microscopy, and
high-resolution TEM imaging and diffraction. The nature eConding characteristics was
studied by Hgyhresolution electromnergyloss spectroscopy to establish the formation of
diamond phase by the characteristic peak at 292 eV f&r spn d i “)nand apsence of 284 eV
peak for sp( ) graphitic bonding. The characteristic diamond Raman peak atch331 found
to downshift to 1321crh because of phonon confinement in nanodiamonds associated with
nanofibers. These nanodiamond structures can be doped with -batial ptype dopants with

concentrations far higher than thermodynamic solubility limié da solute trapping during
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guenching from the liquid phase. Thus, these nanodiamond structures provide ideal platform for
nanosensing, computing and communication, including efficient field emitting devices.
4.2 Introduction

Direct conversion of gaon into diamond occurs thermodynamically under equilibrium at high
temperatures (5000K) and pressure (12 GPa) in an inert atmosphere. These temperatures and
pressures can be reduced somewhat in the presence of catalysts. Because ofehgbighture
and pressure requirements, diamond in the form bulk grits has limited yield and is often
contaminated as a result of fast diffusion at high temperatures. Recently, we reported direct
conversion of amorphous carbon films into phpaee diamond in the formfonanodots,
nanoneedles, microneedles, microdiamonds and sangital thin films at ambient temperature
and pressure in dit]. In this nonguilibrium conversion process, carbon is melted by nanosecond
laser pulses in a super undercooled state and quenched rapidly, where kinetics overrules
thermodynamics. These diamond structures were doped nwitind p-type dopants, where
concentrations wertbund to exceed equilibrium thermodynamic solubility limits as a result of
rapid quenching from liquid and solute trapping phenomg2prWe were able to control nature
and number densityf defects in diamond more precisely from liquid phase growth, where defect
density can be minimized for solglate devices, as the annealing efjesvn defects in these
materials require annealing temperatures exceeding®@70Recently, we reported rdct
conversion of carbon fibers and tubes into diamond after pulsed laser melting and qug&jching
In both nanofibers and nanotubes, the degree of undercooling was found to be critical for the
conversion into diamond. If the undercooling was not enough, molten carbon was quenched back
to amorphous carbon with a mixture of &p s bonding. Our previous works focused on thin

film conversion and did not address the formation of siogystal diamond nanofibers.
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Other studies have reported the conversion of carbon nanotubes into diamond through the
formation of carbon onion pbavia solidphase transformation. One study involved QW
laser irradiation of carbon nanotubes on a cast iron subpttate another study, the formation
of diamond nanocrystals at the tips of carbon nanofibers was reported after spark plasma sintering
at 1506C and atmospheric pressure as a result of the formation by an intermediate phase of carbon
onion [5]. Similarly, the conversion of tips of muitialled carbon nanotubes (MCNTS) into
diamond was found after spark plasma sintering at °Gain invoking the formation of an
intermediate carbon onion pha&d. Ballistic fracturing of CNTs can also lead to formation of
nanodiamond§7], which is similar to diamond formation at high pressures and temperatures (4.5
GPa at 130(C) [8]. The formation of different forms of amorphous carbon, including
nanodiamonds by using pulsed laser irradiation (266 nm NdYAG laser with 3 ns pulse duration
and 46100 mJcrif) of MWCNTSs in nitrogen atmosphereas been reportef]. However,
characteristic Raman (near 13329)nand EELS (at 292 eV) peaks for the diamond phase were
not observed. It is envisaged that required undercooling for diamond formation under these laser
irradiation conditions is not achieved, which is the key to then&tion of diamond phase.
However, none of these previous methods invoked melting and undercooling as the mechanism
for conversion of carbebased structure into diamond. The essence of our work is melting under
highly undercooled state and quenching toveohentire volume into phagmire diamond. The
first-order phase transformation associated with melting plays a critical role in the formation of
phasepure diamond, unlike other processes.

More recently, the conversion of carbon nanotubes irtarfhon and pseudo topotactic growth

has been reported by using p®econd laser irradiation, which does not involve meltirj. In
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this work, topotactic growth was attributed to electronic excitations without clarifying the
mechanism of firsbrder phase transformation needed for topotactic growth.
We introduced an teresting idea of nanosecond laser melting of carbon and direct conversion of
carbon nanofibers and nanotubes into diamond nanofi®drE. Thus nanosecondder melting
resulted in firstorder phase transformation needed for topotactic growth. In this paper, we showed
rather direct evidence of topotactic growth to form sirgglestaldiamond nanofibers, carried out
very detailed highresolution TEM, SEM (EBSP EELS, and Ramacharacterization, and
provided first model for topotactic growth based upon our earlier work on unseeded crystallization
[12]. These nanostructures are ideally suited for applications ranging from enhanced catalysis to
field emission.
4.3 Experimental

We synthesizedCNFs in a tube furnace (CVD chamber) with flowing Ar (450 sccm) and
H2 (10 sccm) at 800°C by introducing 25 sccm eHCfor 30 min with additional detailE3].
These CNFs are irradiated in air with ArF laser pulses (pulse duration = 20ns, wavelength =
193nm, energy density = 0160 Jcn?). Thelaser beam size is about 10x10mm, which can be
varied with the out of laser energy. The restriction of heat flow irdimensional caused melting
of amorphous carbon in a highly undercooled state. The subsequent quenching from the
undercooled state resadt in the formation of nanostructures of diamond. As the number of
nanosecond laser pulses is increased, the length of converted diamond region is increased to cover
the entire length of the fiber. The laser processing can be scaled up to prod2€® b area
per second by using 1MOHz (repetition rate) ArF Excimer laser. The CNFs (before and after
PLA processing) are dispersed in ethanol and capture onto copper TEM grids. To facilitate the

bleeding of electronic charges, the sample is sandwichedebrttwo copper grids and then
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mounted in the TEM sample holder. The multlled CNTs were grown using a thermal CVD

system. The substrate, a smooth Si wafer, was placed at the center of the horizontal quartz tube
inside the furnace (30 cm in length andrd in diameter). The Fegpowder (~99.9% pure) in a

guartz boat was also placed inside the quartz tube which acted as a catalyst during the synthesis of
the CNTs. Detailed high resolution TEM/STEM and EBSD measurements did not show the
presence of any Feanoparticles associated with CNTs before and after laser annealing. The
EDAX analysis showed only trace amount of Fe in CNTs. The chamber pressure was maintained
at 102 Torr during the heating cycle, and the chamber was purged with acetylene (98% using
mass flow controller once the furnace temperature reached to 820°C. At this stage, the furnace
temperature remained constant and the pressure was maintained at 10 Torr for two hours for CNT
growth. The CVD grown CNTs were mounted on a laser irradidqidder, and the surface was
irradiated with a pulsed ArF lasdrgmbda Physik, 193 nmvavelength, and 20 ns pulse duration)

in the air. The laser energy density was ~ @@bJ/cm, which leads to a highly undercooled state
needed to form diamond. Thenalfast pulselaser annealing technique melts the CNT tips and
bends from which rapid explosive recrystallization occurs upon quenching to formmpuirase
single crystal diamond structures. We have characterized these structures by TEM, SAED, EBSD,
SEM, and Raman spectroscopy (using 532 nm laser). Hegolution SEM (and EDX) and EBSD
(electronscatterback diffraction) measurements were carried out in FEI Verios 460L SEM and
FEI Quanta 3D FEG FHSEM, respectively. The EBSD technique provides accuratethr
dimensional (Kikuchi) diffraction patterns for phase identification, where structural morphology

is simultaneously determined by higésolution SEM. A HORIBA Xplor&LUSconfocal Raman
microscope having 0.51m spatial resolution and 532 nm excitatioouce was used for

determining the Raman active vibrational characteristics of carbon and diamond nanofibers and



74

nanotubes. The Raman spectroscopy provides a distinctive identification of diamond and related
materials. Aberratiogorrected STEMFEI Titan 80-300 was used to acquire HRTEM and
HAADF images and EEL spectra of diamond nanofibers. In this experiment, the microscope was
operated at an accelerating voltage of 200 kV and the electron probe current of 38 =+ 2 pA. The
convergence and collection anglm the experiments were 19 and r@fad respectively. The
EELS data were acquired with a collection angle ofm2&ds
4.4 Results and discussion

The primary focus of this work is on the formation of siagigstal diamond nanofibers as a
function of number of laser pulses. We present a model of crystal growth to explain epitaxial
growth of diamond nanofibers as a function of number of laser pulses during melting of amorphous
carbon nanofibers and nanotubes. The formation of beads at the tipobbe&@and nanotubes
provides a direct evidence for the melting. The diamond formation starts at the tips and bends,
which propagates with the number of pulses to cover entire lengths of fibers and tubes. From this
work, we have established that thera @@itical diameter for a complete conversion into diamond.
Above this critical size, diamond nanocrystallites are formed on the surface, some of these grow
rapidly to form diamond nanorods perpendicualr to the fiber. Fig. 4.1(a) showsekigtion
SEMmicrograph of a typical pristine carbon nanofiber before laser irradiation, where the structure
is amorphous, as determined by EBSD (SEM). After a single laser shot, fiber tips melt as beads
(Fig. 4.1(b)) and turn into diamond. Diamond phase identificdiasibeen carried out carefully
using EBSD (SEM), HRTEM, EELS and Raman. The orientation of diamond nanocrystal was
determined by EBSD after the first pulse, and it was found to be <110>, as a result of rapid
unseeded crystallizatidh.The growth of <110rystallites after rapid crystallization has been

extensively studied and modeled for silicon. After 5, 10 and 20 laser pulses, we see successive
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conversion into diamond in Fig. 4.1€), respectively. With each shot, there is a successive
increase by atut 53100nm, as labelled in Fig. 4.2¢)). From the characteristics of diamond
formation with increasing number of laser pulses, it is argued that each shot melts ab@ns0
long region, which is quenched from a highly undercooled state to form diarfibe length of
diamond converted region depends upon the fiber diameter and orientation of the fiber with respect
the laser beam. For each successive laser shots, previous diamond grain provides a template for
epitaxial topotactic growth of diamond, asly carbon below the diamond seed melts. This
epitaxial topotactic growth is quite unique for the formation of diamond nanofibers from carbon
nanofibers and nanotubes.

Fig. 4.2 shows a similar topotactic growth from the top of diamond fibers froktn-wall
carbon nanotubes (MWCNTS) with increasing number of laser pulses. Fig. 4.2(a) shows high
resolution SEM from agrown pristine nanotubes before laser annealing. The formation of
diamond at the tips is shown after single laser pulse (energy der3i®b Jcrrf) in Fig. 4.2(b)
and (c). As the number of pulses is increased, the epitaxial conversion starts from the top and
moves downwards with each pulse, as shown for 5 and 10 pulses in Fig. 4.2(d) and Fig. 4.2 (e),
respectively. The carbon to diamompdocess in the case of nanotubes is similar to that of
nanofibers, and it is more efficient for both nanotubes and fibers which are aligned with the laser
beam. The diameter of carbon nanotubes (mostly deudlled) ranged from 260nm with over
300nm inlength. These results show the formation of sharpest diamond nanoneedles by this direct
conversion of carbon nanotubes into diamond.

The crystal structure determination ofgrewn DNFs was carried out by the electron beam
scatter diffraction (EBSptechnique in the highesolution SEM. The EBSD patterns provide 3

D Kikuchi patterns with characteristic crystal structure and detailed-tlimensional orientation
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relationship. The size of electron probe used for EBSD is ~10 nm and thus it is ideal fo
determination of structure along the length of the diamond fiber. Epitaxial growth was investigated
by EBSD patterns along the length of the fibers, as shown in Fig. 4.3. The <110> EBSD patterns
provide diamond phase identification, as shown by uniqler-coding. The <110> orientation
was found to be unchanged along the carbon fiber, which demonstrates epitaxial topotactic growth,
where diamond crystallites grow with the number of laser pulses with top crystallite providing as
a seed for subsequent dglsgrowth.

The atomistic details of epitaxial growth were studied by using-tggblution TEM. Fig.
4.4(ac) show highresolution TEM micrographs ir]10] zone axis with increasing magnification.
The orientation of {111} planes of diamond with 06hm spacing with respect to <110> growth
axis is clearly depicted. Fig 4.4(b) also shows the interface between two epitaxial crystallites with
some nanopockets of amorphous carbon trapped in the interface region. However, there is enough
connection betweetwo crystallites (lower left of Fig. 4.4(b)) to provide an epitaxial template for
growth. Two sets of {111} planes along with <110> are clearly imaged in Fig. 4.4(c), which is a
characteristic diamondubiclattice structurg12]. The Fourietransformed diffraction pattern in
the inset of Fig. 4.4(c) clearly shows<110> growth direction, as shown in the schematic of Fig.
4.4(d). The schematic shows <110> clepadked chains, which are formed durirgpid
crystallization. This <110> growth can occur without a seed, that is how the first diamond
crystallite is formed, which acts as a template for successive laser pulses and formation of diamond
crystallites. According to our model, the formation 0fl@2 diamond nanocrystallites at the tips
of carbon nanofibers and nanotubes occurs by the process of unseeded crystallization of diamond
cubic lattice structure. The <110> orientation is preferred due to <110> gaskdd chains,

which provide growth s#s for rapid growth. The details of this model with experimental results
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were presented earlier for silicon <110> growth under unseeded cordi&pnThese <110>
crystallites at the tips after the first pulse provide seeds for topotactic growth.

The bonding characteristics of carbon nanofibers before and pulsed laser annealing were
investigated by electron energy loss spectroscopy, as shown in Fig. 4.5. The EEL spectrum of
carbon nanofi ber s b epgeakrae285eaV rcaraspanding sgconded a i n s
carbon. After | aser anneal i ng, "peakoprregpéndingdopect r
spPbonded carbon i n di apeakisattrioked $osenk disordenet! @arbani t y
present at the interfaces. Fig. 4.6 shows Rareaults from carbon nanofibers before and after
PLA treatment. The Raman peak corresponding to nanodiamonds is observed ~1321hem
CNF samples after the PLA processing. The downshift of ~1% @nom 1332 cmt in
microdiamonds) and spectral bremihg are attributed to phonon confinemdadB] in
nanaliamonds (formed after PLA). The D, G and 2D peaks originate primarily from unconverted
amorphous carbon. Therefore, Raman spectra provide a reliable and consistent evidence for the
formation of nanodiamomds as a result of nanosecond laser melting armahiggeand direct
conversion of CNFs and nanotubes into DNFs after the PLA treatment.

Fig. 4.7 shows a theoretical calculation of temperature (a) and melt depth (b) as function of
time of laser annealing. The carbon is melted in a highly undercetdeel, and subsequent
guenching leads to direct conversion of carbon into diamond. The melting starts after about 10ns
of the incidence of the laser pulse, maltfront rapidly penetrates up until the end of the laser
pulse. After that solidification ocecsi to forma diamond. As shown in the plot, solidification
velocity is of the order-Bms?. The temperature profile in Fig 4.7(a) shows that amorphous carbon
melts ~4000K in a highly undercooled state, close to 1000K below the equilibrium melting of

carbon The pulsed laser annealing process is carried out in atmospheric pressure and room
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temperature in air. No other sources of heat are applied during the conversion. The temperature
~4000 K is attained after lasearbon interaction, which results in a mejt This undercooled

state results in the formation of diamond upon quenciagng the transformation of CNTs and
CNFs, the temperature rises locally to 4000K, but it is for very short time, less than 50ns in this
case. As a result, overall temperattise of the system is less than 5Kiese calculations were
performed by using SLIM (simulation of laser interaction with materials) program Thé).
nanosecond pulsed laser annealing of nanofibers leads to melting of carbon, and subsequent
guenching from a highly undercooledtst leads to a direct conversion of carbon into diamond.
Our earlier studies on melting of amorphous carbon films on sapphire (0001) substrates showed
that molten carbon was converted into diamond at an undercooling ~1000K, and into a new form
of carbon (mamed Qcarbon) at a higher undercooling at ambient temperatures and pressures in air
[1,15( 17].

The formation of DNFs involves nucleation and growth of diamond from highly undercooled
molten carbon, which results from nanosecondrlaselting. The nucleation and growth of
diamond starts from the tips of carbon nanofibers with <110> oriented diamond seed of about
50nm length. During next pulse this <110> diamond acts as a seed to create next 50nm segment.
This is referred to as topotacgrowth, where the diamond seed after the pulse provides a template
for the next pulse. Thus, by increasing the number of pulses, an entire length of nanofiber can be
converted into epitaxial diamond nanofibers. Using the homogeneous diamond nuoheaten
we estimated the critical size of the nucleus ~2nm. From SLIM simulation [14], we estimated
growth velocity and time of growth to be 5.0nand 10ns, respectively. This leads to 50nm long
diamond crystallite with <110> orientation via unseeded alyztion. The details of diamond

nucleation and growth modeling are published in an earlier gag&d8] These results on
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diamond are entirely consistent with our previous work on melting of amorphous silicon by
nanosecond lasef$9i 21]. Since these DNFs are formed after rapid laser melting and quenching,
they canbe doped with pand ntype dopants. Using CVD based methods, diamond structures
could be doped only with boron-{ppe) dopants. Under rapid quenching, we are able increase p
and ntype dopant concentrations far beyond the thermodynamic solubilitys litdging this
approach, DNFs can be doped with N and Si to createaNd StV centers for applications related
to atomic sensing, quantum communication, and quantum computing. The DNFs and their
heterostructures will also have exciting applications rapfymm drug delivery to cellular sensors
[22]. Another important consideration for diamond structures and devices relates to control of
defects and elimination of defeataring crystal growth itself. Higher formation and migration of
point defects in diamond lead to defect annealing temperatures exceedifg,1a0Which
diamond oxidizes and reverts to equilibrium graphite pha8g Since the nanosecond laser
annealing is completed with a microsecond, which is nucleation time for defects such as
dislocations, it is pasble to create dislocatiefinee crystals using the nanosecond laser melting
and quenching approach.
4.5 Summary

We have obtained epitaxial growth of diamond nanofibers by nanosecond laser melting of
carbon nanofibers and nanotubes in a super undercooled state and subsequent quenching. First
laser pulse melts the tips of carbon nanofibers and nanotubes and rekelfeimation of <110>
diamond crystallites via unseeded crystallization. These <110> diamond seeds provide epitaxial
template for diamond growth with increasing number of pulses. The formation of diamond phase
occurs by direct conversion of carbon infardond at ambient temperature and pressure in air.

The structural characteristics of diamond have been confirmed bydsghution SEM and EBSD
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and highresolution TEM/STEM , and bonding characteristics by STEM/EELS and Raman. This

process can be appliéalcover a large area over 100 to 20 area per second using 100 to 200

Hz (repetition rate per second). The diamdipged carbon nanofibers and carbon nanotubes
grown on conducting substrates provide ideal platform for field emitting devices neededatfo
generation contadess energyransfer systems and motors. These nanofibers can be doped
selectively withn- andp-type dopants with concentrations far exceeding thermodynamic solubility
limits, by incorporating dopants before melting for a varatyotential applications ranging from
atomic sensors to efficient catalysts and field emitters. This discovery of conversion of carbon
nanofibers and nanotubes into diamond nanofibers at ambient temperature and atmospheric
pressure in air will open a névontier for synthesis and processing of diamond nanostructures for

a variety of applications, ranging from quantum computing, sensing and communication to field

emission.
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4.6 Figures

Figure 4.1: SEM micrographs of CNHsefore PLA (a), after 1 laser shot showing the formation

of diamond at the tip (b), after 5 laser shots (c), after 10 laser shots (d), and after 20 laser shots (e).
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Figure 4.2: Detail of the conversion of carbon nanotsii@o diamond nanorods starting from the

tips; (a) CvD grown CNTs without PLA. (b) and (c) higgsolution SEM micrographs showing
conversion of carbon nanotubes into diamond only at the tip after a single pulse of an ArF laser
(pulse duration 20 ns) at@5 J crh?, (d) shows the propagation of the diamond formation after 5

laser pulses, and (d) illustrates more diamond conversion (more faceted structures are seen) after
10 laser pulses. It is noted that the converted nanodiamonds at the tip do nctcged 4oy the
successive laser pulses as they can dissipate the heat through the structure to the unconverted CNT

region owing to the high thermal conductivity of diamond.
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Figure 4.3: EBSD-SEM micrographs of (a) tip of theNF after PLA, and (b) just below the tip
of the same CNF after PLA with the insets showing the Kikuchi diffraction pattern and the

corresponding crystal orientation of the diamond (formed at the tip of CNF after the PLA).
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Figure 4. 4. (ac) Highresolution TEM micrographs in-110] zone axis with increasing
magnification, and (d) Model for the topotactic growth of diamond after the PLA where the <110>
crystallites at the tips after the first pulse provide seeds for further growthe Hgib) clearly

shows the interface between two epitaxial crystallites with nanopockets of amorphous carbon
trapped (~ 2 nm) in the interface region. However, there is enough connection between two
crystallites (lower left of Fig. 4(b)) to provide an epital template for growth. The two sets of
{111} planes along with <110> columns are clearly imaged in Figure 4 (c), which is a
characteristic diamondubic-lattice structure. The Fourigransformed diffraction pattern in the
inset of Fig. 4(c) clearly siws the <110> growth direction, as shown in the schematic of Figure

4(d).
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Figure 4.5: EELS of CNF before PLA and after PLA showing the formation of diamond (after

PLA) having the characterigaptic G* peak and ||
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Figure 46: Raman spectrum of CNF before PLA and after PLA showing the formation of diamond

after the PLA. The diamond peak is formed at 132 dore to phonon confinement.
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Figure 4.7: Simulation of laser interaction with materials (SLIM) program showing the

temperaturestime profile (a) and melin and growth regions (b).
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5. Mechanism of the ultrafast laserassisted conversion of CNT to @mond and successive
large area diamond thin film
Ariful Haque® 8 Siddharth Gupfa® and Jagdish Narayan
!Department of Materials Science and Engineering, North Carolina State University, Raleigh,

North Carolina 27695.7916, USA

5.1 Abstract

In this work, we studied the mechanism of direct conversion of swalticarbon nanotubes
(CNTs), synthesized by chemical vapor deposition, into diamond by ultrafast nanosecond pulsed
laser melting process using nanosecond excimer laser pulses at derhjggriature and pressure
in air by complementary experimental and simulation techniques, and used those nanodiamonds
as precursor to grow wafscale highquality diamond film by hot filament chemical vapor
deposition (HFCVD). The conditions under whiclamiond nucleates and grows from CNTs are
extensively examined by different characterization techniques and the Kkinetics and
thermodynamics of the phase transformation mechanism has been discussed using finite element
method (FEM) simulation/SLIM analysis.aRan spectroscopy of the CNTs after the laser
irradiation probes the characteristic diamond peak at-1326 cm' to illustrate the formation of
nanocrystalline diamond with phonon confinement effect. The-tagblution scanning electron
and transmissioalectron microscope images show the formation of diamond mostly at the tip and
bends of the CNTs. The direct phase transformation of CNT nanofibers into <110> oriented single
crystal diamond tips was observed by electron fsaeltered Kikuchi diffractiomnalysis, and
high-resolution TEM imaging and FFT patterning. The diamond nanostructures are utilized as

seeds to synthesis largeea highquality diamond thin film on different substrates at a tremendous
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growth rate of ~800 nm/hr in HFCVD. Overall, tliggile and ultrafast route to directly convert
CNTs to diamond creates an immense technological and scientific potential f@enexation

solid-state devices ranging from quantum sensors to enhanced field emitters.

5.2 Introduction

Diamond is oneof the most precious and promising materials on earth not only due to its
aesthetic value but also for some of its extraordinary structural, mechanical, and electronic
properties such as extreme hardness, wide bandgap, large charge carrier mobilitghand h
temperature superconductivity when doped with boron. It is also regarded as one of the most
promising nexigeneration composite materials due to some of its extraordinary physical properties
such as high tensile strength, excellent radial elasticrdatulity, tremendous chemical inertness
biocompatibility, unique electrochemical properties, large bandgap, and negative electron affinity
[1,2][3]. It is one of the most studied and most effective materials for hermetic corresistant
coating for biedevices, protective coating in machining tools, cold cathode electron source, heat
sink substance for electronic devices, and the structural ialafer micro and nane
electromechanical systems (MEMS/NEM$}i7]. However, diamond cannot be directly
implemented in most of these applications tb different growth, interfacial bonding, and doping
related issue®lthough diamond possesses the highest hardness (Vickers hardness in the range of
70i 150 GPa) due to its low fracture toughnesg (B5 MPa.(m§?) this material is quite brittle
which hinders its direct application in load transfer systghhsA combination of diamond and
tough carbon nanotube (CNT) can be a good solution. Similar to#hesged graphitic structure,
doublewalled and multwalled CNTs consist of multiplgraphite sheets in the rolled structure
having flexibility, large thermal conductivity, good electron mobility and unique dimension

(aspect ratio greater than®18]) for field emission applications.
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A composite of CNT and diamond is expected to have unique mechanical and electronic
properties suitdb for different applications. For example, for ldlaglring applications CNT can
provide the toughness (to overcome the brittleness of standalone diamond) and diamond can
provide the hardness, and for field emission applications the CNT with large fmer ca
concentration (one free electron from eachlsmded carbon) and high aspect ratio can provide
the conductive pathway for the electrons to reach to the diamond tip having negative electron
affinity. Therefore, investigation of a suitable route teedily convert CNT into diamond is of
great scientific, technological, and economic interest. However, the understanding and
development of a suitable and controlled technique to directly grow diamond from CNTs to form
a diamondCNT hybrid structure haveelen unsuccessful due to the existing limitations of the
conventional and equilibrium diamond fabrication routes. Most of these processes involve extreme
conditions, requiring catalysts such as Ni, Co, and other metals or alloys, and the yield products
are, in most cases, poor in quality. For instance, the -pigissure higitemperature (HPHT)
technique for the conversion of CNTs into diamond requires extreme conditions of pressure
between 5.5 and 14.5 GPa and temperature ofi 1BB0 K[9,10]. In most of tle cases the HPHT
technique of the diamond conversion from CNTs has been proven to be inefficient and time taking
with limited control over the process. The sdiassolid transformation mechanism involved in
the conversion of diamond from CNTs by microwglasmaenhanced chemical vapor deposition
(MPCVD) also shows limited control. The initiative to the formation of diamond/CNT hybrid by
MPCVD was reported, but the complex pretreatment of CNTs in pure hydrogen plasma is required
which made the process ffieient and mainly the diamond was formed with the consumption of
MWCNTSs in the MPCVD chambdi.1]. Another group reported CNT to diamond conversion by

spark plasma sintering at 1500%nd 80 MPa; however, in thigsocess, the diamond structures
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are covered with the amorphous carbon layer to limit many of its applications, especially electronic
devices based applications including electron field emifsdn Gong et al. reported the
conversion of CNT into diamond by hydrogen plasma-pesitment methoflL3]. This process

yields diamond nanorods having an undesirable-sbeath structure with the inner core being
diamond crystal and theuter shell being amorphous carbon. Overall, as the synthesis routes are
mainly driven by the soligtate or soliegassolid equilibrium phase conversions, most of those
studies do not show sufficient characteristic evidences on the formation of nanodiamond
structures, i.e., distinctive microscopic imaging, or characteristic Raman peak at 1332ndm

the proof of phonon confinement effect in the Raman spectrum from diamond nanostructures.

To address these critical issues, in this study we report on réne donversion of muhvall

carbon nanotubes (CNTSs), synthesized by chemical vapor deposition, into diamond by ultrafast
nanosecond pulsed laser melting process using nanosecond excimer laser pulses (193 nm
wavelength) at ambient temperature and pressuae. This undercooling driven ultrafast phase
transformation phenomenon via the liquid route involves the melting of CNT in a super
undercooled state using hanosecond laser pulses and quenching rapidly to transform into-the phase
pure diamond. The oliteed diamond nanostructures showed a stogjstal growth phenomenon

in electron backscattered diffraction (EBSD) analysis and phonon confinement effect in the Raman
spectrum. The experimental evidences on the phase transformation mechanism are dxplained
the kinetics and thermodynamics modeling and simulations using the transienlaseilid
interaction in materials (SLIM) analysis. Furthermore, we have used these diamond nanostructures
as seeds to grow larggea highquality diamond thin films on difirent substrates. These diamond

nanostructures and CNdiamond hybrid formed by quenching from the ligstdte at an ultrafast
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speed, and large area thin films are ideally suited for applications ranging from enhanced catalysis

and load transfer to effient field emission.

5.3 Experimental techniques

Growth of CNT.The doublewalled and multwalled CNTs were grown using a thermal CVD
system. The substrate, a polished Si wafer, was placed at the center of the horizontal quartz tube
inside the furnace (36m in length and 4 cm in diameter). The Fe@wder (~99.9% pure,
Kojundokagaku Laboratory) in a quartz boat was also placed inside the quartz tube which acts as
a catalyst during the synthesis of the CNTs. The chamber pressure was maintaineéd@at 10
during the heating cycle, and the chamber was purged with acetylene (98%) using a mass flow
controller once the furnace temperature reached 820°C. At this stage, the furnace temperature
remained constant and the pressure was maintained at 10 Torr. ¢hitride mediated CVD
method of growing CNTSs the constant gas flow was maintained for 2 hours and no metallic film
on the substrate was found.

PLA conversion of CNT into diamondThe CVD grown CNTs were mounted on a laser
irradiation holder and the surfaevas irradiated with a pulsed ArF laskearhbda Physik, 193 nm
wavelength, and 20 ns pulse duration) in the air. We have used the previously developed SLIM
software to simulate and control the details of liesaid interactions and to determine the range

of optimum laser energy density for the diamond conversion agl¢lThe laser energy density

was ~ 0.70.8 J/cnd which leads to a highly undercooled state to form diam@/elhave used a
Calcium Fluoride (Cafy PlaneConvex confocal lens from Edmund optics with a focal length of

50 cm. This lens possesses low index of refraction and transmits more than 90% of the radiation
at 193 nmAfter the first pulse, the ultrafast pulsed laser annealing technique neel@\h tips

and bends where there is limited heat flow for undercooling to occur. Thetasarted diamond
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regions can be expanded after subsequent laser pulses. The degree of undercooling is critical to
the formation of phaspure diamond.

HFCVD. A standard HFCVD system was used to synthesize the diamond films on different
substrates. The system uses a stainless steel cylindricalosated chamber, a tungsten filament
holder (4 wires) assembly at the middle, a heated substrate holder, a sealiald¢ @ad pumping

ports. The chamber also contains a thermocouple temperature sensor, a sealable gas inlet and
pumping port, and a necessary flow rate controller and electrical systems. The specimen substrates
are placed on the Molybdenum heater block {@)®elow the filament. The chamber is initially
evacuated with a mechanical pump to® Trr. When the desired base pressure is reached, the
pumping port valve is closed and methane and hydrogeatgastio of 1:50s then allowed to

flow over the hotfilaments (2000°C) into the chamber to the desired pressmneworking
pressures ~20 Torr). The filament temperature was measured withcaltwgyrometer while

the substrate temperature was measured byya&thermocouple inserted on the substnatder,

placed on the backside of the substrate. The set of multiple flaments and the rotation of the
substrate stage during the deposition facilitates the formati@moiformdiamond thin film over

the large substrate area. Gas composition (%voh &id H), total gas pressuré), total mass

flow, and substrate and filament temperatures were monitored throughout the deposition time.
Cooling from growth down to room temperature was conducted at a constant cooling rate of
10 °C/min for all samples to mimize the thermal shock.

Raman spectroscopyWe have used a WITec confocal Raman spectrometer (with a triple
monochromator, gratings 2400 lines/mm) to detect the fingerprint of diamond astianoond

phases, and the stress present in the film. A comiimiaser beam of 532 nm wavelength from a

diodepumped soliestate laser was focused at a spot ofirRdiameter. The spectrum resolution
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was ~0.5 crh! Optimum laser power (~40 mW) was used to illuminate the sample to avoid heating
of the sample duringhe spectrum acquisition. Raman spectra at different points of the samples
were acquired with an exposure time of 5 s, the spectrum being the sum of 10 acquisitions.

SEM. High-resolution SEM images at highagnification enable us to understand the mechanism
behind the phase transformation better. Scanning electron microscopy was also undertaken to
characterize the morphological surface features of the nucleated diamond films. The high
resolution SEM imaging with the sutanometer resolution was carried onttbe PLA grown Q@

carbon and HFCVD grown diamond films using the FEI Verios 460L SEM.

EBSD. A powerful nondestructive technique, electron backscattered diffraction (EBSD), is used

to determine the details of atomic structure of crystalline phases (diandr@NTs) at nanoscale.

During the EBSD data acquisition, a beam of electrons (20KV & 5 nA) is directed at a point of
interest on the tilted diamond structures. These electrons are diffracted to form a set of paired
large-angle cones that correspond tealediffracting plane. The image produced on the phosphor
screen contains characteristic Kikuchi bands of the corresponding diamond crystal, which are
formed where the regions of enhanced electron intensity intersect the screen. The pattern seen is a
gnomonc projection of the diffracted cone, making the band edges appear hyperbolic.

XRD. X-ray diffraction (XRD) measurement${2 ccan) were conducted on the diamond films
(Bruker D8 Discover) using Cu kU r akViamd25 on so
mA and state of the art LENXEYE XE detector. This detector filters fluorescence #nd K
radiation to overcome the intensity losses and absorption edges associated with secondary
monochromators and metal filtefithe data were collected in the BgpBrentano reflection

geometry i n t1B80eat 0D step size gnd a dwvéll tirBed®f 0.5 seconds per scan point.
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HRTEM. The TEM specimen for PLA processed CNT sample was fabricated using the

ultrasonication exfoliation technique in the
then manually transported to the TEM grid and left to dry up. TEM images and SAEDpate
captured by highesolution transmission electron microscopy (S/TEM, FEI, TRRRD)
operating at 200 keV, equipped with a proprietary "XFEG" figghtness Schottky emission
field-emissiongun electron source, which provides beams ~5x brighger previous Schottky

FEG technologies.

Lasersolid melt interaction simulationslo study melt kinetics upon performing PLA, a temporal

and spatial Gaussian is utilized as a heat source. The annealing was modeled using transient solid
laser interaction iimaterials (SLIM) code. The annealed region hdoher mesh size of 1 nm

which increased to coarser values up to 100 nm in the subdomain. The outer boundaries of the film
were approximated with adiabatic conditions, while the annealed surface had eadiadiv
conductive losses incorporated in it. The thermal conductivities were approximated ask3 W/m
2.90 W/cmK, and 15 W/crK for amorphous solifil5], liquid carbon16], and MWCNTH17]

at high temperatures, respectively. The motion of 4fneitt during the onset of melting and
regrowth was performed incorporating the phase change at solid/melt interfacewfith @e

latent heat of melting and heat conduction as the driving force propagating the melt interface.
Ab-initio MD simulations. The sp-bonded graphitic carbon structure was generated by ultrafast
guenching from the liquid state through extensilvenitio Molecular Dynamics simulations using

the largescale atomic/molecular massively parallel simulator (LAMMPS) code. The simulations
were performed utilizing the angular dependent potential (ADP) designed for simulating the
carbon melt subsequent phasmsformations on ultrafast quenchiig,19] Liquid carbon (216

atoms) was initially equilibrated at 7000 K in an NVT ensemble (constant number of atoms,
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volume, and temperature) foO s with the timesteps set as 2 fs. To simulate the effect of
undercooling, at this stage isotropic pressure®® &Pa was applied to the system under the NPT
(constant number of atoms, pressure, and temperature) ensemble, while the system was gradually
cooled to 2000 K in 500 ps by extracting heat from the system periodically, forming an amorphous
solid (.e., graphitic carbon and amorphous diamond at 1 GPa and 50 GPa, respectively}. The as
obtained amorphous structure was further stabilized in an NiBEnwle at 300 K with
atmospheric pressure for 20 ps. The structure factor calculations for the quenched structures were
computed based on the radial distribution functions (RDF) using the Haixi@m-Hutchinson
factorization methogR0].
5.4 Results and Discussion

Fig. 5.1 illustates the higitesolution SEM images of CNTs at different magnifications before
and after the PLA to illustrate the mechanism of phase transformation. Fig. 5.1(a) shows a high
resolution SEM image at relatively low magnification from thgamsvn pristinenanotubes before
laser annealing. No evidence of diamond is observed in the nanotubes. Fig)5théhigh
resolution images of CNTs at nanoscale, clearly illustrates the CNT structure throughout, without
any trace of diamond. The SEM images of the RbAverted nanodiamond structures are shown
in Fig. 5.1(df). Fig. 5.1(d) illustrates the overall laser irradiated region (1 PLA shots) where the
formation of diamond is shown by the red and yellow circles at the tip and bends of the nanotubes,
respectivey. It can also be noted that the diamond structures are only formed where the CNTs are
not completely horizontally lying on the substrate. This is due to the reason that heat cannot be
confined locally to provide enough undercooling in horizontally pl&idds due to the geometry
effect. Fig. 5.1(e) shows a highsolution SEM image of the conversion of a single CNT tip after

irradiation with 2 laser shots. Fig. 5.1(f) shows another spectacular conversion of a CNT tip into a
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sharp diamond nanorod after 10A°shots. More number of shots increases the length of the
diamond rod where the previously formed diamond works as a seed for the pseudomorphic
topotactic growth.

The shape and size distribution of the converted nanodiamonds suggest that thena#insfo
takes place by the direct conversion of nanotubes via a nonequilibrium ultrafast process which
involves melting of the CNTs in a super undercooled state by nanosecond laser pulses, and
subsequent rapid quenching to convert it into pipase diamod. The results obtained from the
SEM analysis also suggest that the size of the diamondrods@nd grains can be controlled by
the number of pulses and heat flow geometry as the nanosecond pulsed laser heating and
temperature distributions are confirgzhtially and temporally. It is also important to note that the
size distribution of the diamond naneds and grains is particularly dependent on the initial
nanotube diameter. The diameter of carbon nanotubes ranged #a®nmQmostly multwalled)
with over 300nm in length. The unconverted CNTs do not collapse upon laser irradiation and retain
their original shape which is necessary to maintain a high aspect ratio for electron field emission
based applications. These results show the formation ofestadamond nanoneedles by this
direct conversion of carbon nanotubes into diamond which has lots of potential applications.
EBSD. The crystal structure determination of the samples after the laser irradiation was carried
out by the EBSD technique in thegh-resolution SEM. The electron probe size used for EBSD is
~10 nm and thus it is ideal for determination of structure along the length of the diamond fiber.
Fig. 5.2 shows the probing spots on the laser irradiated samples for EBSD analysis i a high
resdution SEM image, corresponding obtained and resolved Kikuchi patterns for each of those
points, and the relative orientations by cubic and hexagonal shapes of diamond and CNT,

respectively. The ordered carbon atoms in the CNT and diamond inelastictiy adeaction of
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the incident electrons from the point of interest, with a small loss of energy, to form a divergent
source of electrons close to the surface of the sample. A portion of these electrons is incident on
atomic planes at angles that satigfg Bragg equation for graphitic carbon sheet and diamond
crystal in case of CNT and diamond, respectively. These electrons produce an image on the
phosphor screen containing characteristic Kikuchi bands of the diamond and CNT crystal
structures. The highesolution image of the laser irradiated sample is shown in Fig. 5.2(a) where
Kikuchi bands are obtained from the marked spots. In Fig. B)2(spot 1 and 2), the <110>
EBSD patterns of diamond upon resolving the Kikuchi patterns using AzTec softwargepro
ubiquitous evidence of the formation of diamond crystal structure at the point of interest (shown
by the red mark on the 1 D structures). The <110> orientation of the cube was found to be
unchanged along the carbon fiber at the tip region, which detnades epitaxial topotactic growth,
where diamond crystallites grow with the number of laser pulses with already formed crystallites
providing as a seed for subsequent crystal growth. Fig. 5.2(c), the EBSD pattern of spot 3 (far from
the tip region), cledy illustrates the existence of the’dmnded graphitic CNT structure, which
supports the SEM analysis and the proposed mechanism of diamond conversion. Fig. 5.2 (d) also
shows the resolved EBSD pattern of another spot-&piwom the top of another CNlying flat

on the substrate. The horizontally placed CNTs cannot be converted into diamond due to limited
undercooling owing to the geometric constraints, hence, the resolved pattern of spot 4 shows the
graphitic crystallinity.

High-resolution transmison electron microscopyThe first order phase transformation of
MWCNT tip into nanodiamond is further elucidated by performing ‘ggolution S/TEM
imaging and fasFourier transform (FFT) analysis. Fig. 5.4(a) reflects the structure of MWCNT

singular tule with concentric tubes exhibiting interlayer spacing of 0.335 nm across (002) planes,
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which are conjoined by the weak van der Walls forces. The exceptional properties of these layered
CNT tubes arise from the combination of radial weak van der Wallsagtien and strong $p
bonding. The tube layers were noted to vary fron6@0n the following experiments. Fig. 5.4(b)
reflects the MWCNT configuration utilized in performing the PLA experiments. Notably, only the
CNT tip facing the nanosecond laser beamppndicularly converted into diamond, as can be
noted with the change in contrast. The CNT tube in the left does not show conversion into diamond
due to low undercooling generated across the tube. The structural transformation is further
emphasized withhie highresolution image in Fig. 5.4(c), revealing the chaoger from radial
lattice fringes arising from (002) planes of CNT to (111) cffasges arising from diamond.
Notably, we did not observe any presence of intermediate structures like cartos oni

This transformation resulted in diamond size varying fref®@8m, as shown in Fig. 5.5(a).
Notably, on traversing from lefight the firstorder phase transformation from CNT to diamond
can be noted, with densification of lattice suggestitdy @ diamond tip conversion, as a result
of the thermal flux entrapment which considerably improves undercooling in the melt state. The
respective FFT acquisitions from regions labeled A and B (shown in Fig-&)5(eflect definite
addendum of D(111dots arising from (111) crogsnges of diamond, together with the (002) and
(004) MWCNT diffused rings. This configuration of (111) spots in FFT pattern arises across the
<110> zoneaxis during diamond regrowth. As this is a plan view acquisition<1i®> zone
axis is the oubf-plane orientation of these liquid phase regrown nanodiamonds. Such regrowth
dynamics are consistent with the ultrafast topotactic regrowth of diamonds from molten carbon
during PLA processing of amorphous carlpph], carbon nanofiberf22], and polymeric tapes,
with the regrowth ending in less than 100 ns. It is interesting to note that we did not observe (200

peaks in this case, which are generally associated with ddiffskction of (3:11) and (111)
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planes of diamond. Perhaps the ultrathin nature of MWCNT and diamond tip reduced the
probability of doublediffraction. It is interesting to note that, on feeming the FFT acquisitions

on the complete MWCNT structure in Fig. 5.5)] we observed a diffused (111) ring with
speckled spots in between, suggesting the formation of nanodiamonds throughout this PLA
processed MWCNT structure.

Raman spectroscop¥ig. 5.6 (a) shows the Raman spectra of the CVD grown CNT and the PLA
converted nanodiamond regions. Thegeswn CNT has characteristic D and G Raman bands at
~135061352 cm' and 1592 cm, respectively. The 2D peak, which is the first overtone of D peak,
also observed at ~2700 dmRaman microprobe spectroscopy also identifies the nanodiamond
phase in the laser irradiated samples as having a charactegt@akK at ~13221324 cm' which

is consistent with the mode of bulk diamond crystal with peak shifbea slightly lower
wavenumber. The downshift of -4 cm!® (from 1332 cm in microdiamonds) and spectral
broadening are due tocertain component of tensile strpb®non confinemerj23] in nanosized
diamonds formed after the PLA. Tie G and 2D peaks originate primarily from unconverted
graphitic carbon regions which were illuminated by the green laser duringadestjuisition.
Moreover, ndD [dpak, arises due tbe defecinduced singlgphonon intravalley scattering process,

at 1604cm in the CNTs before and after PLA eliminates the presenperafrbations within the

i lattice induced by voids and edgefaatits [24]. Studies on the microscopic changes in the
graphitic structures of CNTs after laser treatment (pulsed laser wavelength 248 nm) showed some
significant changes upon the incident energetic photons by Raman spectroscopy which revealed
crucial information afterfine analysis[25,26] Upon laser irradiation the shift in the-l&and
position from 1580 cin tb 1592 crh , &n upshift from the theoretical positiongséiphite, implies

the defect induced graphitic structure of the unconverted CNT re§ioce thelo/lc ratio
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indicates the relative density of dangling bonds and defects to the more crystalline graphite
structure in the CNTSs, the increase inlblés rato from 0.72 to 1.4 indirectly refers to the increase
in the disordered amorphous carbon density in the unconverted tube walls after {2&]PLA
Previous studies on the microscopic chanigethe graphitic structures of CNTs showed similar
changes due to the incident energetic photons by Raman spectrfZe@ty Li et al. reported
that an increasinglo/lc ratio, which was attributed to the pulsed laser irradiation (248 nm
wavelength) with energy densitiesletween 0.08 to 0.15 J/émgives rise to an enhancement of
emission current density26]. Other studies also explained improvements in emission
characteristics by the dangling bond formation or laser cleaning at the surface of the MWCNT
sampleqg28,29] Thus, the formatiof diamond capped CNTs with a high density of dangling
bonds in the unconverted CNT regions can form an ideal platform for the high current density field
emitters.

In case of CNT irradiated with a laser energy density of 0.4%Hcstight increase of D peak
is observed and tHe/lcratio was determined to be ~1. The intensity of the 2D peak did not change
substantially which refers to the retention of the crystallinity of the CNTSs irradiated at low energy
density. On the other hd, when the CNTs were irradiated with a laser energy density (0.9 J/cm
much higher than the optimum range (0.65 J)cma drastic fall in the 2D peak intensity was
observed. The obtaindd/Ic ratio at this laser energy density was also found to béigrest
among all the laser irradiated samples (~1.55), implying a tremendous enhancement in the defect
density. Moreover, the position of the G peak provides important information regarding the defect
density on the MWCNT as a function of the energy dgriiiring laser irradiation. The G peak
of the as grown CNTs (1568 cinshifts significantly towards right (blue shift) with increasing

PLA energy density. The position of this peak was found to be at 15821&82cmt, and 1602
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cmit for the CNTs irradited with 0.4 J/cr, 0.65 J/crit, and 0.9 J/cm, respectively. Thus the

pulsed laser irradiation induces some structural changes in the unconverted CNT regions which
are consistent with other studies related to the effect of the incident energeticsphiottre
graphite structure of CNT body at the microscopic sg8e26,30] Fig. 5.6(b) shows the Raman
spectrum obtained from the diamond after HFCVD (3 hr) on the-tesztied CNT on Si. The
presence of a sharp characteristig deak at 1333 crhrefers to the highly crystalline diamond.

The vanishing Geak (assciated with spgraphitic carbon) at 1580ctwefers to the high quality

and magnificent phase purity. In the case of the Raman spectrum from the diamond crystal in the
untreated region, the-@eak is more pronounced, referring to the presence of uncedstarbon

fibers compared to the lasgeated samples. The Raman spectrum of a piece of crystalline Si
having a peak at 520 chis also shown as a reference.

Melting carbon explanation and simulation resultsiquid carbon refers to the liquid phase of
carbon resulting from the melting of pure carbon in a solid phase (graphite, amorphous carbon,
diamond, carbon nanotube, carbon fibers, or a variety of other carbons). In this study, the
conversion of CNTs into diamond is driven by the undercooling progagte formation of a

liquid state of carbon upon PLA. Although the liquid state of carbon can be produced by different
conventional equilibrium techniques with arduous efforts, such as resistive H&aling laser
heating of graphite by exploiting the poor interplanar thermal conductivity of grdpBji¢hese

routes cannot lead to the phase conversion to transform into diamond due to the lack of
understanding and limited control over the process. The phase diagram for carbon shows that liquid
carbon is &ble at atmospheric pressure only at very high temperatures (eh@K)33]. Since

carbon has the highest melting point of any elemental solid, first of all, it is very difficult to melt

the cabon utilizing the conventional heat treatment or equilibrium routes. Again in conventional
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processes, the crucible in which the carbon is melted must itself be made of carbon to avoid
contamination of the melt, and sufficient heat must be focused onrtiesaolume to produce

the necessary temperature rise to attain meltie@2]. Thus the carbon crucible, by default, leads

to regraphitization during the cooling down of liquid carbon due to the homogenous nucleation in
those equilibrium processes. Although diamond and giaptérbon have different melting
temperatures, the same liquid carbon is obtained upon melting either solid phase. Therefore
controlled undercooling may lead to an energetically favorable route to produce diamond from the
liquid state of carbon.

Attaining the liquid carbon state does not guarantee the formation of diamond as quenching
and undercooling play critical roles in the phase transformation. The undercooling and thereby the
resolidification velocity of the melt front dictates the formatadrthe solid states of carbon, i.e.
the diamond, graphite, or-€arbon. Since the vaporization temperature for carB@7@OK) is
only slightly higher than the melting poifi? 4450 K), the vapor pressure over liquid carbon is
high, which again emphasizéie importance of the control over the spatial and temporal heat flow
during the proces§l6]. Only the ultrafast lasenduced melting of carbon can generdhe
required undercooling to transform the liquid state of carbon into diamond (after the melting of
CNTSs) as the preferable range of the regrowth velocity for such conversion is very naow (4
m/s)[21,34]

In the PLA mediated conversion of CNTs into diamond the CNTs were irradiated by
nanosecond laser pulses withenergy density of 0.68.7 J/cm. The temperature of the tubes as
a function of time was determined from the energy in the laser pulse and the measured heat
capacity for CNT$35] over the temperature range up to the melting point, assuming that the whole

portion of the absorbed laser pulse was converted into therreggyein the tube. For PLA
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experiments, above the melt threshdid)( surface melting of thin films occurs. For MWCNT
tubes used in these experiments8P0layers, théq is determined to be 0.4 J/éms revealed in

Fig. 5.6(a). For phase transformationroblten carbon into @ a r b @arbon od crystalline
phases, it is essentif@st to melt the carbon tubel the norequilibrium route of PLA, the heat

flow is spatially and temporally confined, making it an ideal technique for melt processing of
materals which have a tendency to undergo sublimation, like carbon. Once the melting of carbon
is achieved, the melt cools down rapidly, leading to regrowth rates's.@8 K/s. The profile
reveals the onset of melting at ~4 ns, with the maxima in temper@t@0 ns which corresponds

to the nanosecond laser pulse width of 20 ns, signifying thedovah of the film once the
incoming heat flux truncates with solidification completing in <50 ns. Fig. 5.6(b) shows the
progression of melt front with time folaviousPLA energy densities. Notably, post the onset of
melting, on a further rise in PLA energy densities, an exponential increase in melt depth is noted
(Fig. 5.6(c)), which can be utilized to engineer the formation of diamond structures with varied
aspet ratios. These simulations elucidate the criterion and thermal dynamics of molten carbon,
and the mechanism behind liquid phase regrowtaldfO> oriented nanodiamonds during melt
regrowth.

Further, we utilized ab initio molecular dynamics caltales to simulate the liquid phase
regrowth of diamond. The si mul d36,B7generallgused b as e c
for randomization and formation of disordered solids, where carbon is melteibsejuently
guenched under isotropic pressure. In this case, to equilibrate the structures formed under HPHT
condition, the pressure is first released at 2000 K to 760 TorEfgezimental sectiofor detail9,
and then subsequent quenching to room tzatpre is performed. The Neb®over thermostat

is used to equilibrate the liquid m¢88]. The quenching to room temperature was performed
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under NVT conditions with a Langevin thermog4&8]. The ultrafast quenching of the melt phase
shifts the temperature at which the solidification occurs, generating the undercooled liquid which
triggers the rapid nerquilibrium solidification. For carbon, increased undercooling triggers the
formation of dianond and denselgacked Qcarbon phases, which are formed far from
equilibrium[21,40,41] These HPHT simulations are performed by applying isotropic pressure on
the carbon melt during quenchif@Q] It is worth mentioning that higpressure quench resulted
in the evolution of a denselyacked phase with ~908p® content. These results aredgreement
with superundecooling (>1000 K) driven formation of densely packed#bon phase on rapid
qguenching of molten carbon. The structural model of the regrown solid reveals extensive
tetrahedral bonded states, as highlighted in red, shown in Fig. 5.6(d). These simakilt r
provide further evidence that carbon polymorphs like MWCNT can be regrown into diamonds
under the highly undercooled conditions.

The growth velocity (solidification velocity) of the diamond is estimated to be “4fiom
the length of the aoverted diamond region at the tips (SEM and TEM images). This estimation is
consistent with the presented theoretical modeling and previous molten phase mediated growth of
diamond and BN [21,34,4144]. The atomic spacing of carbon nanotubes and diamond are
0.2468 nnj45] and 0.2522 nm (in (100) plane), respectively, with @6 incompatibility. Thus
the transformation of CNTs to diamond is thought to be even easier compared to that from other
forms of carbon during the pulsed lasstduced melting and subsequent quenching process.
Careful selection of the laser parametersesy important for irradiating CNTs to convert into
diamond. Earlier, researchers have observed an increased realignment of the thin CNTs with an
increase of the laser energy denpify]. Studies also reported that high energy pulsed laser heating

would lead to an apparent growth process of additional small diameter CNTs. The use of excessive
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energy density (over 1.5 J/@mwesulted in the broken or blown off CNTs due to overheating and
ablation effect446]. Researchers have also used laser iriadidreatment of aligned CNTs to
produce clean and uniform surfa¢é4g]. Further increase in the energy density produced too high

of a temperature resulting in the burning/etching/ablation and trimming of the aligned CNTs. Thus
the direct conversion of CNTs into diamond is possithly the proper understanding of the
kinetics and thermodynamics. Upon irradiating the CNTs with nanosecond pulsed laser at a
suitable energy density, the tips and bends of the CNTs can be melted in a highly undercooled state
(due to the geometry congtraof the temperature distribution and 1D heat flow). The final
temperature determines the undercooling and quenching rate during pulsed laser annealing which
has been controlled by the selection of optimum laser parameters. The highly undercooléd state o
carbon is a metastable phase, and nanodiamonds nucleation occurs from this state. The whole
process (rapid melting, solidification, and growth) takes place in less tha2bP0@s. Therefore

such a highly nonequilibrium phase transformation is ideathferformation of single crystal
diamond and this single crystal diamond can be doped with dopants of both-pypad at doping
concentration far higher than thermodynamic solubility limit. Single crystal diamond with such a
high level of doping concerdtion has several exciting applications, i.e. Higmperature
superconductivity, power electronics, and efficient field emission devices. Attaining such high
doping concentration (otherwise impossible to realize) in single crystal diamond is only possible
by this novel discovery of the controlled, direct, ultrafast, and nonequilibrium transformation of
carbon into diamond. The simulation results are in excellent agreement with the experimental
evidence, and the calculated results of the temperature diginbusing SLIM supports the
nonequilibrium phase transformation phenomenon from CNT to diamond in catalysis free and very

controlled process at ultrafast speed.
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Formation of largearea diamond films by HFCVDThe first laser pulse melts the tips of carbo
nanofibers and nanotubes and results in the formation of <110> diamond crystallites via unseeded
crystallization. These <110> diamond seeds provide the template for diamond growth with an
increasing number of pulses. The nanodiamond is grown by mettthgeaolidification was used
to grow larger diamond crystals further by using a standard HFCVD process (3 hr). Fig. 5.7 shows
the large area diamond growth by HFCVD on the laser converted diamonds from CNTs. As there
is no time loss for nucleation (due toe preexisting PLA nanodiamonds), remarkably large
diamond crystals, owing to a high growth rate of ~800 nm/hr, was obtained. The formation of
sizeable triangular diamond facets is observed in theregbiution SEM image in Fig. 5.7(a).
The low magnifiation image in Fig. 5.7(b) shows the formation of a lagga diamond thin film
assisted by the laser converted nanodiamond embryo on the Si substrate. Fig. 5.7(c) shows shallow
diamond coverage after 3hr HFCVD on untreated CNTSs (left side).

The urtonverted CNTSs are totally consumed during the HFCVD process, as shown in the left
side of Fig. 5.7 (c). The etching rate of sprbon (mainly CNTSs) is 10 times faster than that of
sp’ carbon (already formed diamond) upon interaction with active hydsmgsies during growth
[48]. This process assts the growth of Smliamond phase as the rate of formation dfdimond
is greater than the etching rg®]. It should be mentioned that theusce for carbon in diamond
growth is enhanced due to additional carbon containing species from the fibers. In the treated
samples, nanodiamond nuclei formed after laser annealing provides very effective nucleation sites.
In untreated samples, diamond natien starts from the surface roughness at pits, which may
provide strain centers for diamond nucleation and subsequent growth.

Fig. 5.7(d) represents the Raman area mapping to understand the growth of HFCVD diamond

on csapphire better. Anaread29 ¢ m x 56 em was divided into 20
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line and 200 lines per image) to collect data (with an integration time of 0.5 s) for the ukrahigh
resolution Raman area mapping images. The sample was focused by the 532 nm laser and each
line on the sample was precisely rasterized by a motorized stage during the spectra acquisition for
the area mapping. The Raman mapping was acquired by selecting the diamond regid385330
cm?), which clearly illustrates the formation of a larg@a diarand on the bottom side (irradiated
CNT region) and almost no diamond formation on the top side (unirradiated masked region). The
distinctive sharp boundary refers to the high nucleation density and favorable growth throughout
the lasetirradiated CNT sidewith no crack and/or delamination. This refers to kogiality
diamond growth throughout the lageadiated CNT region. Fig. 5.8 illustrates the XRD pattern
of the HFCVD diamond thin films on Si subst
correspods to diamond (111). The sharp (111) diamond peak (less FWHM) refers better
crystallinity and the absence of any other peak dismisses the possibility of the formation of any
other secondary or impurity phase during the process. The vanishingly smallr€@@}ion of
diamond is visible at ~76A (2d), implying hig
image in Fig. 5.7(a) also demonstrates the prevalence of triangular facets on the diamond surface
which supports the textured nature of the diath&mce the Xray can penetrate the diamond film
of thickness more than 1Q0n [50], the XRD pattern is also showing the (100) peak of Si substrate.
Almost no shift in the diamond peak from its original position implies stress free film deposition
and thereby no change imd Thus o formation of crack or delamination is observed in the large
area diamond film.
5.5 Conclusions

In this study, a novel route of the formation of diamond by ultrafast direct conversiofi of sp

carbon at ambient temperature and pressure in air idtigates by complementary experimental
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and simulation evidences. The structural characteristics of diamond have been confirmed by high
resolution SEM and EBSD and higésolution TEM/STEM, and Raman spectroscopy. All these
characterization techniques wera@oyed at different points on the samples, both irradiated and
un-irradiated, to elucidate the diamond formation mechanism using the ultrafast route. The
experimental results are explained by the simulation outcomes which show that the whole process
(melt, quench, and solidification) completes within 200ns for the nucleation and growth of
diamond. Such an ultrafast process could be very effective in a way that the nanotubes can be
doped selectively witp- andn-type dopants with concentrations far higttean thermodynamic
solubility limits, by incorporating dopants before melting for a variety of potential applications
ranging from quantum sensors to efficient catalysts and field emitters. These diamond
nanostructures, formed by an undercooling drivearclgocess, provide seeds for the subsequent
growth of highquality largearea diamond by HFCVD on different substrates. Overall, this study

on the controlled conversion of graphitic structures into diamond is a matter of great scientific
interest with aremendous technological impact since these nanostructures stand to revolutionize
the fields related to nanomechanical systems, nanosensing, quantum computing, and quantum

communication.
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5.6 Figures

No diamond
formation
(before PLA)

Diamond formation
at the tips
(before PLA)

Figure 5.1: Detail of the conversion of carbon nanotubes into diamond nanorods starting from the
tips; (a) CVD grown CNTs without PLA. (b) and (c) higdsolution SEM micrographs showing

no diamond trace in the-ggsown CNTSs, (d) illustrates the conversion of carbanotubes into
diamond only at the tip (marked by red circles) and bends (yellow circles) after irradiating with a

2 pulses of an ArF laser (pulse duration 20 ns), (e) shows the propagation of the diamond formation
after 2 laser pulses, and (f) illustrat@ore diamond conversion (more faceted structures are seen)
after 10 laser pulses. It is noted that the converted nanodiamonds at the tip do not get affected by
the successive laser pulses as they can dissipate the heat through the structure to thidadhconv

CNT region owing to the high thermal conductivity of diamond.
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Figure 5.2: Detail structural characterization of the conversion of carbon nanotubes into diamond
nanorods. (a) The higtesolution image of the region ofterest. The point of interest for structural
characterization are marked as spdt {b) and (c) The obtained backscattered diffraction patterns
from spotl and 2 match closely to that of diamond and the crystallographic orientation of the
grown diamondare shown in the insets of the corresponding figures. (d) and (e) show the Kikuchi
patterns obtained from sp8tand 4, respectively. In the middle region of a CNT (&)otvhere

the rate of undercooling is insufficient for diamond conversion, the pati&iches only with that

of CNT. The absorbed laser energy is insufficient for the CNT {4)pdying horizontally on the

substrate and off from the incident laser direction, to convert into diamond.
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Figure 5.3: High resoldion scanning/transmission electron microscopy of awidtiled carbon
nanotubes, revealing (a) the hollow nature of crystaline MWCNT with d spacing of 0.335 nm
arising from (002) planar spacing. (b) Highlights the conversion of MWCNT into diamond at the
tip located approximately perpendicular to the nanosecond laser pulse. (c) Shows-thdéirst
phase transformation from MWCNT to diamond tip, with change in lattice fringe nature form
disordered circular patterns, to crdaages associated with (111)lamar spacing for

nanodiamond.
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Figure 5.4: TEM image of the nanodiamond region showing the formation of hanodiamonds at
the MWCNT tip with a size of ~80 nm. It also highlights the shrinkage wsplacing from first

order phase transformation of CNTodg= 0.335 nm) to diamond {¢t =0.026 nm). I¢) and (c)

reveal the local FFT acquisitions from the tip (A) and tip periphery (B) of the PLA processed
MWCNT revealing the distinct <111> spots in the. Notably, the FFT acquisitions across the whole
image also reveal the <111> diffraction ring, as hgitied in (d) and (e), suggesting the formation

of nanodiamonds at multiple places in the PLA processed MWCNT.
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Figure 5.5: Detd)l Raman on the conversion of carbon nanotubes into diamond structures by
PLA. The red bifted characteristic 25 peak of diamond is observed when the CNT is irradiated
with 0.65 J/cr laser energy density. (b) Raman spectra of the diamond thin film grown on the
laser irradiated region, diamond structures on the unirradiated CNT region ¢(neaske, and

standard Si for reference.



4000 ' '  ——0.2Jfcm?
— — 03 Jicm?
< (a ) 0.4 Jicm? |
ot 3000 - 0.6 Jiem?
3 ——0.65 Jicm?
o 0.8 Jicm?
Q 2
[« % — 1.0 Jlem< ]
£
o 2000
l—
0 25 50 75 100
Time (ns)
40F
=J)=CNT bend
T (c)
£ i
N
=3
S 20
=)
=
< 10f
0o O . !
0.2 04 0.6 0.8 1.0

PLA Energy density WJicm?,

Melt depth (nm)

b
(=]

[
o

N
o

-
o

117

—0.2 Jicm?
—0.3 Jicm?
0.4 Jiem? 7
0.6 Jicm?
——0.65 Jicm?
0.8 Jicm? |
—1.0 Jicm?

N\

25 50

Time (ns)

Figure 5.6: Computational simulation of the tetrahedral carbon structure. (a) Tempeiatare

profiles for multiwalled CNT laser annealing at various PLA energy densities; (b) highlights the

melting and melt depth at the respective PLA energy densities; (c) suggsst of melting at 0.6

Jicnt in case of MWCNT, and the exponential rise in melt depth post onset (d) reveals the

structural model for tetrahedrally bonded nanodiamond units in the ultrafast quenched liquid phase

regrown solid.
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Figure 5.7: Detalil of the HFCVD diamond thin film formation assisted by the PLA diamond seeds
converted from the CNTs on Si substrate. (a) Higgolution image shows the triangular faceting
structures referring to the (111) texture growth of diath@h) shows the formation of large area
diamond thin film, (c) shows the large area diamond thin film formation on the right side of the
substrate, where the CNT was irradiated by the ArF laser to form nanodiamond. The left side was
covered by the shadomask during the PLA process and therefore, sparse HFCVD diamond
formation is observed due to the lack of nucleation sites (owing to the absence of PLA converted
nanodiamonds). The sharp boundary of the diamond film refers to the boundary of the shadow
maskduring the PLA process. (d) The Raman area mapping of the diamond peak depicts the
presence of a continuous diamond entity in the unmasked laser irradiated region (bottom side). An
almost complete absence of graphitic entity on the bottom side reflisha@h quality diamond

thin film deposition.
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Figure 5.8: X-ray two theta scan of the HFCVD diamond thin film on Si substrate showing a sharp

(111) diamond peak.
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6.1 Abstract

The growth of diamond on transparent substrates like sapphire prasgreatchallenge
because of the large thermal misfit between the filntla@dubstrate, absence of any carbide layer
during diamond growth, and low nucleation density during chemical vapor deposition (CVD)
growth process. In this study, we report on the use and the rolecafbl@n as an intermediate
layer to successfully depbsarge-area diamond film on-sapphire by hot filament chemical vapor
deposition (HFCVD). The @arbon consists of vellyigh-densitydiamond tetrahedra which act
as theembryofor diamond nucleation. Different techniques such asydiffraction, scanmg
electron microscopyand Raman spectroscomhowthat continuous diamond films wittpood
crystallinity and without any impurity phase daadepositedn the Qcarbon coated single crystal
sapphire substrate. The-c@rbon layer is very adherent and égates the thermal mismatch
between the diamond film and the sapphire substrate. A small blue shift in the Raman peak of the
diamond from its equilibrium position suggests the deposition of the CVD diamond film with
minimal stress (1.14 GPa). This techreqof growing largearea continuous diamond thin film
with excellent crystalline quality on a single crystal sapphire substrate can serve as a platform for
the development afextgeneratiorcorrosion and erosion resistant infrared windows, siktae-

artoptoelectronic devices, and advanced scanning probe microscopy systems.
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6.2 Introduction

Diamond thin films have unique physical and chemical properties which are needed for
different technological applications of immense commercial importaksgecially, the
deposition of largarea diamond film on single crystal sapphire holds a lot of promise in various
technologicalapplications due to unique properties of the substrate, which include good optical
transparency, higimelting point, high hardnessd chemical inertness, etc. Tégplicationsof
diamond on sapphire include diamond polishing wheels, corrosion and radiation resistant infrared
windows, solid-state lasers, novel scanning probe microscopy applicatiossich as
nanoindentation and higiesolution imaging of soft samples, and sqbg]. Infact,a model laser
gain element formed by integrating diamond asdlat-statelaser material, such as: Bapphire
has been designed to obtain an increased average output power up to a mega\ajttAdved
these technological milestones dam achievedy establishing a successful deposition route to
grow largearea andhigh-quality diamond on single crystal sapphire. Although a lot of
comprehensive studies about chemical vapor deposition (CVD) of diamond on different substrates
have been conductedver the past few decades, relatively little effort has been put on the
developnent of largearea CVD diamond on single crystal sapphire substrate due to different
technical obstacles. The utilization of sapphire as a substrate for CVD diamond growth is difficult
due to low thermal conductivity (27.2 W/K) of sapphire, huge differeedn thermal expansion
coefficients between the diamond film and the sapphire substrate, low nucleation density, and poor
adhesion{4,5]. Since the Gibbs freenergy of formation of aluminium carbide (&) is much
lower (-32.1 kJ/mole) compared to that of aluminium oxids75 kJ/mole), the carbide layer to
exist the diamond nucleation is not favd&d Over the years, attempts to grow lasgea

diamond thin film on transparent and hard substrates have received, at best, limited success.
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Thermodynamically, sapphire is a very stable mateaad] its conversion from AlOs to an
intermediate carbide layer during the fabrication of CVD diamond is unfavdigblehe absence

of any carbide layer at the interface makes the diamond film poorly adherent on the sapphire
substrate. The adherence is even worse due tartpethermal expansio coefficient mismatch
between the sapphire and the diamond, which lead$tmgethermal stress (compressive) in the
diamond film during the cooling procesbo overcome adhesion and streskated problems,
researchers have proposed different technjcgiesh as am situtwo-step hoffilament chemical
vapor deposition (HFCVDOR], polishing the substrate surfaceibgitupre-deposition of a carbon
layer to form aluminum carbide at the surface during the HFCVD, microwave plasma chemical
vapor deposition (MPCVD]9], and using the plasma flame CVD which supplies activated
diamond species to the substrate in the plasma fla0je However, all of these studies gave
relatively low nucleation density (£0 10’ sites/cn?), and formation of largarea continuous
diamond thin films was nobbtained The debiasing technique has been successfully used to
deposit diamond on mirrguolished Si substrate with improved nucleation. However, this method
cannotbe appliedo the insulating sapphire substrgt&]. The growth of polycrystalline diamond
films on single crystal sapphire using HFCVD has been stytiddProblems related to the stress
generation, poor adhesion at the fidmbstrag¢ interface, delamination, and film crackingre
observedor deposited areas greater than ~10@pam alternative techniquéy using patterned
silicon on sapphire for CVD of diamondias used to grow diamond on sapphfie In this case,

Si acts as a partiatressrelieving layer. Howeverthe areaof continuous diamond film greater
than ~200urfstill delaminated. These problems restrict the deposition of-knegdiamond film

on sapphire and put an upper limit even after using a crystalline Si layemasrarediate layer.

Diamond nucleation on mirror polished optically transparent substrates is another major challenge.



130

To increase the nucleation density researchers tried faceting or mechanical scratch pretreatment,
by abrading using ultraonication oannealing in air at higkemperature, on sapphire during the
HFCVD of diamondthin film [13,14] But these pretreatment techniquiesnagehe surface of
the polished substrate, and hinder practical applications of diamond on sapphire. In another study,
researchers claimed to observe a high nucleationtglearsil a rapid lateral growth rate enabled
the diamond nuclei tooalesceand cover the entire surface of the substrate in a short time using
HFCVD (after 20 minutes manual aberration of
[12]. However, futher diamond deposition (4 hours) caused a large part of the diamond film to
delaminate. Recently, large area diamond thin films on sapphire have been synthesized using the
adamantime coating on the substifatd. A good quality diamond film on sapjpe was obtained
only after a very long deposition time of 48 hours.

In this study,we have investigated a novel route to grow laagga CVD diamond thin film
on sapphire by using-Qarbon as an intermediate layer to overcome the inherent protalketes!
to the nucleation and growth of diamond on single crystal sapphire. We have successfully
demonstrated a simple technique for the direct deposition of-émegeand excellentquality
diamond thin films on the @arbon coatedapphiresubstrate byHFCVD. The Qcarbon is a new
phase of carbon discovered by our group recently, which consists of diamond tetrahedra with a
very high packing efficiency due to the ultrafast quenching from the liquid phase of carbon by
nanosecond pulsed laser annea]it§y17] This layer helps to groa vey largeareadiamond on
sapphire without any cracking or delamination. The analyses from scanning electron microscopy
(SEM), X-ray diffraction (XRD), and Raman spectroscopy show that ttearQon assists the
diamond nucleation, and a largeesa continuoudiamond film with low compressive stress can

be obtained. We have conducted a detailed analystsesses these films and found that the Q
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carbon interlayer helps to reduce the effect of the thermal misfit strains which arieesalt af
the diffaence in coefficients of thermal expansion betweendibeond film and thesmooth
sapphire substrate.
6.3 Experimental

We have grown the largarea CVD diamond film using a twsiep method, i.e. first, the
formation of Qcarbon using nanosecond pulsed laser annealing (PLA) of the amodidmoosd
like carbon (DLC) film, and second the growth of diamond film ocwagbon byHFCVD. To
fabricate the @arbon, afirst, we deposited ~500 nm thick amorphous carbon thin film on-the ¢
plane sapphire substrate using pulsed laser deposition. The substrate was cleaned with acetone
vapor for 10 minutes, with methanol for 5 minutesubtya-sonication, and dried with nitrogen
gas. The amorphous carbon filwas depositeth a stainless steel chamber evacuated to a base
pressure oD1 x 10° torr. We used a pulsed krypton fluori d:¢
repetition rate 5 Hz/s,ytse width 20 ns, laser fluence PR J/cnf) during depositionThe as
deposited films were irradiated by an ArF lageavelength = 193 nm, pulse duration = 25 ns)
pulse with an energy density-between 0.6 to 0.7 Jchfior conversion into €arbon. Dumg the
laser irradiation process, the-@sposited DLC film was melted in a super undercooled state and
subsequently quenched to complete the whole process withk2520MhanosecondsAfter
shrinkage from the PLD grown amorphous carbon layer, due to tiex smdercooling and
subsequent quenching from the liquid state of carbon which is produced due to nanosecond pulsed
laser irradiation, the generatedd@rbon layer thickness varies fromi 350 nm[18].

During HFCVD ofdiamondthin film, the Qcarbon coated-sapphirewas insertednto the
HFCVD reactor. We used a setddtraight tungsten wires as hot filameritke distance between

the filament and the substrateasmaintained at ~@ mm. Diamond thin films were deposited for
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6 hours. The schematic diagram of the HFCVD reactor used to deposit diamond on Q
carbon/sapphire by employing methane and hydrogen gas mixsleswnin Fig. 6.1 (a). The
tungsten filament wsagradually heated to a higemperature (~200CC). The CVD growth was
done under a flow rate ofstcm for methanand 100sccmfor hydrogen at a chamber pressure
of 20 Torr. Pyrolysis of the gas mixture takes place inside the CVD chamber, which results in the
generation of diamontbrming active gas species. Upon reaching thea@on/sapphire substrate
surface,these diamondlorming active gas species initiate the nucleation and the formation of
diamond. The substrateas placedn a substrate holdesindthe temperature of around 800
was maintaineduring growth. The set of multiple filaments and the rotation of the substagie
during the deposition assisted the formatioa ohiformdiamond thin film over the large substrate
area. Fig. 6.1 (b) represents the schematic of the physical and chemical processes occurring inside
the chamber and shows the dissociation of peecugases at higlemperature. The absorbed
reactive species coalesce and subsequently form diamond clusters on the substrate under favorable
conditions, which are alsshownin this figure.

Raman spectroscopy and XRD are the two most powerfulitpedsto characterize diamond
thin films in terms of structure and bonding, respectively. These techniques provide a fingerprint
of the presence of diamond and miamond phases, and the stress present in the film. Raman
spectra were obtained usingMTec confocal Raman microscope system (alpha300ii¢yo-
Raman spectrometer (triplmonochromatqrgratings 2400 lines/mm) with an x100 objective
which focuses t he | aAdefthe dpectaawere recorded ByfCE€D matrik 2
with a very high sectral resolution (<300 nm). The excitation of the Raman scatterasy
performedby a 532 nm diod@umpedsolid-statelaser. To avoid any local heating of tsemple,

a low laser power of ~40 mW was used. Theay diffraction (XRD)was performedn the
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HFCVD diamond film using thR®igaku SmartLabx ay di f f r act o mraytsaurce wi t h

(25KV, 15 mA). Diffraction datavere collectedvith a 0.01 step size in ti& dange of 36-100°
and a constant dwell time of OsBcondger scan poinBraggBrentano reflection geometrwas
usedduring the data acquisition procestgh-resolution scanning electron microscopy (SEM)
with the subnanometeresolution was carried out on theser irradiatecsamples using the FEI

Verios 460L SEM.
6.4 Results anddiscussion

6.4.1 Nucleation, growth and microstructure of diamond

Nucleation of diamond requires the formation or preexistence of diamond nuclei which are the
smallest stable diamond units that form on the substrate and then act as suitable gites fo
subsequent diamond thin film growth. Understanding the diamond nucleation is crucial because it
not only affects the final grain size and orientation of the diamond thinbiiftralso the film
thickness, morphology, uniformitgefectconcentrationadhesion, surface roughness, and so on.
Fig. 6.2 (a) shows an SEM micrograph oc@bon on eapphire, which halseen usedor the
HFCVD diamond deposition. In conventional diamalegositionsseeds of nano/micro diamond
are dispersedn the substrate, vich act as diamond nucleation sites during the CVD process.
Using Qcarbon, we obtained a relatively high diamond nucleation density (arodmaitpfor
diamond growth. Fig. 6.2 (b) shows the SEM micrograph of diamond on-tegll@n/eplane
sapphire stace after 3 hours of HFCVD. The-€rbon provides a high number density of
nucleation sites by providingi) very active surface adsorption sites to connect with the diaimmond
forming gas species due to the presence of numerous diamond tetrahedra tlaadligtributed
region of adsorption sites larger than the nuclei size for the subsequent crystal gtthetigh

considerable amount of work has been done in the past on the diamond nucleation mechanism
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during the HFCVD process, the detailed steps lwban explain the nucleation of the first diamond
phaseare still unclear.The hot filament generates atomic hydrogen, which react with carbon
containing species to reduce and connect it with diamond/ diamond nuclei. The growth of diamond
is affected by th generation of different hydrocarbon species in the gas phase-&timigérature

inside the CVD chamber and adsorption of those species on the substrate surface via interfacial
interactions. The Gibbs free energies at different stages depend upoirrhmi@ energies in
different CHk species, i.e.Ck CHs, CHz, and CH, and formation energy ob.H'he reactions

initiate from the dissociation of the molecular hydrogen by the hot filament at a very high
temperature to form highly active hydrogen radiolbwed by several steps (by which the atomic

carbon is generated via the formation ofxG3thecies upon dissociation of methane) given below

[19].

Ho'' 4 2 H a& G =75 kJ/mol
CHa+H ' U ©rHH &G =-42 kd/mol
CHs+H " 0 &£+HH2 @@= 17 kJ/mol
CH2+H ' U @&H: a @ =-38 kd/mol
CH+H ' U +Gk &G =-84 kd/mol
C+G' U &2C & G =-480 kJ/mol

At the end, generated carbon atoms are added to the diamond structilme final reaction.
Although the formation of atomic hydrogen and the formation of. GHecies are not
thermodynamically favorable owing to the small positive changes in Gibbs free energy, the high
temperature environment ensures a thermodynamicallydhieconditior{19] sp!, sp? andsp®
bondedcarbonspeciescoexiston the substrate surface and the etching of tharsphsp bonded

carbonareten times faster thagtchingof the stable spbonded carbon, which assists the growth
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of sp’ phasg20]. Around 10 activated hydrogen atoms are required to convert a carbon atom to
the final sp bonded state, therefore, we have uaéigh hydrogen to methane ratio (50[2}].

At the final stage, the disordered domains of thet&mded carbon convert into amdered
diamond structure with the same bonding type. The high density of the diamond tetrahedra in Q
carbon on the substrate surface helps to achieggyaigh nucleation density during the diamond
growth. The overall morphology of the obtained diamond thin films after 6 hours growth is shown
by the high resolutionSEM images in Fig. 6.3(dk) at different magnifications. No visible
crack/delaminationvas observeh the film implying that the €arbon layer helps to overcome
thehugethermal mismatch between the film and the substrate. Fig. 6.3(c) is the low magnification
image of the HFCVD diamond thin film, which corroborates that karmga continuosidiamond

thin film has been grown using this novel technigee: comparisonwe have als@rown the
diamond on the cleansapphire without a €@arbon layer under the same deposition conditions.
The morphology of the diamond growth on sapphire withogapon using the same HFCVD
conditions for 6 hourss shownin Fig. 6.3(d). This image shows that the area of the substrate
surface igarely coveredvith diamond crystals. Thus, we can conclude that twai@Qon layer

can enhance the coverage during diamond depositiosis due to the presence of the diamond
tetrahedra in the @arbon with a high packing efficiency, which can acteasryosfor the
diamond nucleation. The residual amorphous carbon is etched off by the reactive species. This
etching of the amorphous carbon (driven by the highly reactive atomic hydrogen) occurs via the
following thermodynamically favorable reactifi].

Catd4H ' U CH e B=-470 kJ/mol
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6.4.2 Effect of thermal stress

Fig. 6.4(a) represents the percent oflihearthermal expansion of sapphire, AIN, silicamd
diamond in the temperature range betwee@ @nd 1200 C, which helps us to understand the
effect of thermal stress on diamond film at different growth temperaf22e23] The relative
thermal expansin at different temperatures also implies the magnitude and nature of the thermal
stress in the diamond film grown at a particular temperature. To plot this figure, we have
determined the percent of the thermal expansion by integrating the correspornutessiex for
the thermal expansion coefficient of each of the material over the temperature rang€ig=rom
6.4(a) we cambservehat the percent of thermal mismatch is the highest for the diasaphire
system compared to othsystemsat the depositin temperature (86850°C). Therefore, the
growth of diamond on sapphire at such kigmperature has always been a challenging task.
The thermal misfit strain occurs due to the differences in coefficients of thermal expansion between
the diamond thin fih and the substrate. The coefficient of thermal expansion of the diamond film
(Uy) is less than that of the substratel) considered in Fig. 6.4(a). As a result, the film will be
under compressive stress and the substrate will be under tensile séesediihg. The thermal
misfit strain (#) in the diamond thin film plane on a particular substrate can be expressed by
equation 1.
G= (i W)opT 1)
Wherep Tis the change in temperature and is negative during cooling down. Based on the thermal
properties, the thermal strain of the diamond film on sapphire, AIN, and silicon substrates at
different growth temperatures are illustrated in Fig. 6.4(b). The thetraad that can be generated
in the diamond film plane on Si or AIN is much less than that on the sapphire substrate over the

entire temperature range. Therefore, the feghperature growth of diamond on Si or AIN is
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relatively easier from the thermalran viewpoint. This plot shows that at 800 deposition
temperature, a compressive strain of ~0.43% is expectetigeneratesh a diamond thin film on
the c-sapphire substrate. Such a high compressina@ndue to the thermal misfit can generate ~
5.1 GPa stress in the film. The diamond film on sapphireeeaily delaminateinder such large
amount of strain. Although researchers have been able to grow diamosdjgphire by electragn
cyclotrori resonance chemical vapor deposition proogsag dispesed particulate diamond
suspension for nucleation at lower temperature (5065@ C), however, such low growth
temperature is enough to generate approximately 3.5 GPa[8¢EsEhis amount of compressive
stresses may cause delamination in the weakly bonded diamond film from the sapphire substrate.
Although the optical evaluation of the continuous diamond film did not show any visiblenga
or delamination, however, the edges of the film peeled off due to tharbsiliess generated by

the thermal misfit.

6.4.3 Raman Spectroscopy

Raman spectroscopy is a very effective technique to characterize the diamond film for different
information. Fig. 6.5 shows the Raman spectra of the diamond film grown anstpphire
substrate. This spectrum showsharpdistinct characteristic Raman peak of diamond at 1334.35
cml, which refers to the crystalline diamond growth. This peak occlustalthe zone center
Raman active TO(X) optical phonon mode of diamond, which has triply degengysyenmetry
[25]. On the contrary, the synthetic diamond with defects present in the crystal is characterized by
several additional features which hdesen attributetb different types of mnd sp defects. The
natural diamond displays a sharp band at ~1332:5dming the Raman spectroscof86]. The
linewidth of this peak is observed to be ~2'cdsually, this characteristic peak of diamond shifts

from its equilibrium position towards right due to the compressive stress in the film, as explained
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below. The peak position of the Raman sigeadeterminedrom the energy of the zone center
optical phonons. The frequency of the first order phonon bands anefaite, the relative position
of the first order Raman line is related to the mass of the relevant atoms and the length and stiffness
of the bonds in the crystal. Therefore, the position of the first order line will be sensitive to anything
that changeshese parameters. The equilibrium position of the aismbangedinder astressed
condition. Stress creates a contraction of the latticdthe interatomic forceare changedue to
the subtle anharmonicity of the bonds. This change in interatomicsf@ioers the phonon
vibrational frequencies, which can be characterized bylhla@ge othe Raman peak position.
The shift in the peak position measured for a thin film can be used to estimate the stress using
hydrostatic[27], uniaxial [28] or biaxial [29] models. Researchers determined relationships
between the observed Raman peak shifts and stress values in the frameworklatieas model
to study the stress in the diamond thin films on different subs{ig@¢sUnder the presence of
biaxial stress, the Raman peak of polycrystalline diamond splits into singlet and doublet states and
shifts from the equilibrium position. The linear expression betweerstil@ssand the peak shift
due to the singlet and doublet states lsarobtainedy averaging the streggeak shift relations.
Theshift of the singlet and doublet states ¢emnexpressedccading to the following expressions
developed by Ager and Drof29].

3s[cm™Y]=-0.931 [GPa] (2)

3d [cmY]=-2.610 [GPa] (3)
At low-stressregion, typically i 8 GPa, the peak splitting is not resolved and a weighted shift
relation, 3 = ( 1s#(Z3)38, can be used to calculate the overall stress present in the diamond
film. Therefore, for a diamondgak with no splitwe can express the relation between the stress

and the overall peaghift as follow:
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3 [cmY]= vs vo= -1.62% [GPa] (4)

Wherew is the equilibrium peak position of the diamond in timstressedtate (1332.5 cr), vs
corresponds to the position of the observed Raman peak in the stressed state. In this study, the
deconvolution of the characteristic Raman peak into two individualspefaginglet and doublet
states reliably is very difficult due to comparatively small FWHMe splitting of diamond peak
to singlet and doubl et TGPy 30]bFeom dhmpositiorodi thee r v a b |
Ramanpe&, we obtained ~1.14 GPa compressive stress in the diamond film. Such a low value of
compressive stress is due to the presence of intermedizeb@n layer which nullifies the effect
of thermal strain. Other researchers have observ@mpressivetressof ~3.7 GPa, even grown
at low temperature (52&) in their studie§24]. Our stress value is the lowest ever obtained from
diamond thirfilms grown on a single crystal sapphire substrate. The following expression can be
used to determine the stress in the diamond film.
= dTtXaeT = -pE/-WXaeT= B(&Q)1-3) (5)
whereE isthe Young'snodulus (1143 GPands is the Poisson ratio (0.07) of diamond, &id
and U are temperaturédependedhermal expansions for the diamond film and the substrate,
respectively. According to this expression, the maximum thermal stress that could be generated
during the depositionf diamond under the chosen deposition conditions is obtained te B4 ~
GPa. According to equation 4, this value would result in ~ 8.2Batue shift in the Raman peak.
However, in thistudy,the original peak position of the Raman spectrum shawsch less shift.
It is believedthat the use of the Qarbon on the sapphire substrate plays a crucial role to reduce
the effect of thermal stress.

The Raman signal from a crystal of finite size also exhibits a smaller Raman shift amd has

largerfull width at half maximum (FWHM) than that from an infinite crystal lattice. In this study,
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the FWHM of the diamond peak is determined to be ~8%, evhich is smaller compared to that

of diamond grown by other techniques on sapphire. In different studs=archers have
determined FWHMs of around 15 érand 12 crit in the stressed diamond on sapphire grown by
microwave enhanced chemical vapor deposition lamdtemperatureow-pressureelectron
cyclotrori resonance CVD techniques and obtained good clipdhalin the diamond films
[24,31] Neverthelessthe FWHM isgreaterthan the instrumental resolution of ~1.2°tnThe
broadening of this peak also refers to the generation of high compressive stresses in the diamond
film [29]. Combined contributions of sonmher factors, such as microstructural defects in the
film, small domain size of the diamond crystals, andgmded impurities, are also responsible
for the broadening of this pef®2]. It is worthwhile to know that nediamond carbon phases are
codepositedvith diamond during the growth of diamond thin filnhese carboncontaining
phasesare also very sensitive to the Raman spectrosemy canbe characterizedby their
distinctive Raman signature, for example, graphite displays a single Raman band at 580 cm
Amorphous carbon or diamot#litte carbonis characterizelly a very broadRaman band centered
in-between 1450 crhand 1550 cm. The exact shape and position of this bdegendon the
deposition process and the parameters used during the deg@$§fidn theasdepositedliamond

film, the broad hump in the Raman speatias centeredt ~1510 crit. Usually, the intensity of

this peak in CVD diamonds on tBapphiresubstrate hasden observed to be very high compared
to the characteristic diamond pej@4d,34] The observed small intensity amorphouscarbon
relatedpeak in this studyefers to the excellent quality of the diamond thin film. Researchers also
observed smallpeak aD1150 cm lin CVD diamond on sapphire, which promotes the traée sp
bonded carbonanoclusterfl 3,33} Neverthelesghe vanishing intensity of this peak in this study

refers to the better quality of theadnond thin film grown by this process. The inset in Fig. 6.5
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shows the Raman spectrum ofc@bon film and gives the percentage of sgrbon as

approximately 862%. The rest of thearbonremains in spform.

6.4.4 XRD

We have conducted -Kay diffraction analysis to determine the crystallinity, phase
composition, stresgndquality of diamond films grown on sapphiresubstrate coated with-Q
carbon. Fig. 6.6 represents a typicB2 dX-ray diffraction pattern obtaineddm the CVD
diamond film on the-sapphiresubstrate. This spectrum confirms the characteristic diamond peaks
at ( 2 ¢ and A532 cdresponding to diamond {111} and {220} reflections, respectively
[35]. The positions and FWHM of the XRD peaks implgry good crystallinguality of the
deposited diamond film with little strain. The XRD spectrum does not show any peak other than
sapphire (0006) peaks and diardarharacteristic peaks, which eliminates the presence of any
other phases in the sample. Stresses and strains play significant roles in determining the
characteristics of the fundamental properties of thin film heterostructergsdiamond on
sapphirem this study. A generalized relationship between the stress and strain in a cubic (isotropic)
crystal,a crystalinedi amond thin film in thissUdstQudy, ca
( +2 ) &) where is the Lamé constant, and is the shear modius [36]. In thin film
heterostructureg, her e i s no stress perpendsQudingthe t o th
generalized expression one can obtain the following relationship between the strain in the
perpendi cubkwithindi aeet s®dmg,bdd, t De aPtoii os soofn 6tsh er f i
Gd (ot W -3 /- 1L (6)
Sincelk=§yi n the basal plane for the di amea#ldd t hin
23/3()1L We have mezaraunddldl) pehkdronstite? &-rap difffattion san

and obtained an iplane lattice strain of around 1.45 x3@We can calculate the-jpplane stress
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in the diamond film using this value of the planar lattice strain by using the following expression
(equation 7]37].

0 =x 2(1+3 L-8) ( (7)

Wheresi s t he Poisson6s ratio. The calcul ated str

to be consistent with the stress value determined from Raman analysis.

6.4.5 Discussions

There are significant advantages of usingdgbonas a suitable intermediate layer for the
fabrication of HFCVD diamond, which include: (i) the diamond tetrahedra present indiddQn
structure act as nucleation sites during the diamond growth, thus eliminating the requirement of a
preexisting seed lay, (i) no carbide formation is required at the Hbubstrate interface for
adhesion, (iii) the melting point of-Qarbon is very high, which helps us to achieve the-high
temperature CVD diamond growth and attain high growth fate (m/h) and improvedjuality
of diamond thin films, (iv) there is no phase transition of the substratecarn under the
chosen deposition conditions, and (v) most importantly tzai@Qon helps to bypass the stringent
requirement of low thermal misfit between the diamam the transparent substrate, etc.
Although researchef88,39]have proposed that the abstraction of hydrogen from the hydrocarbon
mixture in the gaseous phase sublimated and mixed in the plasma-tarngrature is one of the
possible mechanisms for diamond nucleation orstiistrate with a preexisting seed layer, it is
important to discuss the possible mechanism of diamond nucleation and growticasho@
coated sapphirdt hasbeen shownhat Qcarbon consists of 885% sp-bonded carbon which
areclosely packed in thefm of individual diamond tetrahedra with a packing efficiency of >80%
[16]. These diamond tetrahedra irc@bon act as the embryo for diamondleation. Therefore,

the hydrocarbon species might decompose into nanosized diamond particles after releasing all of
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its hydrogen atoms at the-€arbon surface. A schematic of the diamond tetrahedron is shown in
Fig. 6.7(a) and the illustration of the diand nucleation is shown in Fig. 6.7(b). The edge carbon
atoms in the diamond tetrahedra or in a cluster of the diamond tetrahedra (also -chdlatbQd)
present in the arbon are very active for the diamond nucleation due to the dangling bond
charactestics, whichact as active sites for the diamond nucleatBubsequently, the growth of
large-area diamond thin film takes place. In the previstusly,it wasshownthat the Qcarbonis

well adheredo thesapphiresubstrate due to the nonequilibriumuid phase mediated growth

from the amorphous carbon film which is quenched from a super undercooled state by using high
power nanosecond laser pul§&8]. The Qcarbon consists of ~80% %parbon and the rest is%sp
bonded carbon. The $parbon atoms form numerous diamond tetrahedra in the denagb@n
structure, which act as the nucleation sites for the diamond gfb@jthAs a result, the adhesion

of Q-carbon with sapphires enhancedandits sublimation or evaporation at higémperatures
reduced This increases the chance for a very stablea@bon, consisting of numerous diamond
tetrahedra, to remain on the surface and act as seed/embryo for diamond nucleation. The residual
amorphous carbon layer might get etched off due to the reaction with thg &ogie hydrogen
radicals during the HFCVD process.

Generally, deposition of CVD diamond on any substrate proceeds in two stages, namely,
nucleation and growth. Over the years, different diamond nucleation methods have been
developed. It is well eablished that diamond nucleation on any smooth non carbide forming
surface such as mirrguolished sapphire substrate is very difficult. The nucleation density of
diamond on smooth sapphire surface without any conditioning/pretreatment is only duout 10
2 which results in scattered isolated individual diamond crystallites on the sufis3ja@iamond

nucleation can be enhanced by scratching the substrate surface with did@jo8eC[41], cubic
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BN [42], Cu or stainless stept3], etc. Although substrate scratching can improve the diamond
nucleation, it can cause serious damage to the periodic arrangernensoifface structure/atoms

and thus degrades the quality of heterostructure. Coating the substrate surface with[gdgdphite
amorphous carboji1,44] diamondlike carbon[45i 47], C60, and mechanical ¢48] have also

been employed to enhance the diamond nucleation. However, these type of coatings may result
the formation of a graphitic interlayer-between the diamond film and the substrate causing poor
adhesn. This technique of diamond nucleation orc&bon can help to overcome the
aforementioned obstacles. The investigation of the nucleation process reveals a narrow window
parameters for highuality diamond nucleation. The crucial parameters are thetratés
temperature, filament temperature, methane concentration, distance between the filaments and the
substrate, and the nucleation/growth time. After nucleation the diamond crystals mainly increase
laterally and after a sufficient amount of growth tifne toalescence of the crystallites takes place.

It is very important to obtain information about the thermal stress for different applications of
diamond thin films such as optical protective coatings, fabrication of thin membranes, cutting tools
andantifriction coatings that undergo high mechanical loads frequentlyAdécgedifference in

the thermal behavior of the diamond thin film and a substrate can lead to problems related to
cracking and delaminatioBesideghe intrinsic stress, the differemm the thermal expansion can

lead to additionadtressluring cool down. In a diamorghpphire system, this strain is compressive

due to the negative value of the percerthefmalmisfit. The high thermal strain in the diamond

film plane on sapphire ding the growth results in the formation of cracks, peeling
off/delamination of the diamond film during cool down. Therefore, in this particular system
(diamond on sapphire), the thermal mismatch plays a crucial role during film deposition as the

thermal nismatch is comparable to the intrinsic part of the mismatch in thestilostrate system.
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However, in this presemxperimentwe overcame the effect of thimigethermal mismatch by
integrating the Garbon layer on the sapphire substrate using a higihtequilibrium pulsed
laser annealing technique before the deposition of CVD diamond.

The information about the maximum stress that can be accommodated without delamination
of the film can serve as a platform to quantitatively assess the diamoesl@dto the substrate.
The HFCVD diamond on @Qarbon/sapphire promotes the accommodation of thermal stress
between the diamond film and the substrate and inhibits the delamination of the film from the
substrate. Table 6.1 represents important substratefilam parameters (thermal expansion
coefficient, Raman peak shift, measured stress, thermal stress) of different substrates which have
been used for the growth of diamond thin film in different studies. These studies have shown that
the diamond thin filncan sustain a compressive stress of 2.835GPa without delamif#]on
Our measured compressive stress by Raman and XRD analyses are found to be considerably less
than this value, which explains the largrea formation of diamond thin films on-€arbon coated
sapphire without delamination. The usefulness of diamond thin film on a sulstatsiderably
reducedf the diamond film has poor adhesion with the substrate. Our novel approach to fabricate
largearea diamond films also improves the adhesion with the sapphire subBtiateasbeen
achievedby the laser irradiation of the amorphous carbon layer to form a liquid statéqgdide
carbon is quenched in a super undercooled stdtertoQ-carbon wich is very adherent to the
substrate. The diamond tetrahedra embedded in {t&rtipn are very adherent to the substrate
due to the liquid phase mediated growth. Such adhesive diamond tetrahedra not only act as
nucleation seeds for diamond growth but atsa way improve the overall adherence of the film

with the substrate. To examine the extent of adhegiatitatively,we have used the scotch tape
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method. No peeling of the diamond filwas observedh the SEM images even after using the
scotchtape for3 times.

Among different applications of diamond on sapphire some notable examples are wear
resistant coatings, cutting tool applications, and windows in space applications. Additionally many
microelectronic features require patterned polycrystbliiiamond thin film$4]. Plasma etching,
chemical etching, and/or selective growth are some of the patterning techniques used in the modern
microelectronic technologyHowever, one of the major obstacles in obtaining patterned
polycrystalline diamond is the highly resistive property/inertness of diamond to most of the
chemical solutions. Therefore, diamond is very difficult to pattern by chemical etching and finding
a slitable mask material, even if it could be chemically etched, to withstand the etchant is also
very difficult. So far, reactive plasma etching of diamond with oxygen has resulted in limited
success due to the poor etch selectivity between the diamondhanaiask material50].
Researchers also used alternative/foonventional ions such as xenon ion and nitrogen dioxide
to pattern diamond thin film&1]. However, these processes require complex equipment with low
yield. Selective growth is another viable atfigive process fopatterningthe diamond. Since
diamond is grown over 800 C under extreme environment, we cannot use photoresist as a mask
material. Therefore, researchers have used scratching or roughening techniques to grow diamond
selectively. Such kid of selective regions on the substrates are obtaipdy using ethyl alcohol
in an ultrasonic agitator along with standard photolithography and subsequent etching of the
uncovered surface by Aion beam up to 56600 A in depth[52], (ii) by using pulsedaser
irradiation on silicon and copper substrate utilizing a shadow mask or by scanning a focused laser
beam, which may not work for sapphi®3], or (iii) by using diamond paste to damage the

substrate, photolith@gphically patterning, and finally plasma etching the wafer in the undesired
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diamond growth areas to remove the damage or reducing the activation sites to restrain the growth
of diamond[4]. However, such kind of techniques result in damaging or scratching all over the
substrate surface which includes large density of sharp edges, spits)smicroscratches
mechanical defects etc. Therefore, these techniquesléatige diamond growth restrict further
microelectronic device processing due to the quality issue. The present technique of growing
diamond could be an attractive alternative asa€pbon can be selectively grown on single crystal
sapphire substrate usitige controlled laser irradiation process with a suitable optical setup. This
could be a desirable approach to selectively pattern diamond on sapphire and various other
substrates with minimum stress in the film and without creating or initiating any damage
substrate.
6.5 Conclusions

We have demonstrated a simple and effective route for the direct deposition edirkzage
crystalline diamond film on-sapphire using @arbon as an intermediate layer by HFCVD. The
results from high resolution SENRaman spectroscopy, and XRD analysis show that-tterigpn
assists the diamond nucleation andigh-quality largearea continuous CVD diamond film on
sapphire carbe obtained The Qcarbon helps to minimize the effect of thermal stress in the
diamond flm on single crystal sapphire and nullifies the stringent requirement of the conventional
preexisting seed of nano/micro diamond on the substrate to deposit a continuous diamond thin
film. The deposited CVD diamond film hasvery smallresidual stress,otnpared to the other
CVD diamond on sapphire, which has been determined by the Raman spectroscopy and XRD
analysis. Less residual stress in the diamond film helps to deposit filmakgighareas and higher

thicknesses without argrack or delaminationvar the entire surface tife substrate. This process
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of growing CVD diamond on sapphire can open a new frontier towards the fabrication ef large

area crystalline diamond film at higamperature on other transparent substrates as well.
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shift 3 measured stresmeasured thermal stresém ) of the damondthin film grown on different

substrates and by different techniq{3,24,30,31]

Substrate U
Y
SiOz 0.5
Si 2.5
SiC 2.8
WC-Co (6%) 5.2
Mo 5.3
Sapphire (hightemperature 7.5

CVD deposition)

Sapphire  (low temperatur 7.5

CVD deposition)

Sapphire (Pt coated) 9.1
Q-carbon/Sapphire (Prese 7.5
study)

(K0 3 c¢m?t

-1.07 -3.7
1.27 1.6

0.97 2.6

3.817 6.2
6.56.7

0.7 & 16
(peak splitting)

5.5

18

2.35

Umeasured GPa O, GPa
+2.3 +2.1
-1.0 -0.25
-1.6 -1.0
-3.8 -2.0
-4.1 -2.6

Film delaminated

3.2 (from Raman), 3.7

5.9

1.57 (from XRD) 5.1

1.14

Raman)

(from

(t
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Figure 6.1: (a) A schematic crossection of the HFCVD system used for diamond growth, (b)
schematic of the physical and chemical mechanisms occurring in the HFCVD reactor during

diamond thin film deposition.

Figure 6.2: SEM image (apf Q-carbon on esapphire and (b) after 3 hours of HFCVD of diamond

(~1.5 m thick) on Qcarbon coated Gapphire.



Figure 6.3: (a)(c) Largearea HFCVD diamond thin film (thickness ~8) on Qcarbon coated
c-sapphire atlifferent magnifications, and (d) HFCVD diamond on untreatsdpphire under the

same deposition conditions withoutd@rbon. All depositions were done for 6 hours.
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Figure 6.4: (a) Plots of the cumulative thermal linesxpansion coefficient for diamond, silicon,
AIN and sapphire for comparison. The slope of each curve corresponds to the thermal expansion
coefficient. (b) The thermal strain generated in the diamond thin film on different substrates (Si,

AIN and Sapphireat different temperature.
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Figure 6.5: Raman spectrum of the HFCVD diamond (thickness m3 shows a sharp

characteristic peak at 1333.85°¢nThe inset shows the Raman spectrum -aiagbon.
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Figure 6.6: XRD pattern of the HFCVD diamond thin film (thickness A8 on Qcarbon coated

c-sapphire.
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Figure 6.7: (a) An individual diamond tetrahedron. (b) The formation of new diamond tetrahedra

(red) lbnded with the preexisting diamond tetrahedra present in-tali@dn during the nucleation

process.
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7. Characteristics of diamond deposition on Az, diamond-like carbon and Q-carbon
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7.1 Abstract

We have conducted a comperative study on the deposition of diamond thin film on uncoated
Al 203, diamondlike carbon (DLC, grown by pulsed laser deposition) film o#04] and Qcarbon
(fabricated by nanosecond pulsed laser annealing) s Alibstrates by hot filament chemical
vapor (HFCVD) deposition. Scanning electron microscopy shows that the continuouariage
diamond thin film can be grown on the-d@rbon/Al203 substrate, wha® the deposition of
diamond on DLC/AJOs or uncoated AlOs substrates gives clustkke/patches of discontinuous
diamond thin film formation. Raman spectroscopy of the diamond-oarpn/AtOs shows a
considerably small residual stress (1.7 GPa) cormdp@ar¢he diamond on DLC/ADz (3.1 GPa)
or diamond on uncoated Ab; (3.9 GPa) substrate. The calculated-daamond content in the
diamond crystals on-@Qarbon coated ADs is found to be only 0.12%, around 2.5, and 3.5 times
less than that of diamond @1L.C coated AlOs and uncoated ADs, respectively. In consistent
with the Raman analysis therdy diffraction analysis shows the crystalline growth of HFCVD
diamond on Qarbon/AbOs with relatively small irplane stress compared to the diamond film
on the rest two systems. We envisase that-tigisity of diamond tetrahedron in thec&bon
structure provides a good platform for diamond growth with a very high nucleation density of
around 18 cm?2 and can act as a seed layer for diamond growth without crack or delamination

over the surface of the substrate. The optically transparenghgjity diamond film on @arbon
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coated A¥Os showed better adhesion property compared to thabDlo@ coated A4Os and

uncoated AlOs as measured by a simple tape test. These results open a path towards the fabrication
of largearea highquality diamond on an optically transparent substrate for commercial
applications.
7.2 Introduction

In view of the remarkable electrical, mechanical and thermal properties, such as high resistivity
and thermal conductivity, perfect crystalline structure with high mechanical strength and optical
transparency over a broad range of wavelengths, diamonfiltménhave numerous applications
in a variety of current and future systems including abrasives, surgical cutting tools, MEMS, high
power hightemperature electronics, and weasistant coatingdi 4]. In particular, since the wide
band gap diamond does not absorb isfda(lR) radiation and it possesses very high thermal
conductivity, researchers consider this material as an ideal semiconductor for applications in
advanced electronics such as heat sinks for cooling electronic components, IR radiation sensors,
novel lasetechnologies including mitR semiconductor disk lasers and higificiency diamond
Raman lasers, and a window in space applicafiir@. All of these practical applications will be
realized only when the continuous lar@®a diamondhin film can be grown on a suitable wide
bandgap substrate with desirable properties like sionylstal AbOs for optoelectronic
applications. The singlerystal AbOs possesses immense technological potential as a substrate
material for different appletions due to its high hardness, high melting point, chemical inertness,
oxidation resistance, and good optical transparency. Its hardness promotes facile sample
preparation and generally, it is free of surface defects and bubbles. Although Si and tB&C are
most commonly used substrates for diamond growth, but due to their low optical bandgap

researchers have been trying to develop a reliable method to fabricatarkaggiamond on
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singlecrystal AbOs to utilize its unique properties as a substf@je Thereby many statef-the-

art applications such as optical fgctive coatings, fabrication of thin membranes, cutting tools
and antifriction coatings that undergo high mechanical loads and abrasion would become reality.
Deposition of a diamond thin films on A&ds is largely hampered by the huge thermal mismatch
between diamond and ADs. It has also been found that no interfacial bonding layer between the
diamond thin film and the substrate, is formed during diamond growth on a single cryStal Al
surface, which leads to poor adhesjp@]. The nucleation density on therror polished AIOs
substrate is also very podihe generation of large residual compressive stress in the diamond film
due to huge thermal mismatch between the diamond a@# Also leads to the delamination of

the film. In fact, significant amount delamination was observed when deposited area exceeded
D1 0 0 ?[t1linSeveral solutions were proposed to address the issues related to low nucleation
density, poor adhesion, film cracking, and considerably large residual compressive stress of
diamord on AkOs but none of them was successfuke of abrasive powders is an established
technique for substrate pretreatment and diamond powder is among the most effective ones to
improve the nucleation and growth rate of synthetic dianja@fi However scratching and/or
polishing with fine diamond particle increase the roughness and sometimaseuainage and
contamination to the smooth substrates; thereby the substrates become incompatible with many
applications requiring extremely smooth and clean surfaces, such as diamond films for electronic
devices, optical window materials, and smooth weaistant coatings. Diamond nucleation on
unscratched substrate surface has been recently achieved through the deposition of fullerene
clusters and DLC films, which have been considered to play the role of nucleating] &gjelt$

It has been reported that diamond nucleation on graphite requires a long induction time and yields

a poor nucleation densif§6]. Researchers also tried highly’$nded DLC as a buffer layer on
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Si andexpected a dramatic enhancement in the nucleation d¢hgity9]. However, the results
are not encouraging as the nucleation densitiemexceeded P0cmi? and the filmsubstrate
adhesion was poor due to the absence of a-laydayer carbon growth characteristifss].
Nevertheless, singlerystal AbOs has not been studied as a substrate in all of those interlayer
dependent diamond fabrication processes. The formation of a carbide layer on silicon and
molybdenum substrates priorttee nucleation of diamond crystallites has been identified in recent
CVD experimentg20i 22]. Such a layer usually improves the adherence of the diamond film to
the substrate, which is necessary for different mechanical applications. But the absence of any
carbide layer on ADs inhibits the utilization of this substrate for the growth of laagea diamond
thin film. The liquid phase mediated-€arbon formed on the ADs can provide the necessary
nucleation sites and adherence to the diamond film for different applications.

For the practical utilization of diamond on28k it is necessary that the approach be scaled up
to deposit diamond films over large area substrates and control over the structure and hence the
desirable properties of the films be achieved. We havesiigpated the issues related to the
nucleation of diamond and the morphology of the crystals and films by controlling the nucleation
process at different surface conditions. In this study, we present the results from a set of
experiments with a goal to ent@e the nucleation density of diamond by HFCVD process on
Al20s substrate and we have shown that the nucleation density and the morphology of diamond
crystals are markedly influenced by the surface conditions of the substrate. We have conducted a
comprehenive experimental study to grow diamond oa@lusing Qcarbon on AlOsz, DLC on
Al203, and uncoated ADs substrates and obtained a much improved nucleation and growth of
high-quality diamond thin film on €arbon/AkOs compared to others. The obtainetharea

diamond thin film on Qarbon/AbOs substrate has relatively less inplane stress due to the
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presence of higldensity diamond tetrahedra in thec&bon layer which also facilities to obtain

high nucleation density.

7.3 Experimental section
DLC, Q-carbon and HFCVD diamond depositio.o fabricate the €arbon on AlOs, atfirst
the DLC films were deposited by pulsed by pulsed laser deposition (PLD) of a highly compact and
pure (99.99%) graphite target using KrF excimer laser (.248 pm, = 25ns, E = 2.0 J cr).
The deposition was carried out in a background pressure of $ Xdi® at room temperature with
a substratéarget distance of ~ 4.0 crihe DLC film was irradiated by ArF laser (wavelength =
193 nm, pulse duration = 20 ns) pulseth an energy density ibetween 0.6 to 0.7 Jchior
conversion into arbon composite structure. During the pulsed laser annealing (PLA) process,
the asdeposited films were melted in a supErdercooled state and subsequently quenched within
200-250 ranoseconds.

An optimum set of process parameters were used in the HFCVD of diamond fabrication on (i)
Al20s, (ii) DLC coated AtOs, and (iii) Qcarbon coated ADs. A standard HFCVD system was
used to synthesize the diamond on different substratessylStem uses a stainless steel cylindrical
watercooled chamber, a tungsten filament holder (4 wires) assembly at the middle, a heated
substrate holder, a sealable gas inlet and pumping pbegshamber also contains a thermocouple
temperature sensa@ sealable gas inlet and pumping port, and a necessary flow rate controller and
electrical systems. The specimen substrates are placed on the Molybdenum heater block (700°C)
below the filament. The chamber is initially evacuated with a mechanical pur@p Tofr. When
the desired base pressure is reached, the pumping port valve is closed and methane and hydrogen
gasat a ratio of 1:50s then allowed to flow over the hot filaments (2000°C) into the chamber to

the desired pressurty working pressures €2Torr). The filament temperature was measured
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with a twocolor pyrometer while the substrate temperature was measured bytype K
thermocouple inserted on the substrate holder, placed on the backside of the substrate. The set of
multiple filaments and theotation of the substrate stage during the deposition facilitates the
formation ofa uniformdiamond thin film over the large substrate area. Gas composition (%ovol.
CHas and B), total gas pressur®), total mass flow, and substrate and filament tempersinere
monitored throughout the deposition time. Cooling from growth down to room temperature was
conducted at a constant cooling rate ofCdmin for all samples to minimize any effect due to
thermal shock.

Raman spectroscopyror the study of CVD diaond thin films the Raman spectroscopy is a
technique as powerful as XRD since it provides a fingerprint of the presence of diamond-and non
diamond phases, and the stress present in the film. We have used a WITec confocal Raman
spectrometer (with triple machromator, gratings 2400 lines/mm). A continuous laser beam of
532 nm wavelength from a diogeimped soliestate laser was focused at a spot ofpn2
diameter. The spectrum resolution was ~0.5 t@ptimum laser power (~40 mW) was used to
illuminate thesample to avoid heating during the spectrum acquisition. Raman spectra at different
points of the samples were acquired with an exposure time of 5 s, the spectrum being the sum of
10 acquisitions.

XRD. X-ray diffraction (XRD) measurement${2 ccan) wee conducted on the diamond films
(Bruker D8 Discover) wusing Cu kU radiation so
mA and state of the art LENXEYE XE detector. This detector filters fluorescence #nd K
radiation to overcome the intensity $@s and absorption edges associated with secondary
monochromators and metal filtefthe data were collected in the BraBgentano reflection

geometry i n t1B80eat 0D step size gnd a dwvéll tirBeM®f 0.5 seconds per scan point.
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SEM. Scanningelectron microscopy (SEM) was undertaken to characterize the morphological
surface features of the nucleated diamond films. The-f@gblution SEM imaging with the sub
nanometer resolution was carried out on the PLA growsa®on and HFCVD grown diamond

films using the FEI Verios 460L SEM.

TEM. TEM crosssectional samples are prepared by first mechanical polishing and then Ar ion
milling to perforation around which large electron thin electron transparent specimen is generated.
TEM images and SAED pattes are captured by higlesolution transmission electron microscopy

(S/ITEM, FEI, Talos=2 0 0) operating at 200 keV, equi pped
brightness Schottky emission fiedgnission gun electron source, which provides beaDis<

brighterthan previous SchottkifEG technologies.

7.4 Computational Methods

Lasersolid melt interaction simulationsThe phase transformation of amorphous carbon into
denselypacked Qcarbon on melt regrowth is analyzed by simulating the nanoseconetdiser

melt interactions. The time distribution for laser beam utilized in Gaussian. Near tsarfate,

the elemental regions were used as nodes of 1 nm size, which gradually increase in size on going
towards the substrate. The thermal losses are incorporatetientode in the form of conduction

and radiation, while adiabatic conditions were used as boundary approximations. The sp3 content
in amorphous carbon was utilized as 0.03 W/cm K, while the thermal conductivity of liquid carbon

is 2.9 W/cm K[21]. Latent heat is released on melting carbon, which drives the melt front forward.
As the laser pulse is temporally confined (20 ns), the motiometiffront after ending of the laser

pulse primarily involves phase change at solid/liquid phase boundary.

Ab-initio MD simulations. The phase transformations of-@esposited amorphous carbon into

tetrahedrally bonded -Qarbon is studied by simulating treructure of liquid carbon and
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guenching it under higpressure conditionsAb-initio molecular dynamics simulations are
performed on a repeated 6x6x6 carbon atom cell, which has periodic boundaries in all three
directions, utilizing the LAMMPS code. Aldse simulations are performed at higimperature
high-pressure (HPHT) conditions, angular dependent potential (ADP) designed explicitly for such
simulations is utilized here to study the phase transformation from melt queftHifde as
acquired solid carbon structure is stabilized by performing energy minimization, relaxing the 216
atoms in the cell. The solid carbon was heated to 7000 K to form the melt sta&qriitstation,
the melt was quenchedrf20 picoseconds using a timestep of 2 femtoseconds using the Nose
Hoover thermostat. The quenching was performed under constant presgQi@Ra), in order to
mimic the undercooling conditions using thET (constant number of atoms, pressure, and
temperature) ensemhl@he quenching was performed until the temperature reaches 2000 K. At
this temperature, the pressure inside the system was released to stabilize the system at room
pressure. Subsequently, the system was quenched to J0@ Istructure foquenched materials
was analyzed using the radial distribution functions (RDF) generated by following the-Baxter
Dixon-Hutchinson factorization methda4].
7.5 Results and Discussion

Results on nucleation and growth characteristics of diamond films were obtained by making a
microscopic comparison on diamond samples grown on different substrates treated differently,
i.e., Qcarbon coated ADs, DLC coated AdOs, and uncoated ADs. Fig. 7.1(a) shows the growth
of diamond (4 hours) on a sample coated with DLC amm@Kkpon. A shadow mask was used during
the PLA process to convert part of the DLC inte&bon. The image clearly demonstrates better
diamond growth on the-@arbon regia (bottom) compared to the DLC region. Fig. 7.1(b) shows

the magnified image to illustrate better diamond coverage on-tteelipn coated side compared
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to the rest of the DLC area. The difference in the nucleation and growth of diamond on both sides
is didinctive with a sharp boundary. The inset of Fig. 7.1(b) shows the microstructure of individual
diamond crystal (~5pum) grown on DLC. Fig. 7.1(c) shows the scattered diamond growth on the
DLC side from the same sample. The growth of diamond (6 hours) oateddleft) and €arbon

coated (right) AlOs is shown in Fig. 7.1(d) where the sharp boundary implies the magnificent
growth of diamond on the-Qarbon region and a drastic decrease in diamond nucleation without
Q-carbon. Sparse growth of diamond onuheoated AdOs is shown in Fig. 7.1(e). The formation

of dispersed diamond clusters on the@ilobtained from this figure implies the sparse nucleation
density of diamond on untreatecb@®b. From Fig. 7.1(c) and (e) it can also be noted that the DLC
coatal substrate shows more coverage with the dispersed clusters of diamond films compared to
the diamond on bare ADs. Fig. 7.1(f) shows the higresolution image of diamond growth or Q
carbon. The faceted triangular morphology of diamond in this regiorsrefeihe preferential
textured growth along <111> direction. Fig. 7.1(g) illustrates the vsaf@le coverage of HFCVD

(6 hours) diamond on-@arbon coated-&l-0s. The longer growth time of diamond deposition on
DLC coated AIOs leads to more areal covge However, the formation of crack and
delamination takes place due to the large thermal mismatch. Fig. 7.1(h) illustrates the formation
of crack and delamination of the diamond crystals on DLC coat€2 £8 hours). It is interesting

to note that averagsize of diamond on-@arbon and DLC is approximately the same [,

which is little large than one on uncoated@d substrate. This shows that tetrahedra nuclei-in Q
carbon in Qcarbon and DLC are ready to grow, although the number density of thdsein Q

carbon is much higher than in DLC. The smaller diamond microstructure size on unceéted Al
signifies the delay related nucleation (DLC formation) and subsequent growth. From the

nucleation and growth perspective, thec&bon coated ADs is entirely covered with the
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diamond thin film due to the high nucleation density. Therefore, the qualitative comparison of the
diamond crystal growth shown in these images suggests that the nucleation density of diamond
significantly increases from bare 28 to DLC-AI20s to Q-carborAl20s. The dramatic change

in the density and the morphology of the diamond resulting from the presence of a DLC layer
indicates that the growth conditions are also affected largely by the increase in nucleation density.
This anaysis suggests that the morphology of diamond crystals and films2@» &l a strong
function of the nucleation conditions/substrate conditions under the optimum growth conditions.
In the case of the-Qarbon coated ADs substrate, the nucleation densgyurther increased after

the PLA of DLC on A$Os, which promotes the growth of a large area continuous diamond film

on AlQOs.

7.5.1 Thermal stress in the diamond film plane

Fig. 7.2 (a) represents a comparison of the percent of the linear ttreqpaalsion coefficient
of Al20s to other widely used substrate materials for diamond deposition at different temperatures
(0-1200°C)[25,26] Thiscomparison helps us to better understand the effect of thermal stress on
diamond film during highemperature deposition, and the magnitude and the nature of the thermal
stress in the diamond film as well. The observed thermal misfit is the largese fdiathond
Al203 system at ~700° C, referring to the difficulty of diamond deposition a@sAFrom the
plot, it can easily be realized that the diamond film grows under compressive stress and the
s u b s t ¢ uaderetengildstress as the coefficientheirmal expansion of ADs is greater than
that of odi ambedf ¢Ul owi ng expr essi on)witlother el at e
stresses generated in the film and substrate during cooling doWn (

G=(d W opT 1)
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For a better understanding of the thermal strain, we have used equation (1) to plot and compare
the thermal strain in the diamond films on different substrates at different temperatures (Fig.
7.2(b)). From this plot a compressisteain of ~0.4 % is generated in diamond ogAlat 800° C
deposition temperature, referring to the stiasiuced delamination of the film. This amount of
thermal mismatch induced compressive strain can generate ~ 5 GPa stress in the diamond. Singh
et al developed a low temperature(5880° C) electroiicyclotrori resonance CVD process to
grow diamond films on -Al20s to overcome the streselated problem$27]. Even this low
deposition temperature generaBS GPa stress, which is enough to cause delamination in the
weakly bonded diamond film on noncarbide forming@l The thermal misfit strain is negative
in the diamonéAl 203 system, referring to the compressive strain. The amount of thermal misfit in
this system is comparable to the intrinsic part of the misfit in thedilbstrate system. The effect
of a huge thermal misfit is compensated by theafbon layer, formed by twhfast and
nonequilibrium nanosecond laser irradiation process, on tH@s.AThe information about the
maximum stress that can be accommodated without delamination of the film can serve as a
platform to quantitatively assess the diamond adhesion tabistrate. The HFCVD diamond on
Q-carbon/AbOs promotes the accommodation of thermal stress between the diamond film and the
substrate and inhibits the delamination of the film from the substrate. Table 7.1 represents different
important substrates and filparameters (thermal expansion coefficient, Raman peak shift,
measured stress, thermal stress) of different substrates, which have been used for the growth of
diamond thin film in different studies.
7.5.2 X-Ray Diffraction

Fig. 7.3 illustrates the XR patterns of the HFCVD diamond thin films and microstructures

on Qcarbon coated ADs, DLC coated AlOs and uncoated ADs substrates. The diffraction
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peaks at ~43.900 (2d) corresponds to diamond

differentsamples are different due to the difference in the areal coverage in the thin film, which is
consistent with the SEM observations. The sharper (111) diamond peak (less FWHM) from the
film grown on Qcarbon coated ADs refers better crystallinity comparéal the diamond grown
on DLC coated AlOs or uncoated AOs. The absence of {220} reflection in this film implies high
quality and textured nature of the film. The SEM image in Fig. 7.1(e) also demonstrates the
prevalence of triangular facets on the diathsarface which supports the textured nature of the
diamondThe {220} reflection is visible at ~76A (
coated AfOs. In the case of HFCVD diamond grown on uncoatefDAlany diamond peak is
hardly visible owing ¢ the low areal coverage of diamond. Since theycan penetrate the
diamond film of thickness more than 10 [28], all the XRD patterns are also showing the
(0001) peak of the ADs substrate. No other peak present in all three XRD patterns implies the
absence of any impurity phases in the HFCVD diamond films. The position of the diamond (111)
peaks (2d) were observed to be at -carBon@atedd, 43.
Al203, DLC coated AlOs, and untreated ADs, respectively. The shift in the diamond peak from
its original position is due to the stress generated in the films and thereby changeTihelin
plane strain in the HFCVD diamond thin films can béaoted by the generalized relationship
between the stress and strain in a cubic (isotropic) crystal. This-strassrelationship can be
expressed by

Oz= Gt Uyt ( +2 ) & 2)
where is the Lamé constant, andis the shear moduly29]. We consideti.z= 0 as there is no

stress perpendicular to the film (free surface) in-fhim heterostructures. The following equation
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can express the relationship ipétawee mandlpe nper

and the Poisson6és ratio of the film (3).
Gd (ot YF-3 /¢ 1 3)

Eq. (6) can b exliznsg)llibfyi eads sausmiUn g t hm@anessyamsnet r i c
Bx=0y. Fromthed2 X-r ay di ffraction patterfsaroundegllhave me
peak for all thee diamond samples and obtaingalane lattice strains of around 1.45 x313.6
x 102, and 4.9 x 186, for diamond on €arbon coated ADs, DLC coated AlOz and uncoated
Al 203, respectively. These-plane strain values in the diamond films can be used to calculate the
planar lattice strain by using the following relations}3@).

0 =x2(1+3 18 ) 4)

The calculated stress in the diamond films enagbon coated ADs, DLC coated AdOz and
uncoated AJOs are obtained to be ~1.6 GPa, 3.7 GPa, and 5.2 GPa, respectively. These values are
corsistent with the stress values determined from the Raman analysis. The thermal stress and the
intrinsic stress related to nallamond entities are two major sources of the residual stress in the
diamond film. A greater nediamond carbon content in diamoengstals results in higher residual
stress. It is also important to mention that the texture of the diamond filmcarb@n coated
Al203 has no significant effect on the reduced residual stress, rather a low fractircaftsm
content in the film andiquid mediated interlayer Qarbon plays a major role in achieving
diamond films with lower residual stress. A low compressive residual stress:0g i&\lalso
beneficial to the adhesion of the filj81]. Studies have shown that the diamond thin film can
sustain a maximal compression stress of 2.84 GPa without delamii3&jonhe calculated stress
on the diamond film on @arbon coated ADs is well below this value, which explains the crack

or delamination free growth of larggea diamond.
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7.5.3 Diamond SAED and Gcarbon HRTEM

The HRTEM image for the Qarbon film formed on-&Il20s substrate is shown in Fig. 7.4(a),
with a thickness of ~60 nm. Fig. 7.4@&)ows the selected area microdiffraction pattern acquired
from Q-carbon/AbQOs interface. It reveals the amorphawsure of Qcarbon with (111) and (002)
diffraction rings arising from the prominent *sgetrahedral bonding. On nanosecond laser
irradiation, carbon melted and subsequent ultrafast regrowth led to amorplauso@ regrowth.
Due to the associated undeoting being the critical undercooling required for amorphization, no
crystallites were noted in the diffraction pattern fec&bon. The denselyacked tetrahedra in
Q-carbon are utilized as nucleation seeds for HFCVD experiments.

Fig. 7.4(c) revals the highly textured <111> oriented ~550 nm thick diamond film deposited
on the ecut AlOs substrate. The HRTEM image in Fig. 7.4(d) shows the HRTEM image of
microdiamond with (220) crogsinges associated with diamond, acquired across the <100> zone
axis, revealing the formation of singbeystalline diamond pogdFCVD on AbOs substrate. The
respective SAED pattern acquired at the area associated with the HRTEM image is shown in Fig.
7.4(e), confirming the singlerystalline nature of HFCVD grown di@gond. On indexing the
diffraction pattern, as the croessctional zonaxis is noted to be <100>, the other possible
directions for oubf-plane HFCVD growth are <111> and <110>. As <110> growth direction is
associated with ultrafast island growth, therfation of such a layered structure and the associated
XRD results, suggest <111> eoft-plane microdiamond growth on-€arbon, by HFCVD
processing. We have also performed4&tan across the (220) planes as indicated in Fig-@)4(f
revealing the gho spacing of ~1.26v. The lattice spacing, is noted to be consistent across the

measurement, suggesting minimal compressive strain inside the diamond film.
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7.5.4 Simulation results

Lasersolid interaction SLIM modeling: The complex lasesolid interaction shulations are

carried out by extremely accurate finite element SLIM programming to understand the structural
transformation of DLC into €arbon nanocomposi{83,34] As the laser beam dimensions are
significantly larger than melt depth ~8@0 nm, column approximation was utilized to simulate

the lasersolid interactions using-D finite element method. The approximation iable as the

heat flow perpendicular to the film has an order higher magnitude in comparison with film surface,
causing it to collapse as aDlheat flow problem. The laser parametexs= 193 nm, wi dt h
pulse = 20 ns and corresponding reflectivity $otid DLC, and the liquid form is used as input
parameters simulate the laser irradiation process. On analyzing the surface temperaipicts

in Fig. 7.5(a) at various irradiation energy densities it was found that 0.3 tme critical energy

density to induce surface melting. At the onset of melting, the liquid gets heated up with maxima
~18 ns, as shown in the inset of Fig. 7.5(a). On increasing the laser pulse energy density, this
heating gets further enhanced leadim@igh temperatures ~4600 K for 1 J*€manosecond laser
irradiation. The liquid carbon is metallic and possesses the thermal conductivity of 28KW m

[35], so it cools down to melting temperatures as the pulse terminates. The maximeofirett p

at respective energy densities are shown in Fig. 7.5(b). The figure reveals that melt depth increases
monotonically with laser pulse energy density. The increase in regrowth velocity translates into a
rise in the interfacial instability and decreas the cellular wavelengi36i 38] of the periodic

cell structure which is evident in-Garbon filamentary structures.

Ab-initio modeling: The structureof melt regrown @ a r b o ncarhom ghasés is simulated
using the LAMMPS code. The si mul d39,40bganerallgr e b a s

used for randomization and formation of disordered solids, where amorphous carbon is melted and
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subsequently quenched under isotropic pressure. In this case, to equilibrate the struotaces fo
under HPHT condition, the pressure is first released at 2000 K to 760 TofEXgseemental
sectionfor detail9, and then subsequent quenching to room temperature is performed. The liquid
melt was equilibrated utilizing the using a Nd$eover therrostat[41]. The quenching to room
temperature was performed under NVT conditions using a Langevin therj@#jtet For the
quench (relaxation) of randomized coordinates, we useRyIBohr as the criterion for the
convergence of the force.

The undercooling in melt phase shifts the temperature at which the solidification occurs,
therely nucleating phases which are not accessible in equilibrium phase diagrams. In the case of
carbon, these phases are diamond and densely pasatatb@h phases, which are formed far from
equilibrium[43,44] As it is not possible to impart undercooling considerations in dense packing
for the melt state in the MDOraulations, the HPHT simulations are modeled in the melt state by
applying pressure during quenching of the melt state in cgddrisotropic pressure was utilized
to compess the bulk C melt state. Fig. 7.5(c) highlights the radial distribution functions (RDF) for
guenched and stabilized structures with isotropic pressures of 5 GPa and 50 GPa. By setting a
radial cutoff at 1.85 A, the average coordination number (CN)hef generated structure is
calculated to be 3.08, which reflects ~ 98pbbonded C atoms. Notably, usage of low pressure
of 5 GPa leads to the formation of prominersiybonded C structure. Under the high pressure of
50 GPa, the ultrafast quenched meéids to the formation of a dens@lgcked phase with ~80%
sp’ content. These results aredgreement with supemdercooling driven formation of densely
packed Qcarbon phase on ultrafast melt quenching of C films. Fig. 7.5(d) reveals the structural
model of the & a r b o ncarbon phasBs obtained from simulasiprevealing the fact that-Q

carbon is tetrahedrally coordinated. These simulation results provide further evidence that



177

amorphous carbon can be converted intgatbon under HPHT conditions which mimic the

highly undercooled conditions in the melt phase.

7.5.5 Raman spectroscopy

The Raman spectra of the diamond endpbon coated ADs, DLC coated AlOz and uncoated
Al203 substrate is shown in Fig. 7.6(a). The presence of diamond is revealed by a characteristic
sharp line at around 1332 triwhich accurs due to the vibration of the two interpenetrating cubic
sublattices of diamond45]. This Ramarpeak confirms the successful deposition of crystalline
diamond films on all three types of substrates. This signature Raman peak is attributed to the triply
degenerate zoreenter optical phonon in diamond structure, and is the only mode that is Raman
active in the firstorder[46,46,47] The existence of a broad band at ~1550 owicates the trace
of certain amount of nediamond (sp carbon. Moreover, trace of any peak at ~1130'cm
corresponds to the nanocrystalline trancepmyidene in the grain boundaries of the diamond film
[48,49]. No obvious evidence of this peak in all three diamond thin films refers to the absence of
such noncrystalline phase of carbon. For stress analysis, we extensively studied the position of the
diamond Raman peak in the Raman spectra taken on diamofitms on three different substrate
surface conditions. In case of the diamond on DLC coatgtkAhd uncoated ADsthe Tzg peak
upshifted to 1337 crhand 1338.2 cnh, respectively, presumably as a result of thermally induced
stresses between thewhond and AOs [50]. On the other handince less significant shift in the
diamond peak1333.46 cri) is observed in case of the diamond oabon coated ADz, it is
possible that the diamond film is no longer under considerable sTitessplitting of diamond
peak to singlet and doultle st at es bec o mes i190GPa5]r vthidstuady, tveh e n
deconvolution of the characteristic Raman peak into two individual peaks of singlet and doublet

states reliably is very difficult owing to the stress esli8 GPa. We have also calculated the

a
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stress in the diamond films by the shift in they Raman peakResearchers determined a
relationship between the Raman peak shift and stress value in the framework of biaxial stress
model to obtain the stress in tdEmmond thin filmg[51]. For an unsplitted diamondegk, this
relationshipbetween the stress and the overall pglaikt can be expressed as follow:
3 [cm]=vs vo= -1.621 [GPa] (5)
Wherew is the equilibrium positionf the T2g peak of diamond in thenstressedtate (1332 cm
1), andvsis the observed Raman peak position in the stressedStatethe position of the Raman
peak (1333.46 cr), we obtained ~0.9 GPa compressive stress in the diamond film deposited on
Q-carbon coated ADs. Such a low value of compressive stress is owing to the intermediate Q
carbon layer which nullify the effect of thermal strain. On the other hand, the obtained stress in
the diamond films on DLC coated &) and uncoated ADs substrées are ~ 3.10 GPa and 3.90
GPa, respectively. These values are consistent with{blame stress values determined from the
XRD analysis. The generation of hugeplane stresses explains the formation of cracks in the
diamond crystal (in the SEM imaga)d scarce growth of diamond on uncoategAblue to the
poor nucleation and delamination.
The theoretical thermal stress in the diamond film on a particular substrate can be obtained by
the following expression.
On= MTXaeT = -B)E/-W{XeT= B(@)1-3) (6)
whereE isthe Young'snodulus (1143 GPands is the Poisson ratio (0.07) of the diamond, and
& andU are temperaturdependenthermal expansions for the diamond fitnd the substrate,
respectively. Under the chosen deposition conditions a maximum 5.1GPa stress can be generated
in the diamond film on AOs substrate. According to equation 5, this value would result in ~ 8.28

cm!blue shift in the Raman peak. The shifthe characteristic diamond Raman peak is ~ 6:2 cm
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! for the diamond film on uncoated 28s substrate, which is close to the theoretical value. The
diamond grown on DLC coated &s shows a peak shift of ~ 5.03 ¢msignifying little
contribution of tle DLC layer to release the stress on the diamond film. Hence thinly distributed
growth of diamond is observed on DLC coatee! On the other hand, the diamond film on Q
carbon coated AD3 shows a very small peak shift (~1.46 tnin the Raman spectrunit is
supposedhat the use of the Qarbon on the ADs substrate plays a crucial role to reduce the
effect of thermal stress.

Line scan:The spectra of the Raman line scan patterns on diamond film growstarb@n coated

Al20s are illustrated ina 3P| ot i n Fi g. 7. 6 ( baxisin thé fgureg 21a 1 0 O ¢
Raman spectra are collected at equal separation on the film. During the spectral acquisition, the
equidistant points are illuminated by the focused 532nm laser beam, and a ceroptrtdied
motorized stage precisely moved the sample. The presence of a sharp and symmetric diamond
peak (kg) in each spectrum refers to the deposition of uniform, andduglity diamond on the
Q-carbon coated ADs. Significantly low and broad trace of thepg@ak refers to the minimal
graphitic entity along the line. The Raman spectra of the HFCVD diamond films were used to
determine the quality index of the diamond films in this study. The quality index is defined as the
ratio of the area under the peak assed with diamond to the area under the broad G peak

associated with the nondiamond carbon, which can be expressed by the following §2ation
Quality index, R =— —— (7)

The smaller spcontent in the diamond film gives a larger quality index. The baseline for this
integration was considered as the base points of the acquired spectra at 1G0@ @000 cm,
respectively. The quality index was found to be better for the diamond goovitarbonAl 203

(4.7) compared to the rest of the systems (1.6 and 1.1 for DLC coat@gdafd uncoated ADs,
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respectively). The Raman spectra can also be used to pinpoint the amount of nondiamond content
(6 ) in each of the diamond films. The séivity of the Raman signal from the nallmmond
carbon phase is about 75 times of diamf{B8]. The following equation is used to calculate the

nondiamond contents in the diamond films.

o — (8)

Where,ldrepresents the Renan peak intensity for diamond entitiedpamgpresents the Raman

peak intensity for the nediamond carbon content. The calculated-d@mond ontent is found

to be 0.12%, 0.28% and 0.41%, in case of diamond grownaarlipn coated ADs3, DLC coated

Al203, and uncoated ADs, respectively.

Area Mapping:Fig. 7.6(cd) represent the Raman area mapping to better understand the growth
of HFCVD diamad on eAl20s. An area of 92 em x 56 &em was
(200 points per line and 200 lines per image) to collect data (with an integration time of 0.5 s) for
the ultrahighresolution Raman area mapping images. The sample was focubed®2 nm laser

and the each line on the sample was precisely rasterized by a motorized stage during the spectra
acquisition for the area mapping. The Raman mapping in Fig. 7.6(c) was acquired by selecting the
diamond region (133340 cmt) and in Fig. 76(d) was acquired by selecting the graphitic region
(14401550 cmt). The diamond mapping image (Fig. 7.6(c)) clearly illustrates the formation of a
large-area diamond on the right side (on the#&bon coated ADs region) and almost no diamond
formationon the left side (uncoated &)s region). The distinctive sharp boundary refers to the
high nucleation density, and favorable growth throughout thar@Qon coated ADs with no crack

and/or delamination. The area mapping from the graphitic pick cléladyrates huge graphitic

content throughout the uncoated®d region (left side) due to unfavorable nucleation and growth
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condition of diamond and very little trace of gpntent in the other side. This refers to the high
quality diamond growth throughiothe Qcarbon coated ADs region.
7.5.6 Diamond nucleation and growth on Garbon, DLC and bare AkO3

Diamond nucleation is one of the most critical issues to develop the understanding of the
diamond growth on polished, smooth, and-earbide brming AkOs wafers. Understanding of
diamond nucleation is absolutely essential for the formation of continuous uniform film
consistently at an early stage of grojid]. The nucleation density, the growth rate, and the
morphology of the diamond crystals and films are found to be strongly influenced by the surface
condition of the substrate. The substrates, on which the HFCVD diamond is deposited, can be
classified into two main categories: (i) strong carbide formers, graliistrates with no affinity
for carbon. The latter substrates tend to have poor adhesion. Nucleation of diamond phase is
generally difficult in both classes of substrates. This is clearly a difficult problem which is not well
understood55]. The transparent ADs substrate has almost no affinity for carbon, therefore, no
carbide layer is formed during diamond growth. It is vkelbwn that carbide phases are formed
on strong carbide forming substrates, on which nucleation of diamond is facilitated. However, no
carbide layer is formed during CVD diamond growth opQAlsubstate due to the high stability
of the ARkOs structure [10]. TheGibbs free energgf formation  of
aluminumcarbide( 1 32. 1 KJ/ mol e) i s mu ¢ h hi ghexide compa
(11675 kJ/ mol e), the carbide | ayer 20:d5] t he d
Therefore diamond nucleation is poor on bargOA4l which has been observed from the SEM
micrograph in Fig. 7.1.
On Q-Carbon In Q-carbon, the closed packed diamond tetrahedra are embedded on the surface

of the substratfs7]. These diamond tetrahedra were formed as a result of quenching from a super
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undercooled state by using a higbwer nanosecond pulsed laser irradiation. Durirgaf@on
formation the laser pulse intetaavith the DLC thin film on a suitable substrate and the carbon is
melted in a super undercooled state (at 3800 K) and subsequently quenched resulting in a formation
of highly packed (80% packing efficiency) diamond tetraheihase diamond tetrahedra as a

seed for the nucleation to grow diamond mocrocrystallites. This is the principal factor for the
obtained high diamond nucleation densities during diamond growth-cart§@n/AbOs system.

The Qcarbon is embedded into the substrate and providesatiociesites for further diamond
growth. Thereby, the diamond formed orc&bon is very adherent to the substrate, which is
essential for cutting tool, drilling, and microelectronic device applications.

On DLC: During CVD diamond growth, the local carbooncentration plays a significant role in
diamond formation. The DLC film is responsible for the change in the local carbon concentration
during the diamond deposition. Under these conditions, the nucleation density of diamond was
increased by an order ofagnitude and the growth rates by about 60%, as compared to diamond
deposited on abraded molybdenum and molybdenum caisdleThe nucleation density, the
distribution on the substrate, and the morphology of diamond @AOs improved compared

to the same on uncoatec@®k. The following explanation can be invoked to explain the observed
enhancement of diamond nucleation by diamldkelcarbon layers. It has been suggested that the
greater nucleation efficiency of diam on DLC is a result of the solgtate transformation of
amorphous carbon into diamof&®,60] However, the synthesis of diamond on DLC is achieved
by a reduction in the hydrocarbon species he process gas mixture, which leads to the
regasification of the amorphous carbon rather than a-staté transformation of DLC to an
ordered diamond structu[®8]. Although all of these carbon species with diffefeonds coexist

on the substrate surface, the etching rate of thargpsp bonded carbon is ten times faster than
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etching of the stable 3ponded carbon, thereby growing thé gpasg61]. Since the amorphous

carbon is more reactvin the extreme ambient, which can be characterized by high hydrogen
species concentrations, the regasification of the amorphous carbon is more likely. Thus, the
regasification of the existing DLC layer locally increases the carbon concentration atighe in
stage and promotes the high nucleation density of diarf&8jdIn this experimental study, we

have found that the DLC layer on28k leads to the local enhancement in the diamond deposition.
However, the observed cerage of the diamond layer is incomplete consisting of patches of small
uniform crystals. Even after 6 hours of growth, the DLC coate@sAubstrates were not covered

with continuous diamond films. This diamond structure composed of uniform, smalllgrysta
similar to the uncoated ADs but with better coverage. By contrast, the diamond crystals on the
Al20s sample without any coating were smaller in size and much less in density.
Adhesion.Further to elaborate, it has always been a daunting task tdigetiee CVD diamond

on noncarbide forming substrates like 28 or other optically transparent substrates, which
possesses a big challenge for practical applications. Other than the weak interface interaction
between the film and the substrate, the pdbeaion between the diamond thin film and thgAl
substrate is also attributed to the difference in the coefficient of thermal expansion. The usefulness
of a poorly adhesive diamond on any substrate is considerably reduced. After long deposition runs
at high temperature, peeling off the diamond film from theQAlsubstrate were observed during

the cooling proced$2]. It has been also observed that a thin film of CVD diamond deposited on
an AkOs substrate can be easily peeled off from the substrate during thefpaghesion test by

the scoth tape method. In this experimental study, we present a laser irradiation based technique
to improve the adhesion of diamond onx@d. For the nucleation, growth, and adhesion of

diamond thin film on a nondiamond substrate with no affinity for carbon asi&bO3, diamond
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tetrahedra in the @arbon, and the reaction products on the substrate under the optimum
conditions play a very critical role. Adhesion is primarily determined by the bonding
characteristics and interfacial reactions between the filmtleadubstrat¢s5]. The interfacial
interaction between the-Qarbon ad the AbOs is highly favorable to have very good attachment

due to the liquid phase mediated growth e€#&bon from a super undercooled state. This is a
clean and nondestructive approach for promoting the nucleation and adhesion of diamond, as
contrasted with the \ely used techniques where the substrate is abraded with a suitable abrasive
to create surface mechanical damage. Therefore, we did not observe any formation of cracks nor

peeledoff areas in the diamond thin film deposited oc&bon coated ADs substates.

7.6 Summary

We described a novel laser method for enhancing the nucleation and for improving the quality
of diamond films on Al203 substrate deposited by HFCVD. We have found that the DLC
tetrahedra act as a nuclei for diamond growth, th@nber density determines the areal coverage
of grown diamond crystals. The average size of diamond crystallites on DLC-aath@h is
found to be the same (~%n), which is somewhat larger than on bargDAl From our observation,
we have concluded thdtamond crystallites grow on DLC tetrahedra whose density is much high
in Q-carbon than DLC films. The smaller size on bargAis related to incubation period needed
to form DLC tetrahedra during HFCVD, which provide nucleation sites for diamond grohgh
improvement in adhesion is also accomplished owing to the liquid phase mediated growth of
diamond tetrahedra in the-€arbon on which the diamond nucleation and growth take place. To
examine the effectiveness of@rbon for diamond nucleation, wevieagrown the diamond on
Al203 without any coating under the same deposition conditions. We have observed a very limited

coverage of scattered diamond clusters on uncoategds Alue to the unfavorable substrate
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conditions which lead to a poor nucleation sign huge stress generation, and poor adhesion.
Moreover, to distinguish the role of-€arbon from DLC on diamond nucleation and growth, we
have examined the surface morphology of the diamond grown on the DLC coz@eavahout

any laser irradiation ithe same HFCVD conditions. Although the nucleation density and the areal
coverage of diamond on the substrate improved compared to that on the uncgadeloMever,

we could not obtain a uniform coverage of diamond thin film on the entire substra@-chnleon

layer shows markedly superior characteristics on improving the nucleation, growth, and adhesion
of diamond thin films on-&Il203, which is ascribed to the high density of the diamond tetrahedra

in the Qcarbon. The diamond film grown on-€arboncoated AtOs has shown significantly
improved crystalline quality with very low netiamond carbon content and very less residual
stress, confirmed by Raman and XRD analysis, compared to that on DLC coated and uncoated
Al20s. The delamination related isswehich limits the fabrication of largarea diamond thin film

on Al0;3, is also addressed in this experimental stddgese results will provide some insight to

the everchallenging problem of diamond thin film deposition on sirgiestal AbOs for different

unprecedented and-tech applications.
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Table 7.1: Comparison of different important material properties of some of the commonly used

substrates with ADs for diamond growth63].

Material

Diamond
Si

SiC

Al 203

MgO

Iridium

SrTio3

Crystal

structure

Cubic
Cubic
Cubic

hexagonal

Hexagonal

Cubic

Cubic

Cubic

Group of Lattice

symmetry constant(s) point

Fd-3m
Fd-3m
T?¢-F43m
Clev
P&mc

R3C

Fm-3m
Fm3m

Pm3m

A) (°C)
3.567 4027
5.43 1414
43596 3103
a=3.073

c= 10.053

a=4.758 2040

c=12991

4.216 2825
3.839 2484
3.905 2080

Melting Thermal

expansion (Mohs)

(10° K-

15
2.92

2.77

4.2

12.8

6.8

10.3

Hardness Diamond

10

9.29.3

5.8

6.5

nucleation
density

(cm?)

10t
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7.7 Figures

Figure 7.1: (a) Growth of diamond on aAl20s substrate coated with DLC (top) andc@rbon
(bottom).The inset of figure (a) shows thec@bon formation on-&l20s. (b) A magnified image

of thesame sample illustrates better diamond coverage on-tteeli@n coated side compared to
the rest of the DLC area. The inset shows the-hegllution image of individual diamond crystals.
(c) lllustrates scattered diamond growth on the DLC coate@sA(d) The growth of diamond (6
hours) on uncoated (left) and@@rbon coated (right) ADs. (e) Spears growth of diamond on the
uncoated AdOs. (f) The highresolution image of diamond growth ond@rbon showing the
faceted triangular morphology of diamond) 8hows the wafescale coverage of HFCVD (6 h)
diamond on Garbon coated-Al20s. (h) Formation of crack and delamination of the diamond
crystals on DLC coated 403 (6 hours). The inset of (h) shows the magnified image of the crack

formation due to stss in the film.
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Figure 7.2: (a) Plots of the cumulative thermal linear expansion coefficient for diamond, silicon,
AIN, and AkOs for comparison. The slope of each curve corresponds to the thermal expansion

coefficient. (b)Temperaturalependent lattice mismatch in a diamaxldOs system.
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Figure 7.3: X-ray diffraction patterns§ r o m 2-80° fordi&ntord on Q-carbon coated-

Al203 substrate, DLC coated A&b3, and uncoated ADs.
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Figure 7.4: Diamond SAED and @arbon HRTEM.(a) The HRTEM image for the -Qarbon
film formed on eAl20s3 substrate is shown in, with a thidgs of ~60 nm. (Bhows the selected
area micrediffraction pattern acquired from-Qarbon/AbOs interface. (c) Reveals the highly
textured<111> oriented ~50 nm thick diamond film deposited ecut Al2O3 substrate. (d) Shows
the HRTEM image of microdiamond with (220) crdesges, acquired across tk&00> zone
axis, revealing the formation of singteystalline diamond podiFCVD on AbOs. (e) The
respective SAED pattern acquired at the area assoeiutethe HRTEM imageconfirming the

singlecrystalline nature of the HFCVD grown diamond. (f) and (g) reveal thestina across the

(220) planes, revealing thezxdspacing of ~1.26 .
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Figure 7.5: Simulation of the @arlon melt regrown structure. (a) Simulated SLIM temperature
vs.time thermal profiles for 70%p* DLC thin films. (b) The melt depth as a function of time. (c)
The radial distribution function plots for-Q a r b o ncarbon phasBs achieved as a function of
applied isotropic pressures of 5 and 50 GPa, respectively; (d) the structural modehriog,

revealing the prominently tetrahedral bonding Ht&pbon.
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Figure 7.6: (a) The Raman spectra of the diamond ecatbon coated 1303, DLC coated AdOs,

and uncoated ADs. The inset in (a) shows the position of the characterigtiqgp@aks of the
corresponding spectra. (b) The line scan representation of the Raman spectra taken from 21
equidistance points on the film. (c) The Raman area mapping of the diamond peak illustrating the
formation of the higkguality diamond film on the @arbon coated AlOs region (right side) and

the absence of diamonds in the uncoategDAregion. (d) The Raman area mapping of the
graphitic peak depicts the presence of a graphitic entity in the uncoatedrégdion (left side).

Almost complete absence gfaphitic entity on the right side refers to the higlality diamond

deposition on the @arbon coated AD:s.



