
ABSTRACT 

HAQUE, ARIFUL. Fabrication of Diamond and Q-carbon by Ultrafast Nanosecond Pulsed Laser 

Processing and Chemical Vapor Deposition for Electron Field Emission and Electrocatalysis 

Applications. (Under the direction of Dr. Jagdish Narayan and Dr. Mehmet Ozturk). 

 

      This study focuses on the understanding of the fabrication of high-quality diamond and Q-

carbon nano and microstructures and composites by nanosecond pulsed laser annealing (PLA) and 

hot filament chemical vapor deposition (HFCVD) techniques and the structural-property 

correlation of these structures for electron field emission and electrocatalysis applications. The 

role of several major factors such as surface morphology, microstructure, sp3/sp2 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 properties relevant to these applications. This thesis 

comprises of two major segments, i.e. the first one is on the fabrication, processing, and 

characterization (experimental study and modeling) of novel diamond microstructures, Q-carbon, 

and CNT-diamond hybrid structures, and the second one is on the applications of these structures 

such as the electron field emission (EFE) device application of Q-carbon and the electrocatalysis 

applications of tubular diamond microstructures with magnificent double layer capacitance owing 

to its large electroactive surface area for unique microstructures, and enhanced conductivity. 

      At first, the pseudo-topotactic growth of single-crystal diamond fibers and nanostructures by 

nanosecond laser melting of amorphous carbon nanofibers (CNFs) and crystalline multi-wall 

carbon nanotubes (MWCNTs) at ambient temperature and pressure in air is extensively studied. 

Rapid laser melting through a super undercooled state and subsequent quenching convert the tips 

of CNFs and MWCNTs into phase-pure <110> nanodiamonds along the growth directions. 

Subsequent laser pulses melt regions below <110> nanodiamonds that provide seeds for epitaxial 

growth. By repeating this process, the length of <110> nanodiamond fibers can be 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 energy density for the 

direct conversion of CNTs into diamond via the formation of liquid carbon and subsequent 

ultrafast quenching. The nature of C-C bonding characteristics was studied by high-resolution 

electron-energy-loss spectroscopy to establish the formation of diamond phase by the 

characteristic peak at 292 eV for sp3 bonding (σ*), and absence of 284 eV peak for sp2 (π*) graphitic 

bonding. The characteristic diamond Raman peak at 1332 cm-1 is found to downshift to 1321-1324 

cm-1 because of phonon confinement in nanodiamonds. These nanodiamond structures can be 

doped with both n- and p-type dopants with concentrations far higher than thermodynamic 

solubility limit due to solute trapping during quenching from the liquid phase. Thus, these 

nanodiamond structures provide ideal platform for nanosensing, computing and communication, 

including efficient field emitting devices. The non-equilibrium PLA technique is also used to 

fabricate the Q-carbon which is a recently discovered new phase of carbon with 80-85% sp3 

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 on optically transparent substrates like sapphire (for optoelectronic applications) 

presents a great challenge 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) growth process. This issue is addressed by using the Q-carbon as an 

intermediate layer for large-area diamond film deposition on c-sapphire by hot filament chemical 

vapor deposition (HFCVD). The high-density diamond tetrahedra in Q-carbon acts as the seed for 

diamond nucleation with a nucleation density of ~109-1010 cm-2 and successively helps growing 

wafer-scale diamond film on sapphire. A comparative study on the deposition of diamond film on 



uncoated sapphire, diamond-like carbon (DLC, grown by pulsed laser deposition) coated sapphire, 

and Q-carbon coated sapphire substrates by HFCVD was carried out. The results show the growth 

of large-area diamond thin film on the Q-carbon/sapphire substrate, whereas the depositions of 

diamond on DLC/sapphire or uncoated sapphire substrates give cluster-like/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/sapphire show a smaller residual stress (1.7 GPa) compared to the diamond on 

DLC/sapphire (~3.1GPa) or diamond on uncoated sapphire (~3.9GPa) substrates. The calculated 

non-diamond content in the diamond crystals on Q-carbon coated sapphire is found to be only 

0.12%, around 2.5, and 3.5 times better than that of diamond on DLC coated sapphire and uncoated 

sapphire, respectively. Furthermore, the conductive diamond structures with high surface area are 

very appealing for various applications but their synthesis presents a great challenge. A simple 

one-step 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 diamond tubes exhibit high double layer 

capacitances of 11.65-18.07 mF cm-2, 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 microspheres are controlled by HFCVD time and laser annealing 

parameters of CNT hollow fibers. Considerably improved electrochemical performances of these 

diamond tubes are explained by their significantly enhanced electroactive surface area and the 

presence of a very small fraction (0.73%-1.03%) of sp2 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 electrocatalysis, 

electrosynthesis, electroanalysis, energy storage and conversion.  

      Finally, I have also investigated the room temperature and high temperature (up to 500 K) 

electric-field enhancement characteristics of the Q-carbon fabricated by the nonequilibrium PLA 

technique. Under 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 applications. At room temperature the Q-carbon requires only ~2.4V/µm applied 

electric field to turn-on the EFE. The EFE properties of the Q-carbon composite structure improve 

with temperature by lowering the turn-on field and increasing the current density. At 500 K we 

observed a turn-on field of ~ 2.34V/µm, and a maximum current density was found to be ~ 

53µA/cm2 at 2.66V/µm. The mechanism of electron emission from Q-carbon over the temperature 

range (300K-500K) is explained by the Fowler-Nordheim (F−N) theory, which describes the 

emission of electrons from the front surface of an emitter via tunneling to a suitable anode. The Q-

carbon field emitters also show very stable EFE characteristics (within 7% fluctuations) over time 

for current intensities between 7.5µA/cm2 and 47µA/cm2. Our findings thus hold a great promise 

for the development of Q-carbon films in applications ranging from field emitters and frictionless 

motors to heterostructures for novel micro and nano-electronic devices. The essence of this 

discovery is melting of carbon under highly undercooled state and quenching to convert 

amorphous quenched carbon, CNT-diamond hybrid, and fabricate diamond microstructures with 

desirable structural and electronic properties for EFE and electrocatalytic applications which will 

open new opportunities 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), trigonal (sp2), and tetrahedral (sp3) coordination 

systems in nature[1]. It is the sixth most abundant material on earth, which holds numerous 

promises from modern technological applications viewpoint ranging from deep sea drilling to 

micro and nano-electronics, and quantum computing and nanosensing [2–4]. Besides drilling and 

cutting carbon-based materials, such as diamond, carbon nanotube, and Q-carbon, have excellent 

prospects and a wide variety of applications in the field of electron field emission, high-power 

devices, harsh environment electronics, electrocatalysis etc owing to its unique band-structures, 

outstanding charge carrier mobility, high thermal conductivity, excellent structural stability, and 

highest number density of atoms in the form of diamond and Q-carbon [5–8]. However, one of the 

major drawbacks of these materials and their hybrids for practical applications is the complex 

fabrication processes with limited yield and lower quality using conventional routes. These are 

metastable materials, which require high-temperature and high-pressure processing for phase 

stability. The transformation of one phase of carbon 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., Q-carbon [9], the quenchable transparent liquid phase of carbon [10], single 

crystal phase pure diamond nano and microstructures via nonequilibrium routes etc, have drawn 

significant experimental and theoretical 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 forms 

of carbon exist in nature due to the strong carbon-carbon 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 it is formed [11]. A substantially large 

activation energy barrier of more than 0.8 eV must be overcome or bypass to transform back from 

sp3-bonding states to graphitic states. From the Clausius-Clapeyron equation, thermodynamically 

very high-temperature and high-pressure environments are required for the transformation of 

carbon phase into diamond or other metastable phases of carbon [11]. 

In this study, a novel nonequilibrium pulsed laser annealing (PLA) technique is used to convert 

thermodynamically stable phases of carbon, i.e. graphitic carbon/carbon nanotube 

(CNT)/amorphous carbon nanofiber (CNF), into metastable phases like diamond and Q-carbon 

with improved functionalities and quality. The atomic spacing of carbon nanotubes and diamond 

are 0.2468 nm [12] 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 and subsequent quenching 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 density [13]. 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 

energy density (over 1.5 J/cm2) results in the broken or blown off CNTs due to overheating and 

ablation effect [13]. Researchers have also used laser irradiation treatment of aligned CNTs to 

produce clean and uniform surfaces [14]. Further increase in the energy density produced too high 

of a temperature resulting in the burning/etching/ablation and trimming of the aligned CNTs. 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 possible by the 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 geometry constraint 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 place in less than 

200-250 ns [15]. Therefore such a highly nonequilibrium phase transformation is ideal for the 

formation of single-crystal diamond and this single-crystal diamond can be doped with dopants of 

both p and n-types at doping concentration far greater than the thermodynamic solubility limit 

owing to the liquid phase mediated growth. 

On the other hand, the interest on the deposition of large-area diamond thin film on a suitable 

optically transparent substrate like Al2O3 has enormously increased owing to the fact that most of 

the attractive diamond properties, such as the wide bandgap, optical transparency, and high thermal 

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 single-crystal Al2O3 is quite challenging because of the thermal 

mismatch, poor adhesion, low nucleation density, and substantial lattice mismatch. On the basis 

of carbon-substrate interactions during the CVD process, the substrate materials used for diamond 

deposition 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 solubility and 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 temperature, αdiamond ∼ 1 × 10−6 

K−1, αsapphire ∼ 6 × 10−6 K−1). 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 upshift [16]. Researchers have 

observed peak splitting at 1332.7 and 1348 cm-1 due to very high residual stress which ultimately 

leads to the delamination of the continuous diamond film. 

Due to complex nucleation, adhesion, and stress-related issues, the deposition of diamond on 

sapphire by the CVD technique is relatively difficult compared to the growth of diamond on 

carbide forming substrates. Because of the non-carbide forming affinity of sapphire during CVD 

diamond nucleation and growth, researchers have observed dispersed clusters of diamond film on 

the uncoated substrate after long growth times [17]. The nucleation density of diamonds on a 

smooth sapphire surface without any conditioning/roughening/pretreatment is only about 104 cm-

2 which results in scattered isolated individual diamond clusters on the substrate [18]. Due 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 surface could 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 smooth sapphire substrates. Researchers have also observed a compressive stress of 

~3.7 GPa, even grown at low temperatures (525 0C) in their studies [19]. This amount of stress is 

enough to cause the delamination of the diamond film. Coating the substrate surface with graphite 

[20], amorphous carbon [20,21], diamond-like carbon [22–24], C60, and mechanical oil [25] have 

also been employed by other researchers to enhance diamond nucleation. However, these coatings 

are responsible for the formation of a graphitic interlayer in-between the diamond film and the 

substrate, causing a poor adhesion. Although roughening the substrate surface with an abrasive 
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powder has been the most commonly used method, which prone to enhance contamination. From 

the experimental studies, we have shown that diamond nucleation can be promoted 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 produce continuous 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 obtained under the presence of a DLC interlayer [26]. 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 of a large area continuous diamond film when the Q-carbon 

layer was introduced on the c-sapphire substrate. The highly packed diamond tetrahedra present 

in the Q-carbon helps to dramatically enhance the nucleation density which is one of the major 

findings of this study [27]. 

Over the years, scientists have also been trying to develop a reliable method to pattern diamond 

on different mirror polished single-crystal substrates as a lot of microelectronic applications 

require patterned polycrystalline diamond thin films on suitable substrates [28]. At present 

different techniques such as plasma etching, chemical etching, selective growth etc. are used for 

patterning of diamond thin film. However, 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 patterned Q-carbon on sapphire as a substrate. In addition, Q-carbon 
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provides a strong adhesion as Q-carbon formed at the melting improves interfacial adhesion The 

patterned Q-carbon with suitable size and shape can be fabricated on sapphire using selective area 

pulsed laser annealing by 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 between the Q-carbon coated and the 

uncoated regions on sapphire. All in all, advances have been made by using the Q-carbon coating 

on sapphire in this study, which addresses the stringent requirements of coping up with huge 

thermal expansion mismatch, ensuring strength and mechanical integrity, patterning 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, sensor, (photo-, 

electro-) catalysis [29–34]. To realize its wide-ranging applications, a simple and low-cost method 

for the synthesis of high-quality 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 crystals [35]; a continuous diamond film covering the entire substrate 

is required for electrochemical applications [36,37]; diamond structures with high surface areas 

and exposed sites can enhance its performance in sensor and catalysis applications [38,39]. The 

equilibrium methods of direct conversion of carbon into diamond require very high-temperature 

(~5000K) and pressure (~12 GPa) in the form of diamond particles with a limited yield. For the 

synthesis of diamond coatings, chemical vapor deposition (CVD) integrated with hot-filament, 

microwave, and radio frequency plasma are used, where nano/micro-diamond seeds sprinkled on 

substrates are often used for diamond nucleation [40,41]. However, diamond is formed with low 
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yield due to limited diamond nucleation and growth rates in addition to poor adhesion. 

Considerable 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 sintering [43], ballistic fracturing [44], and laser annealing [45–47]. The 

direct conversion of carbon nanofibers/nanotubes into nanodiamonds by nanosecond laser 

annealing is already achieved in this study [48,49]. The formed nanodiamonds provide effective 

nucleation sites to facilitate high-quality 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 structures were obtained by diamond 

growth on the conductive polymer, SiO2 spheres, and SiC [50–52], followed by chemical etching 

of the templates. Diamond nano-/microwires/rods/channels were synthesized with Si and carbon 

nanotubes as templates [53–56]. Meanwhile, reactive ion/plasma etching of planar diamond films 

was found to be effective for diamond nano-/microwires/cones/glasses preparation [57,58]. 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 novel structured 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 and controlling 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 diamond film 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 and cost-effective, 

which overcomes the complicated and time-consuming 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 various electrochemical applications, which can provide plenty of exposed active 

sites, fast mass transfer, and rapid electron transfer rates for redox systems, leading to enhanced 

electrochemical performance[59,60]. The most common studied diamond structure is flat diamond 

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 network or porous diamond) with pore size 

ranging from nanometers to micrometers, nano-/microwires (also called rods, needles), cones, 

grasses etc [61]. Diamond foam has been prepared by depositing diamond film on SiO2 template 

and removing the template by chemical etching [62,63], and diamond films have been grown 

homoepitaxially on porous polymer and SiC to obtain composite materials [64,65]. Diamond nano-

/microwires and cones are usually synthesized by top-down and bottom-up methods. In a top-down 

method, diamond nano/micro-structure is obtained by reactive ion etching or plasma etching of 

diamond flat films with etching masks [66,67]. The gases used for etching are 

oxygen/tetrafluoromethane, argon/hydrogen, and oxygen. The structures of the as-prepared 

diamond are dependent upon the masks, etching conditions, initial morphologies, and 

microstructures of diamond films. In a bottom-up technique, diamond nano-/microwires and cones 

are prepared from depositing diamond crystallites on templates such as Si nanowires/microrods 

[68,69], where the morphology of templates determines the characteristic of as-prepared 

structures. During these deposition processes, doping has been prove to be effective for enhancing 
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diamond conductivity [69,70]. Moreover, these methods are complicated, time consuming, and 

cumbersome with low yield. Thus simple, template-free methods with low-cost and high-

throughput are needed for conductive diamond synthesis. An alternative method for nano-/micro-

structured diamond preparation is the conversion of graphitic carbon materials [71,72] which can 

avoid the complicated etching process and the use of expensive templates/masks. We studied a 

simple and cost-effective technique for the synthesis of three-dimensional structured diamond tube 

with porous tube wall from CNT hollow fibers PLA and HFCVD. The PLA treated CNTs can 

provide nucleation sites to accelerate diamond growth. The optimum amount of residual 

unconverted carbon at the interfaces of diamond tubes endows them with desired electrical 

conductivity for electron transfer [73,74]. The effects of HFCVD time and PLA on diamond tube 

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. 

Electrons from the surface of a solid can be emitted into the vacuum by different processes 

such as thermal excitation known as thermionic emission [75], photonic excitation known as 

photoemission, lowering the work function and tuning the electron affinity [76], or applying 

sufficient voltage for field emission which is also known as cold cathode field emission. The cold 

cathode field emitters can potentially emit high-density 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. However, the 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. Therefore, field emitters are desirable for different state-
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of-the-art applications, such as flat panel displays [77,78], lamps [79], gas discharge tubes [80], 

and x-ray [81] and microwave generators, due to the possibility of obtaining large emission current 

density at comparatively low applied electric fields, better stability 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 structural, 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 electronic devices, displays, 

and sensors. Under the circumstances, the carbon-based 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 with  negative electron affinity (NEA) or very low positive 

electron affinity [82–85]. Many of the carbon-based materials possess a tunable bandgap 

characteristic, excellent thermal conductivity, high atomic density, high carrier mobility, in most 

of the cases good electrical conductivity, the remarkable chemical stability and biocompatibility, 

and very high Young's modulus [86–88]. Therefore, for several decades, these carbon-based field 

emitters with different size, shape, aspect ratio, hybrid- nanostructures, and dopant types and 

doping concentrations have been studied extensively for field emission applications [89–92]. The 

electric fields required for electron emission from most of the carbon-based field emitters are 

considerably lower than those required for emission from Si, Ge, GaAs, or metal surfaces [93–96]. 

Moreover, carbon-based systems can sustain exceptionally large electric fields because of their 

high breakdown voltage, on the order of 1000 V/𝞵m [97]. Therefore this class of materials is 

considered as the most promising next-generation materials for a wide range of potential 

applications, especially in construction of the high-performance field emission devices. Thus, the 
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intriguing properties of Q-carbon arising from its unique structural, optical, magnetic, electronic, 

and mechanical properties have given rise to numerous fundamental and applied areas of research 

[98]. Promising applications ranging from superhard composite coatings, novel micro- and nano-

electronic devices, atomic sensors and biomarkers, spintronic devices, nonvolatile memory, 

superconducting magnetic resonance imaging (MRI) and nuclear magnetic resonance (NMR) 

devices and field emission (FE) devices are feasible after the discovery of this new phase of carbon 

[98–100]. 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 diamond [101], diamond-like-carbon [102], vertically aligned 

carbon nanotubes [103], and amorphous carbon structures [104], electron emission from Q-carbon 

created immense interests in this field due to its outstanding structural, electronic, and mechanical 

properties coupled with the simple and large-scale fabrication capability on rigid to flexible 

substrates such as tungsten carbide, steel, sapphire, plastic, and glass [105,106]. 

 In comparing and analyzing the emission properties, it is implied that new type of field 

emitters (Q-carbon) have the most promising characteristics for advanced applications. Therefore, 

the last segment of this thesis focuses on attractive emission-related properties of Q-carbon field 

emitters. The Q-carbon 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 effect of the neighboring emitters and high density of emission sites. 

Therefore, the Q-carbon field emitters show a very low emission threshold field, a high emission 

current density, long-term stability, and reproducible performances. A comprehensive study on the 

emission characteristics and mechanism of Q-carbon field emitter is conducted for our 
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comprehensive understanding and further improvements in the next generation carbon-based field 

emission devices.  
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2. Experimental 

2.1 Deposition and Processing techniques 

2.1.1 Hot Filament Chemical Vapor Deposition (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, such as tungsten, 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 precursor gases 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 irradiation and 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 power laser is directed 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 between the target and substrate takes place which allows the deposition of 

different types of materials such as oxides, carbides, nitrides, semiconductors, high-temperature 

superconductors, and even metals [1]. The pulsed nature of the PLD process even allows preparing 

complex polymermetal compounds 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 etc. by varying 

the kinetic energy of the deposited particles. Thus PLD is an alternative deposition technique for 

the growth of high-quality thin films. Fig. 2.2 shows a simplified schematic diagram of a PLD 

system. 

2.1.3 Pulsed Laser Annealing 

      Laser annealing 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 technique was extensively 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 parameters 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 non-equilibrium ultrafast process, which is almost impossible to attain through the 

conventional equilibrium 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 with a dopant 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 X-ray diffraction 

      X-ray diffraction also known as XRD is a non-destructive analytic technique for identification 

and quantitative determination of different types of crystalline forms sometimes termed as 
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‘phases’. The identification is performed by comparing the X-ray diffraction pattern with standard 

data. Crystalline samples consist of parallel rows of atoms separated by a ‘unique’ distance. 

Diffraction occurs when the radiation enters a crystalline substrate and is scattered. The intensity 

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

The XRD principle is mainly based on the constructive interference of monochromatic X-rays and 

a crystalline sample. The X-ray is generated by a cathode ray tube. This X-ray is filtered to produce 

monochromatic radiation, collimated to concentrate, and directed towards the sample. The 

interaction between the X-ray and sample produces constructive interference when the conditions 

match to Bragg’s law. This law relates the lattice spacing in the crystal sample, wavelength of the 

X-ray radiation and the angle of diffraction. The sample is scanned through a range of 2θ angles 

in all possible diffractions. The diffracted X-ray intensity is then processed and counted. When the 

Bragg’s condition is satisfied, the number of counts rises and the XRD pattern gives a peak. 

Conversion of the diffraction peaks to d-spacing helps to identify the crystal structure. This is 

because each crystalline material has a unique set of d-spacing [2]. 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, to find 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. 

θ-2θ scan: The geometry of the diffractometer for the θ-2θ scan is such that as the sample rotates 

at an angle of θ with regards to the X-ray beam, and the detector rotates at the angle of 2θ to sense 

the reflected beam. The θ-2θ scans are based on Bragg’s law which is a special case of Laue 

diffraction, where angles for coherent and incoherent scattering from crystal lattice planes upon 

the incident of the X-ray beam will be determined. The general relationship between the incident 
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beam, incident angle, and the spacing between lattice planes is 𝑛𝜆=2𝑑𝑠𝑖𝑛𝜃, where 𝜆 is the 

wavelength of the X-ray beam, 𝜃 is the angle of the incident beam, and d is the d-spacing of the 

crystal lattice. Reflections at a given angle (2θ) corresponds to the lattice plane distances (d) that 

coherently reflected from those family of planes (hkl) (out-of-plane 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 check the in-plane alignment, Φ-scan can be employed. 

2.2.2 Scanning electron microscopy (SEM) 

      The scanning electron microscope (SEM) has a high-energy electron beam which interacts 

with the sample and provides information regarding chemical composition, structure, and 

microstructure of the materials. When the electron beam hits the 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 orbit transition to the inner orbit and generate X-ray. 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) are being 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 property helps us build 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 show up 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 generated X-ray 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 an effective and powerful structural 

characterization technique to obtain the structure, phase, and crystal orientation of both single and 

polycrystalline materials. The ordered atoms in crystalline sample inelastically scatter a fraction 

of 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 satisfy the Bragg equation for corresponding crystal 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 Kikuchi bands 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. The EBSD 

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 order of 10-100 nm which 

is very suitable to study the phase transformation process 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 versatile tool to extract information 

related to crystallinity, structure, atomic scale imaging, and bonding characteristic of the material 

in the electron-energy-loss mode. It uses a high energy coherent electron beam that transmits 

through the TEM sample with thickness of less than 100 nm. The maximum resolution (d) is 

limited to the wavelength of the photons (λ) and the aperture in a conventional optical microscope. 

𝑑 =
𝜆

2𝑛 𝑠𝑖𝑛𝛼
 

where n is the refraction index, and α is the maximum half angle of the cone that is defined by the 

aperture. Similar to an optical microscope, in an electron microscope, the electron wavelength (λe) 

is a defining factor in resolution; 

𝜆𝑒 =
ℎ

√2𝑚0𝐸 (1 +
𝐸

2𝑚0𝑐2)

 

where h is the Plank’s constant, m0 is the mass of the electron, E is the energy of the electron 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, spherical aberration, and chromatic aberration. 

Selected-area electron diffraction (SAED): When the electron beam is scattered by the sample 

lattice the elastically scattered electrons satisfies the Bragg’s condition and form the SAED pattern. 

Thus the diffractions 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 planes). In case of 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 (EELS): Due to the broad range of inelastic interactions of the 

high energy electrons 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 sample. The change 

or loss in energy can be detected by the EEL spectrometer to obtain characteristic information of 

the sample. Core-loss excitations occur when tightly bound core electrons are promoted to a higher 

energy state by the incident electron. It can not only 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 

element-specific pair distance distribution functions of a wide range of materials.  

Scanning transmission electron microscopy (STEM): In the scanning transmission electron 

microscopy (STEM) mode, the advantages of both TEM and SEM principles are taken by creating 

a focused 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. This enables to obtain 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 dark field 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 bright whereas in 

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. Fig. 2.6 illustrates the schematic of TEM 

and STEM optics. 

Electron transparent sample preparation: The sample preparation is one of the most critical parts 

in transmission electron microscopy. The sample preparation can be done by advanced focused 

ion beam (FIB) 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 any damage. To 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. On the other hand, focused ion beam (FIB) tools and next the 

combined focused ion-beam/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 samples 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 non-destructive 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 extract other 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, usually a laser 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 molecular polarizability α is determined to find out the Raman 

effect. Hence the resulting induced electric dipole moment, P= αE causes a perturbation in the 

molecule. In this way a periodic deformation is generated in the sample which causes the molecule 

to vibrate with its characteristic frequency υm. The sample absorb a fraction of the oncoming 

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 mode and absorbs a photon with frequency υ0, it will return 

back to its original vibrational state by emitting the original frequency, υ0. This type of scattering 

is called elastic Rayleigh scattering. On the other hand, if a Raman active molecule absorbs light 

with frequency υ0, a part of the energy of the photon is transmitted to the Raman active mode with 

the characteristic frequency υm. As a result, the resulting frequency of the scattered photon is 

reduced to υ0 - υm which is called Stokes frequency and the whole phenomenon is known as stokes 

scattering [3]. 

      On the other hand, there is another type of scattering which is known as antistokes Raman 

scattering. At the time of interaction with photon with frequency, υ0 if the Raman active molecule 

already exists in the excited vibrational state, the excessive photon energy is released by the excited 

molecule. Hence, the resulting frequency of the scattered light rises up to υ0 + υm. This frequency 

is known as Anti-Stokes frequency or sometimes just ‘anti-stokes’. In the photon interaction 

process about 99.99999% of the scattered photons undergoes elastic scattering which is not useful 

to receive the desirable characteristic information about a sample. Only about 10-5% of the 

scattered photons are shifted in energy from the original frequency. However the stokes band is 

usually more intense than that of anti-stokes. Plotting the shifted light intensity versus the 

frequency provides the characteristic Raman peaks of the sample which is known as the Raman 
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spectrum. In Fig 2.7 the difference between the incident photon energy and scattered photon energy 

is represented by the arrows with different lengths. Numerically, the Raman shift ῡ is the energy 

difference between the initial and final vibrational levels in the unit of wave numbers (cm-1), which 

is calculated using the following expression where 𝞴incident is the wavelength of the incident photon 

and 𝞴scattered is the wavelength of the scattered photon. 

ῡ =
1

𝜆𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
−

1

𝜆𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑
 

      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 light is focused 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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2.3 Figures 

 

Figure 2. 1: Schematic of a HFCVD system 

 

 

Figure 2. 2: Schematic illustration of pulsed laser deposition technique. 
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Figure 2. 3: Illustration of Bragg’s law. Depending on the angle the interference can either be 

constructive (left) or destructive (right). 

 

Figure 2. 4: Emission of secondary electrons (SE), backscattered electrons (BSE), and X-ray upon 

the incident of the electron beam. 
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Figure 2. 5: (a) Different phenomena upon electron beam interaction with material. And (b) 

HAADF detector angle > 50 mrad, ADF detector>10 mrad, and BF detector < 10 mrad. 

 

 

Figure 2. 6: Schematic illustration of the TEM and STEM optics. 
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Figure 2. 7: Electronic and virtual states along with vibrational levels in Raman spectroscopy. 
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3.1 Abstract 

      We report direct conversion of multiwall carbon nanotubes (CNTs), synthesized by chemical 

vapor deposition, into diamond by nanosecond pulsed laser melting process at ambient temperature 

and pressure in air without any catalysts. The Raman spectroscopy of the CNTs after the laser 

irradiation showed the characteristic diamond peak at around 1324-1325 cm-1. The downshift of 

this peak from its theoretical position (at 1332 cm-1) 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 the transformation takes place by melting of the CNTs in a super 

undercooled state by nanosecond laser pulses, and subsequent rapid quenching to convert it into 

phase-pure diamond. The EBSD analysis illustrates the phase-pure single crystal diamond 

formation at the tips and bends of the CNTs. The high-resolution electron energy-loss spectrum in 

the STEM contains characteristic σ* peak at 292 eV for sp3 bonding of diamond. This study on 

the laser-induced direct conversion of CNTs to diamond marks a major breakthrough in the 
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formation of diamond nanostructures and diamond-CNT hybrid for a variety of potential 

applications. 

3.2 Introduction 

      Carbon nanotubes, the tubular form of graphite sheets (100% sp2 bonded carbon), are one of 

the most promising forms of carbon which is expected to be implemented in many nano-scale 

device applications owing to its exceptional properties such as large thermal conductivity, good 

electron mobility, excellent electrical conductivity, and dual band-gap properties (metallic and 

semiconductor as a function of chirality) [1,2]. On the other hand, diamond (consisting of 100% 

sp3-bonded carbon) has tremendous chemical inertness, extreme hardness, biocompatibility, 

unique electrochemical properties, large bandgap, and negative electron affinity (observed in H-

terminated diamond) [3–5]. 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 bio-devices, protective coating in machining tools, photon-enhanced thermionic 

emission (PETE) solar cells, and the structural material for micro- and nano-electromechanical 

systems (MEMS/NEMS) [6–10]. In fact, the diamond-based PETE solar cells fabricated by the 

defect engineering of diamond, obtained by the laser treatment, has shown immense potential [11–

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, X-rays, γ rays, high energy 

particle radiation such as α-particles, electrons, neutrons, pions and other exotic particles[14]. 

However, the diamond cannot be directly integrated in most of these applications due to different 

processing limitations [15,16]. 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 applications. This hybrid 
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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/CNT hybrid 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, where electrons can be carried via nanotube for enhanced field emission 

by diamond tips. 

      Since the discovery of carbon nanotubes in 1991 [1] different routes have been tried to 

transform CNTs into diamond to form CNT/diamond hybrid structure [17–19]. Synthesis of 

diamond from CNTs was achieved by shock wave synthesis [20], chemical vapor (CVD) 

deposition by nanotube coating [21], high-pressure-high-temperature (HPHT) treatments [22], and 

hydrogen plasma post-treatment [23]. 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 high-temperature conditions are required and catalysts such as 

Ni, Co, and other metals or alloys are necessary for the conversion process. The catalyst 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 solid-gas-solid 

transformation mechanism was involved with limited yield and control over the resulting 

microstructure. The transformation of CNTs into diamond has been reported by spark plasma 

sintering at 1500º C temperature and 80 MPa pressure [25]. In this process, the diamond structures 

are sheathed with an amorphous carbon layer which may hinder its electronic device based 

applications. Moreover, the stringent requirement of high pressure, high-vacuum, 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 invoke 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 bonding characteristics by EELS for σ* peak, Raman spectrum with the 

characteristic peak at 1332 cm-1, and the phonon confinement effect in the Raman spectrum in the 

case of nanostructured diamond, as the synthesis routes are driven by the solid-to-solid or solid-

gas-solid 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 diamond-CNT hybrid 

structures owing to the limitation of the solid-to-solid phase transformation. 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 interface, leading 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 

quenching rapidly to transform into phase-pure diamond. Subsequent laser pulses can be used to 

enhance and expand the diamond regions. So far diamond has been doped successfully with p-type 

dopants. These diamond structures can be also fabricated with n- and p-type dopants with 

concentrations far higher than equilibrium thermodynamic solubility limits as a result of rapid 

quenching from liquid and solute trapping phenomenon. Single crystal diamond with such high 
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level of doping concentration has several exciting applications, i.e. high-temperature 

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 non-equilibrium transformation of 

carbon into diamond. Thus, this novel process of fabricating single crystal diamond structures and 

diamond-CNT hybrids using the highly non-equilibrium technique points towards a new 

promising direction for fabricating next-generation diamond-CNT based devices. 

3.3 Experimental details 

      The double-walled and multi-walled 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 and 4 cm in diameter). The FeCl2 powder (~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 maintained at 10-3 Torr 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. In this chloride mediated CVD 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 laser (Lambda 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 laser–

solid interactions and to determine the range of optimum laser energy density for the diamond 

conversion as well [26]. The laser energy density was ~ 0.75-0.8 J/cm2 which leads to a highly 

undercooled state to form diamond. The irradiated size for the PLA process is 1 cm2. We have 
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used a Calcium Fluoride (CaF2) Plano-Convex 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 nm. After the first pulse, the ultrafast pulsed laser annealing technique melts the 

CNT tips and bends where there is limited heat flow for undercooling to occur. The laser-converted 

diamond regions can be expanded after subsequent laser pulses. The degree of undercooling is 

critical to the formation of phase-pure diamond. Fig. 3.1 depicts the proposed schematic of the 

detail of the CNT to diamond conversion by PLA for a diamond capped CNT field emission 

device. 

      The high-resolution scanning electron microscopy (SEM) was performed on the CNTs before 

and after pulsed laser irradiation using an ultra-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) with an x100 objective lens which focuses the laser beam in a spot of 2 μm. All of 

the spectra were recorded by CCD matrix with a very high-spectral resolution (<300 nm). The 

excitation of the Raman scattering was performed by a 532 nm diode-pumped solid-state laser. A 

low laser power of ∼20 mW was used to avoid any local heating of the sample. The sharp peak at 

~520.6 cm-1 associated with crystalline Si was used to calibrate the instrument during the 

acquisition of the Raman spectra. The FEI Titan 80–300 keV aberration-corrected scanning 

transmission electron microscope, operating at 200 keV, was used to perform annular dark field 

(ADF) imaging. The convergence and collection semi-angles used for ADF imaging are 19.2 and 

36 mrad. The electron energy-loss (EEL) spectra were acquired with a collection semi-angle 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 FEG FIB-SEM 

system to map out the Kikuchi diffraction patterns. In this system, an EBSD HKL NordlysNano 

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 (70º) and the diffracted electrons 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. In our study, this particular technique was advantageous to determine the crystal 

structure of nano and micro-crystalline regions. 

3.4 Results and discussions 

3.4.1 SEM 

      We performed field emission SEM analysis to examine changes in the CNTs before and after 

PLA and to investigate the size distributions and growth characteristics of the nanodiamonds 

formed by the PLA process. Fig. 3.2 (a-c) show the SEM image of the CVD grown CNTs (1-D 

structure) before PLA. The diameters of these nanowires are in the range of 10–50 nm and their 

lengths are up to several micrometers. At a higher magnification, in Fig. 3.2 (b-c), no evidence of 

diamond or any other phase is found. Fig. 3.3 (a) shows a high-resolution SEM image of the CNTs 

after PLA, and it clearly illustrates 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 formation of diamond 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 CNTs is evident by the high-resolution SEM images 

in Fig. 3.3 (c-f), 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 crystals in Fig. 3.3 (e-f) (less than 

30 nm in size) suggest that these nano-diamonds were directly transformed from the CNTs via the 

molten state of carbon. Moreover, the process is more efficient when the tip and bends are directly 

irradiated by the laser pulses with a minimum angle between the CNT axis and the incident 

direction of the laser irradiation. The nanosecond laser parameters and heat confinement by the 

one-dimensional CNTs determine the temperature distribution and undercooling plays a critical 

role in nucleation 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 

confined spatially and temporally. Therefore, the tips (and bends) of CNTs melt and achieve 

undercooling needed for transformation into diamond. Thus, the right amount of laser energy 

density for irradiation and the heat flow geometry to achieve necessary undercooling are very 

crucial for the formation of phase-pure diamond from CNTs. Some of the surface nuclei grow into 

nanodiamond structures normal to the substrate along the diameter. Fig. 3.3 (e-f) also illustrate the 

formation of nanodiamonds at the surface of 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 are evidenced by an ultra-high-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 diamond nano-

rod with a radius of ~25 nm after laser irradiation. It is also important to mention 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. The structure 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 carbon available 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 ratio in the field 

emission process.  

3.4.2 Raman spectroscopy 

      Fig. 3.4 (a-b) represent the room-temperature Raman spectra of the as-grown CNTs and the 

laser irradiated CNTs, respectively. The CVD grown CNT has characteristic D and G Raman 

bands at ~1350-1352 cm-1 and 1592 cm-1, respectively. The Raman spectrum of the laser irradiated 

CNTs demonstrates a sharp peak at ~1324-1325 which is consistent with the Raman mode of a 

diamond crystal [27,28]. The red shift in the characteristic diamond band (from its normal position, 

at 1332 cm-1) can be explained by a phonon confinement effect due to small grain size [29]. The 

intensity of the two characteristic Raman peaks, i.e.- peak related to the defect-mode (ID) and the 

peak related to the graphite-mode (IG), and the shift in the graphite-mode were analyzed to study 

the effect of the pulsed laser irradiation on the unconverted regions of the CNTs. The ID/IG ratio 

of the as-synthesized CNT is found to be ~ 0.5. After the laser irradiation the ID/IG ratio 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 in [30]. 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 structural sense (e.g. conversion from sp2 bonded CNTs 

to sp3 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 addition, the shift in the G-band position from 1567-1571 cm− 1 to 1590-1594 cm− 1, 

significant amount of upshift from the original position of ordered CNTs [31], implies the presence 

of defects in the unconverted CNT regions due to the degeneration of the graphite structure in 

MWCNTs induced by the pulsed laser irradiation [32]. The insets of Fig. 3.4 (a-b) show the detail 

of the G-peak 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 some 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 scale [30,32,33]. The FWHMs of the diamond peaks at 1324-1325 cm-1 in the 

Raman spectra are all broad. Such broad peaks are known to be associated with nanodiamond 

crystallites (phonon confinement effect) [29]. 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 detection and the information about the crystallographic orientation of the fixed 

diamond structures in an SEM instrument by means of EBSD-analysis are shown in Fig. 3.5. The 

Kikuchi pattern is generated by the diffracted electron beam showing the diamond crystal structure 

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. Thus, the extracted 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 the high-resolution SEM image 

to generate a diffraction 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 possible solutions for 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 crystal structure 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 the well-defined 

electron backscattered diffraction pattern the out-of-plane orientation of the crystalline diamond 

tip is <101>. The <110> crystallization has been explained by a model of rapid explosive 

recrystallization of DLC structures [34]. The size of the electron probe was ~10 nm to obtain these 

three-dimensional diffraction patterns, and the characteristic EBSD patterns do not change much 

along the same nanofiber tip. This negligible crystallographic 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 previous 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 nano-crystallite at this spot is shown in the inset of Fig. 3.5 (d). The relative crystal 
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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 middle region 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 CNT structure 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 electron-energy loss spectroscopy  

      A detailed STEM/EELS analysis is performed on nanosecond laser annealed CNTs, 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. The average size of the nanodiamonds is estimated to 

be ~3 ±1 nm, while CNTs are measured to be ~7±1 nm thick. Fig. 3.6 (c-d) (taken from different 

regions in the sample) further show the formation of nanodiamonds on individual CNT. These two 

HAADF images clearly illustrate 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 spectra (K-absorption edge) obtained from the nanodiamonds, CNT and 

nanodiamonds, and unannealed CNT are shown in Fig. 3.6 (e-g), respectively. The 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 typical reference spectrum from diamonds. The 
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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 frequently in the sample. The additional strong π* (284 eV) peak is clearly observed 

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 should be mentioned 

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 small probe-size during 

EELS [35]. No chemical composition other than carbon was detected on the samples by the core 

loss spectra EEL spectroscopy. 

3.4.5 Mechanism of the 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 energy (∆GT) associated 

with the formation of diamond tips consists of a gain in volume energy (~r3) at the expense of 

surface energy (~r2), where r 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:  

𝛥𝐺𝑇 =  
−4

3
 𝜋𝑟3 ρ

𝑀𝑚
 
𝛥𝐻𝑚

𝑇𝑚
 𝛥𝑇𝑢 + 4𝜋𝑟2𝑟𝑠  (1) 

Where ρ, 𝑇𝑚 , Mm , ∆Hm , and rs refer 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 in CNTs. The term ∆Tu (= Tm-Tr) is the degree of undercooling, where Tm indicates 

the melting point of the initial carbon structure (~4000 K) and Tr indicates the nucleation 

temperature. With an increase in the value of ∆Tu, ∆GT becomes more negative and a conversion 

of CNTs to diamond at the tip is favorable. The critical radius (𝑟∗) of the nucleus and the change 
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in Gibbs free energy can be obtained by differentiating the equation (1) with respect to r and setting 

the result equal to zero:  

𝑑∆𝐺𝑇

𝑑𝑟
= −4𝜋𝑟2 ρ

𝑀𝑚
 
𝛥𝐻𝑚

𝑇𝑚
 𝛥𝑇𝑢 + 4𝜋 (2𝑟)𝑟𝑠 = 0 (2) 

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

𝑟∗ =  
2𝑟𝑠𝑇𝑚𝑀𝑚

𝛥𝐻𝑚𝛥𝑇𝑢ρ
   (3) 

∆𝐺𝑇
∗ =

16𝜋𝑟𝑠3𝑇𝑚
2 𝑀𝑚

2

3 ∆𝐻𝑚
2 ∆𝑇𝑢

2𝜌2    (4) 

 Equation (3) and (4) renders that increasing ∆Tu reduces the critical radius of diamond nuclei and 

the change in Gibbs free energy occurs even at a faster rate. The rate of nucleation (I) is given by 

the equation:  

I ~ exp(−
𝛥𝐺𝑇

∗

𝑘𝑇𝑟
),   (5) 

Where, k is the Boltzmann constant. Therefore the rate of nucleation increases with decreasing 

∆𝐺𝑇
∗ , thereby facilitating the formation of diamond. Considering rs = 0.6 Jm-2, Tm =4000 K, 

∆Hm=1.0 eV/atom, ∆Tu=1000 K, and ρ = 3.5 gmcm-3, we determined a rough estimate of r* ~2.0 

nm for the diamond formation. Similar calculations were verified experimentally in earlier works 

on silicon [36,37] and diamond [34]. High ∆Tu
 would result in a very small ∆𝐺𝑇

∗  (as ∆𝐺𝑇
∗  𝛼 1/∆𝑇𝑢

2 ) 

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 between ∆𝐺𝑇
∗  and 𝑟∗are 

needed to attain suitable conditions for the direct conversion of single crystal growth from CNTs. 

This is done by the careful selection of the laser energy density for the undercooling. 

 The growth or crystallization velocity (ν) is another important parameter for single crystal 

diamond formation by the laser-solid interaction. The ν is directly related to the undercooling by 

the following equation [38]:  
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𝑣 =
𝐷𝛼𝑓

𝜆𝑓𝐷
 (1 − 𝑒

−𝛥𝑇𝑢𝛥𝑆

𝑘𝑇 )  (6) 

Where Dα refers to the diffusivity in the liquid state (~10-8 m2/s in liquid state), f is the fraction of 

available sites, 𝞴 is the atomic jump distance, fD is the geometrical factor associated with diffusion, 

k Boltzmann constant, T temperature of the molten state, and 𝞓S is the change in entropy. The 

value of chemical free energy barrier for the phase transformation of CNT to crystalline diamond 

decreases with increasing 𝛥𝑇𝑢. Large 𝛥𝑇𝑢 simultaneously results in a high velocity of the melt-

front during the solidification. Thus, the values of undercooling dictate the conversion of CNT into 

diamond via the molten phase of carbon. A slow cooling rate (low undercooling 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 would produce 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 sp2-bonded state to diamond requires extremely high-

temperatures (5000 K) and pressures (12 GPa) [34]. However, these extreme requirements could 

be overcome through kinetics by bypassing the equilibrium thermodynamic route via a highly non-

equilibrium laser melting 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 films to Q-carbon and diamond [34]. 

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 undercooling and quenching 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 direction of the incident laser beam onto the CNTs 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 in 1-D CNTs. The undercooled state is subsequently 

quenched to form nanostructures of diamond. Thus, the key consideration is undercooling which 

depends upon thermal properties and heat flow geometry. By simulation of the heat flow [26] and 

considering thermal properties for specific shapes, we can obtain laser parameters needed for the 

conversion into diamond. The tips and bends of CNTs directly absorb the irradiated laser energy 

with maximum energy density when the laser pulses irradiate the CNTs at a minimum angle, and 

there occurs high 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 CNTs. This heat flow restriction is more relevant at the tip and 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 may quench back to sp2-bonded 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 sp2-bonded carbon of CNTs in a super-undercooled state and subsequent 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 the 100-200 Hz pulses of laser beam. 

The EBSD and Raman spectroscopy of the laser irradiated CNTs illustrate the structural and 
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bonding characteristics of diamond. The core loss EEL spectra (K-absorption edge) were acquired 

at different points on the samples, both irradiated and unirradiated, to pinpoint the diamond 

formation using the ultrafast route. The mechanism for forming the cubic diamond nanostructures 

(via the non-equilibrium route) at the tips and bends along the radial directions of CNTs is also 

discussed. The process can be used to fabricate phase-pure diamond rods 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 wear-resistant coatings, thermal management of 

integrated circuits, electrochemistry, field emission devices, and electrical field shielding in 

MEMS and microelectronics. With these results we conclude that the controlled non-equilibrium 

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

sp2-bonded carbon phases for a host of novel applications. 

 

3.6 Figures 

 

Figure 3.1: The proposed schematic illustration of the CNT to diamond conversion by PLA for 

field emission applications. The diamond tips can act as the ideal field emission sites and the 

carbon nanotubes with a large conductivity are the key to the electron flow to the diamond tips. 
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Figure 3.2: High-resolution SEM images of the CNT before PLA. (a) Shows the low-magnification 

image, (b) and (c) show high-magnification image with no evidence of diamond at the tip of CNTs. 

 

Figure 3. 3: High resolution SEM images of the CNT after PLA. (a) SEM micrograph showing the 

conversion of carbon nanotubes into diamond after 10 pulses of ArF laser (pulse duration 20ns) at 

0.75-0.8 Jcm-2; (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) the ultra-high-resolution SEM image 

shows the detail of the conversion at a single tip. This also illustrates that up to a few tens of 

nanometers (in length) of the CNT has been converted into a diamond nano-rod. 
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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 prominent diamond peak at 1324.2 cm-1 illustrates the conversion of 

the CNT to diamond. The red shift of the peak form 1332 cm-1 is due to the phonon confinement 

effect. Inset of each figures illustrate the detail of corresponding G peaks. 
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Figure 3. 5: 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) by the red cubes. 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 as-grown CNTs, (b) HAADF image of CNT after the 

laser annealing showing the formation of nanodiamonds, (c) and (d) HAADF image showing the 

formation of nanodiamonds at a bend and the end of a single CNT, EELS spectra obtained of the 

regions of (e) diamond, (f) CNT and diamond and (g) pure CNT. The reference EEL spectra of the 

diamond and CNT are also shown in (e-g) for comparison. 
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4.1 Abstract 

      We report pseudo-topotactic growth of single-crystal diamond fibers by nanosecond laser 

melting of amorphous carbon nanofibers (CNFs) and crystalline multi-wall carbon nanotubes 

(MWCNTs). A rapid laser melting in a super undercooled state and subsequent quenching convert 

the tips of CNFs and MWCNTs into phase-pure <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> nanodiamond fibers can be increased, as 

each pulse results in ~50nm nanodiamond region, depending upon the initial size of CNFs and 

MWCTs. This conversion process can be carried at ambient temperature and pressure in air. The 

epitaxial nature of <110> nanodiamond fibers has been confirmed by systematic electron-back-

scatter-diffraction studies along the fiber in high-resolution scanning electron microscopy, and 

high-resolution TEM imaging and diffraction.  The nature of C-C bonding characteristics was 

studied by high-resolution electron-energy-loss spectroscopy to establish the formation of 

diamond phase by the characteristic peak at 292 eV for sp3 bonding (σ*), and absence of 284 eV 

peak for sp2 (π*) graphitic bonding. The characteristic diamond Raman peak at 1332 cm-1 is found 

to downshift to 1321cm-1 because of phonon confinement in nanodiamonds associated with 

nanofibers. These nanodiamond structures can be doped with both n- and p-type dopants with 

concentrations far higher than thermodynamic solubility limit due to solute trapping during 
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quenching 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 carbon 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 of the high-temperature 

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 phase-pure diamond in the form of nanodots, 

nanoneedles, microneedles, microdiamonds and single-crystal thin films at ambient temperature 

and pressure in air [1]. In this nonequilibrium 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 with n- and p-type dopants, where 

concentrations were found to exceed equilibrium thermodynamic solubility limits as a result of 

rapid quenching from liquid and solute trapping phenomenon [2]. We were able to control nature 

and number density of defects in diamond more precisely from liquid phase growth, where defect 

density can be minimized for solid-state devices, as the annealing of as-grown defects in these 

materials require annealing temperatures exceeding 17000C.  Recently, we reported direct 

conversion of carbon fibers and tubes into diamond after pulsed laser melting and quenching [3]. 

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 sp3 to sp2 bonding. Our previous works focused on thin 

film conversion and did not address the formation of single-crystal diamond nanofibers.  
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      Other studies have reported the conversion of carbon nanotubes into diamond through the 

formation of carbon onion phase via solid-phase transformation. One study involved CO2 CW 

laser irradiation of carbon nanotubes on a cast iron substrate [4]. In another study, the formation 

of diamond nanocrystals at the tips of carbon nanofibers was reported after spark plasma sintering 

at 15000C and atmospheric pressure as a result of the formation by an intermediate phase of carbon 

onion [5].  Similarly, the conversion of tips of multi-walled carbon nanotubes (MCNTs) into 

diamond was found after spark plasma sintering at 12000C, again invoking the formation of an 

intermediate carbon onion phase [6]. Ballistic fracturing of CNTs can also lead to formation of 

nanodiamonds [7], which is similar to diamond formation at high pressures and temperatures (4.5 

GPa at 13000C) [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 40-100 mJcm-2) of MWCNTs in nitrogen atmosphere has been reported [9]. However, 

characteristic Raman (near 1332 cm-1) and 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 the formation of diamond phase. 

However, none of these previous methods invoked melting and undercooling as the mechanism 

for conversion of carbon-based structure into diamond. The essence of our work is melting under 

highly undercooled state and quenching to convert entire volume into phase-pure diamond. The 

first-order phase transformation associated with melting plays a critical role in the formation of 

phase-pure diamond, unlike other processes.  

      More recently, the conversion of carbon nanotubes into T-carbon and pseudo topotactic growth 

has been reported by using pico-second laser irradiation, which does not involve melting [10]. In 
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this work, topotactic growth was attributed to electronic excitations without clarifying the 

mechanism of first-order phase transformation needed for topotactic growth.  

We introduced an interesting idea of nanosecond laser melting of carbon and direct conversion of 

carbon nanofibers and nanotubes into diamond nanofibers [3,11]. Thus nanosecond laser melting 

resulted in first-order phase transformation needed for topotactic growth. In this paper, we showed 

rather direct evidence of topotactic growth to form single-crystal diamond nanofibers, carried out 

very detailed high-resolution TEM, SEM (EBSD), EELS, and Raman characterization, 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 synthesized CNFs in a tube furnace (CVD chamber) with flowing Ar (450 sccm) and 

H2 (10 sccm) at 800°C by introducing 25 sccm of C2H4 for 30 min with additional details [3]. 

These CNFs are irradiated in air with ArF laser pulses (pulse duration = 20ns, wavelength = 

193nm, energy density = 0.6-1.0 Jcm-2). The laser beam size is about 10x10mm, which can be 

varied with the out of laser energy. The restriction of heat flow in one-dimensional caused melting 

of amorphous carbon in a highly undercooled state. The subsequent quenching from the 

undercooled state resulted 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 produce 100-200 cm2 area 

per second by using 100-200Hz (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 sandwiched between two copper grids and then 
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mounted in the TEM sample holder. The multi-walled 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 and 4 cm in diameter). The FeCl2 powder (~99.9% pure) in a 

quartz 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 Fe nanoparticles 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 10-3 Torr during the heating cycle, and the chamber was purged with acetylene (98%) using a 

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 irradiation holder, and the surface was 

irradiated with a pulsed ArF laser (Lambda Physik, 193 nm wavelength, and 20 ns pulse duration) 

in the air. The laser energy density was ~ 0.65-0.8 J/cm2, which leads to a highly undercooled state 

needed to form diamond. The ultrafast pulse- laser annealing technique melts the CNT tips and 

bends from which rapid explosive recrystallization occurs upon quenching to form phase-pure 

single crystal diamond structures. We have characterized these structures by TEM, SAED, EBSD, 

SEM, and Raman spectroscopy (using 532 nm laser). High-resolution SEM (and EDX) and EBSD 

(electron-scatter-back diffraction) measurements were carried out in FEI Verios 460L SEM and 

FEI Quanta 3D FEG FIB-SEM, respectively. The EBSD technique provides accurate three-

dimensional (Kikuchi) diffraction patterns for phase identification, where structural morphology 

is simultaneously determined by high-resolution SEM. A HORIBA Xplora PLUS confocal Raman 

microscope having 0.5 m spatial resolution and 532 nm excitation source 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.  Aberration-corrected STEM-FEI 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 angles in the experiments were 19 and 65 mrad, respectively. The 

EELS data were acquired with a collection angle of 28 mrads. 

4.4 Results and discussion 

      The primary focus of this work is on the formation of single-crystal 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 tips of nanofibers 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 there is a critical 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) shows high-resolution 

SEM micrograph 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 identification has been 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 crystallization.11 The growth of <110> crystallites 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(c-e), respectively. With each shot, there is a successive 

increase by about 50-100nm, as labelled in Fig. 4.1(b-d). From the characteristics of diamond 

formation with increasing number of laser pulses, it is argued that each shot melts about 50-100nm 

long region, which is quenched from a highly undercooled state to form diamond. The 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, as only 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 from multi-wall 

carbon nanotubes (MWCNTs) with increasing number of laser pulses. Fig. 4.2(a) shows high-

resolution SEM from as-grown pristine nanotubes before laser annealing. The formation of 

diamond at the tips is shown after single laser pulse (energy density = 0.65 Jcm-2) 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 diamond process 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 double-walled) ranged from 10-50nm with over 

300nm in length. These results show the formation of sharpest diamond nanoneedles by this direct 

conversion of carbon nanotubes into diamond.  

      The crystal structure determination of as-grown DNFs was carried out by the electron beam 

scatter diffraction (EBSD) technique in the high-resolution SEM. The EBSD patterns provide 3-

D Kikuchi patterns with characteristic crystal structure and detailed three-dimensional orientation 
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relationship. The size of electron probe used for EBSD is ~10 nm and thus it is ideal for 

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 unique color-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 crystal growth. 

      The atomistic details of epitaxial growth were studied by using high-resolution TEM. Fig. 

4.4(a-c) show high-resolution TEM micrographs in [-110] zone axis with increasing magnification. 

The orientation of {111} planes of diamond with 0.206nm 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 between two 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 diamond-cubic-lattice structure [12]. The Fourier-transformed 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> closed-packed chains, which are formed during rapid 

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 of <110> 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> closed-packed chains, 

which provide growth sites for rapid growth. The details of this model with experimental results 
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were presented earlier for silicon <110> growth under unseeded condition [12]. These <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 nanofibers before annealing contains π* peak at 285 eV corresponding to sp2 bonded 

carbon. After laser annealing, the EEL spectrum shows the characteristic σ*peak corresponding to 

sp3 bonded carbon in diamond. A small intensity of π* peak is attributed to some disordered carbon 

present at the interfaces. Fig. 4.6 shows Raman results from carbon nanofibers before and after 

PLA treatment. The Raman peak corresponding to nanodiamonds is observed ~1321 cm-1 in the 

CNF samples after the PLA processing. The downshift of ~11 cm-1 (from 1332 cm-1 in 

microdiamonds) and spectral broadening are attributed to phonon confinement [13] in 

nanodiamonds (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 and quenching, and 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 undercooled state, and subsequent 

quenching leads to direct conversion of carbon into diamond. The melting starts after about 10ns 

of the incidence of the laser pulse, melt-in front rapidly penetrates up until the end of the laser 

pulse. After that solidification occurs to forma diamond. As shown in the plot, solidification 

velocity is of the order 2-5ms-1. 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 laser-carbon interaction, which results in a melting. This undercooled 

state results in the formation of diamond upon quenching. During 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 temperature rise of the system is less than 5K. These calculations were 

performed by using SLIM (simulation of laser interaction with materials) program [14]. The 

nanosecond pulsed laser annealing of nanofibers leads to melting of carbon, and subsequent 

quenching from a highly undercooled state 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 (named Q-carbon) 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 nanosecond laser melting. 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 topotactic growth, 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 nucleation model, 

we estimated the critical size of the nucleus ~2nm. From SLIM simulation [14], we estimated 

growth velocity and time of growth to be 5.0ms1 and 10ns, respectively. This leads to 50nm long 

diamond crystallite with <110> orientation via unseeded crystallization. The details of diamond 

nucleation and growth modeling are published in an earlier paper [1,3,18]. These results on 
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diamond are entirely consistent with our previous work on melting of amorphous silicon by 

nanosecond lasers [19–21]. Since these DNFs are formed after rapid laser melting and quenching, 

they can be doped with p- and n-type dopants. Using CVD based methods, diamond structures 

could be doped only with boron (p-type) dopants. Under rapid quenching, we are able increase p- 

and n-type dopant concentrations far beyond the thermodynamic solubility limits. Using this 

approach, DNFs can be doped with N and Si to create N-V and Si-V centers for applications related 

to atomic sensing, quantum communication, and quantum computing. The DNFs and their 

heterostructures will also have exciting applications ranging from drug delivery to cellular sensors 

[22]. Another important consideration for diamond structures and devices relates to control of 

defects and elimination of defects during crystal growth itself. Higher formation and migration of 

point defects in diamond lead to defect annealing temperatures exceeding 17000C, at which 

diamond oxidizes and reverts to equilibrium graphite phase [23]. Since the nanosecond laser 

annealing is completed with a microsecond, which is nucleation time for defects such as 

dislocations, it is possible to create dislocation-free 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 results in the formation 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 into diamond at ambient temperature and pressure in air. 

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

process can be applied to cover a large area over 100 to 200 cm2 area per second using 100 to 200 

Hz (repetition rate per second). The diamond-tipped carbon nanofibers and carbon nanotubes 

grown on conducting substrates provide ideal platform for field emitting devices needed for next-

generation contact-less energy-transfer systems and motors. These nanofibers can be doped 

selectively with n- and p-type dopants with concentrations far exceeding thermodynamic solubility 

limits, by incorporating dopants before melting for a variety of potential 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 new frontier 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 CNFs before 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 nanotubes into diamond nanorods starting from the 

tips; (a) CVD grown CNTs without PLA. (b) and (c) high-resolution 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 0.65 J cm−2, (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 not get affected by 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 the CNF 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: (a-c) High-resolution 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 growth. Figure 4 (b) 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 epitaxial template for growth. The two sets of 

{111} planes along with <110> columns are clearly imaged in Figure 4 (c), which is a 

characteristic diamond-cubic-lattice structure. The Fourier-transformed diffraction pattern in the 

inset of Fig. 4(c) clearly shows 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 characteristic σ* peak and IInd absolute band gap. 
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Figure 4. 6: Raman spectrum of CNF before PLA and after PLA showing the formation of diamond 

after the PLA. The diamond peak is formed at 1321 cm-1 due to phonon confinement. 

 

Figure 4. 7: Simulation of laser interaction with materials (SLIM) program showing the 

temperature vs time profile (a) and melt-in and growth regions (b). 
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5.1 Abstract 

      In this work, we studied the mechanism of direct conversion of multi-wall carbon nanotubes 

(CNTs), synthesized by chemical vapor deposition, into diamond by ultrafast nanosecond pulsed 

laser melting process using nanosecond excimer laser pulses at ambient temperature and pressure 

in air by complementary experimental and simulation techniques, and used those nanodiamonds 

as precursor to grow wafer-scale high-quality diamond film by hot filament chemical vapor 

deposition (HFCVD). The conditions under which diamond nucleates and grows from CNTs are 

extensively examined by different characterization techniques and the kinetics and 

thermodynamics of the phase transformation mechanism has been discussed using finite element 

method (FEM) simulation/SLIM analysis. Raman spectroscopy of the CNTs after the laser 

irradiation probes the characteristic diamond peak at 1324-1326 cm-1 to illustrate the formation of 

nanocrystalline diamond with phonon confinement effect. The high-resolution scanning electron 

and transmission electron 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 back-scattered Kikuchi diffraction analysis, and 

high-resolution TEM imaging and FFT patterning. The diamond nanostructures are utilized as 

seeds to synthesis large-area high-quality diamond thin film on different substrates at a tremendous 
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growth rate of ~800 nm/hr in HFCVD. Overall, this facile and ultrafast route to directly convert 

CNTs to diamond creates an immense technological and scientific potential for next-generation 

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

5.2 Introduction 

      Diamond is one of 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 mobility, and high-

temperature superconductivity when doped with boron. It is also regarded as one of the most 

promising next-generation composite materials due to some of its extraordinary physical properties 

such as high tensile strength, excellent radial elastic deformability, 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 corrosion-resistant 

coating for bio-devices, protective coating in machining tools, cold cathode electron source, heat 

sink substance for electronic devices, and the structural material for micro- and nano-

electromechanical systems (MEMS/NEMS) [4–7]. However, diamond cannot be directly 

implemented in most of these applications due to different growth, interfacial bonding, and doping-

related issues. Although diamond possesses the highest hardness (Vickers hardness in the range of 

70–150 GPa) due to its low fracture toughness (KIC ∼5 MPa.(m)1/2) this material is quite brittle 

which hinders its direct application in load transfer systems [1]. A combination of diamond and 

tough carbon nanotube (CNT) can be a good solution. Similar to the sp2-bonded graphitic structure, 

double-walled and multi-walled CNTs consist of multiple graphite sheets in the rolled structure 

having flexibility, large thermal conductivity, good electron mobility and unique dimension 

(aspect ratio greater than 106 [8]) for field emission applications.  
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      A composite of CNT and diamond is expected to have unique mechanical and electronic 

properties suitable for different applications. For example, for load-bearing 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 free carrier 

concentration (one free electron from each sp2-bonded 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 to directly 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 diamond-CNT hybrid structure have been 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 high-pressure high-temperature (HPHT) 

technique for the conversion of CNTs into diamond requires extreme conditions of pressure 

between 5.5 and 14.5 GPa and temperature of 1150–1800 K [9,10]. In most of the 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 solid-gas-solid transformation mechanism involved in 

the conversion of diamond from CNTs by microwave plasma-enhanced 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 inefficient and mainly the diamond was formed with the consumption of 

MWCNTs in the MPCVD chamber [11]. Another group reported CNT to diamond conversion by 

spark plasma sintering at 1500º C and 80 MPa; however, in this process, 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 emission[12]. Gong et al. reported the 

conversion of CNT into diamond by hydrogen plasma post-treatment method [13]. This process 

yields diamond nanorods having an undesirable core-sheath structure with the inner core being 

diamond crystal and the outer shell being amorphous carbon. Overall, as the synthesis routes are 

mainly driven by the solid-state or solid-gas-solid 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 1332 cm-1, and 

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

To address these critical issues, in this study we report on the direct conversion of multi-wall 

carbon nanotubes (CNTs), 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 pressure in air. This undercooling driven ultrafast phase 

transformation phenomenon via the liquid route involves the melting of CNT in a super 

undercooled state using nanosecond laser pulses and quenching rapidly to transform into the phase-

pure diamond. The obtained diamond nanostructures showed a single-crystal 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 explained by 

the kinetics and thermodynamics modeling and simulations using the transient solid-laser 

interaction in materials (SLIM) analysis. Furthermore, we have used these diamond nanostructures 

as seeds to grow large-area high-quality diamond thin films on different substrates. These diamond 

nanostructures and CNT-diamond hybrid formed by quenching from the liquid-state 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 efficient field emission. 

5.3 Experimental techniques 

Growth of CNT. The double-walled and multi-walled 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 and 4 cm in diameter). The FeCl2 powder (~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 maintained at 10-3 Torr 

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. In this chloride mediated CVD 

method of growing CNTs the constant gas flow was maintained for 2 hours and no metallic film 

on the substrate was found. 

PLA conversion of CNT into diamond. The CVD grown CNTs were mounted on a laser 

irradiation holder and the surface was irradiated with a pulsed ArF laser (Lambda 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 laser–solid interactions and to determine the range 

of optimum laser energy density for the diamond conversion as well [14]. The laser energy density 

was ~ 0.7-0.8 J/cm2 which leads to a highly undercooled state to form diamond. We have used a 

Calcium Fluoride (CaF2) Plano-Convex 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 nm. After the first pulse, the ultrafast pulsed laser annealing technique melts the CNT tips 

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

the formation of phase-pure diamond.  

HFCVD. A standard HFCVD system was used to synthesize the diamond films on different 

substrates. The system uses a stainless steel cylindrical water-cooled chamber, a tungsten filament 

holder (4 wires) assembly at the middle, a heated substrate holder, a sealable gas inlet and 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 (700°C) below the filament. The chamber is initially 

evacuated with a mechanical pump to 10-3 Torr. When the desired base pressure is reached, the 

pumping port valve is closed and methane and hydrogen gas at a ratio of 1:50 is then allowed to 

flow over the hot filaments (2000°C) into the chamber to the desired pressure (low working 

pressures ~20 Torr). The filament temperature was measured with a two-color pyrometer while 

the substrate temperature was measured by a K-type thermocouple inserted on the substrate holder, 

placed on the backside of the substrate. The set of multiple filaments and the rotation of the 

substrate stage during the deposition facilitates the formation of a uniform diamond thin film over 

the large substrate area. Gas composition (%vol. CH4 and H2), total gas pressure (P), 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 minimize the thermal shock. 

Raman spectroscopy. We have used a WITec confocal Raman spectrometer (with a triple 

monochromator, gratings 2400 lines/mm) to detect the fingerprint of diamond and non-diamond 

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

diode-pumped solid-state laser was focused at a spot of ~2 µm diameter. The spectrum resolution 
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was ~0.5 cm−1. Optimum laser power (~40 mW) was used to illuminate the sample to avoid heating 

of the sample 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. 

SEM. High-resolution SEM images at high-magnification 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 sub-nanometer resolution was carried out on the PLA grown Q-

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

EBSD. A powerful non-destructive technique, electron backscattered diffraction (EBSD), is used 

to determine the details of atomic structure of crystalline phases (diamond and CNTs) 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 to each diffracting 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 

gnomonic projection of the diffracted cone, making the band edges appear hyperbolic. 

XRD. X-ray diffraction (XRD) measurements (θ - 2θ scan) were conducted on the diamond films 

(Bruker D8 Discover) using Cu kα radiation source from a sealed tube operating at 40 kV and 25 

mA and state of the art LENXEYE XE detector. This detector filters fluorescence and K-β 

radiation to overcome the intensity losses and absorption edges associated with secondary 

monochromators and metal filters. The data were collected in the Bragg-Brentano reflection 

geometry in the 2θ range of 30-100 at 0.01 step size and a dwell time of 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 methanol medium. The dispersed solution (10 μL) was 

then manually transported to the TEM grid and left to dry up. TEM images and SAED patterns are 

captured by high-resolution transmission electron microscopy (S/TEM, FEI, Talos-F200) 

operating at 200 keV, equipped with a proprietary "XFEG" high-brightness Schottky emission 

field-emission-gun electron source, which provides beams ~5× brighter than previous Schottky-

FEG technologies. 

Laser-solid melt interaction simulations. To 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 in materials (SLIM) code. The annealed region had a finer 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 radiative and 

conductive losses incorporated in it. The thermal conductivities were approximated as 3 W/m-K, 

2.90 W/cm-K, and 15 W/cm-K for amorphous solid [15], liquid carbon [16], and MWCNTs [17] 

at high temperatures, respectively. The motion of melt-front during the onset of melting and 

regrowth was performed incorporating the phase change at solid/melt interface for C, with the 

latent heat of melting and heat conduction as the driving force propagating the melt interface. 

Ab-initio MD simulations. The sp2-bonded graphitic carbon structure was generated by ultrafast 

quenching from the liquid state through extensive ab initio Molecular Dynamics simulations using 

the large-scale atomic/molecular massively parallel simulator (LAMMPS) code. The simulations 

were performed utilizing the angular dependent potential (ADP) designed for simulating the 

carbon melt subsequent phase transformations on ultrafast quenching [18,19]. 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) for 20 ps with the timesteps set as 2 fs. To simulate the effect of 

undercooling, at this stage isotropic pressure of 5-50 GPa 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 (i.e., graphitic carbon and amorphous diamond at 1 GPa and 50 GPa, respectively). The as-

obtained amorphous structure was further stabilized in an NPT ensemble 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 Baxter-Dixon-Hutchinson 

factorization method [20].  

5.4 Results and Discussion 

      Fig. 5.1 illustrates the high-resolution 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 the as-grown pristine nanotubes before 

laser annealing. No evidence of diamond is observed in the nanotubes. Fig. 5.1(b-c), the high-

resolution images of CNTs at nanoscale, clearly illustrates the CNT structure throughout, without 

any trace of diamond. The SEM images of the PLA converted nanodiamond structures are shown 

in Fig. 5.1(d-f). 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, 

respectively. 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 placed CNTs due to the geometry 

effect. Fig. 5.1(e) shows a high-resolution 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 10 PLA 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 the transformation 

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 phase-pure diamond. The results obtained from the 

SEM analysis also suggest that the size of the diamond nano-rods and grains can be controlled by 

the number of pulses and heat flow geometry as the nanosecond pulsed laser heating and 

temperature distributions are confined spatially and temporally. It is also important to note that the 

size distribution of the diamond nano-rods and grains is particularly dependent on the initial 

nanotube diameter. The diameter of carbon nanotubes ranged from 10-50nm (mostly multi-walled) 

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 of sharpest diamond 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 the high-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 in a high-

resolution 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 inelastically scatter a fraction 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 satisfy the 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 high-resolution image of the laser irradiated sample is shown in Fig. 5.2(a) where 

Kikuchi bands are obtained from the marked spots. In Fig. 5.2(b-c) (spot 1 and 2), the <110> 

EBSD patterns of diamond upon resolving the Kikuchi patterns using AzTec software provide 

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 demonstrates 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), clearly illustrates the existence of the sp2 bonded 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 (spot-4) from the top of another CNT lying 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 transmission electron microscopy. The first order phase transformation of 

MWCNT tip into nanodiamond is further elucidated by performing high-resolution S/TEM 

imaging and fast-Fourier transform (FFT) analysis. Fig. 5.4(a) reflects the structure of MWCNT 

singular tube 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 Walls interaction and strong sp3 

bonding. The tube layers were noted to vary from 40-60 in 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 beam perpendicularly 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 with the high-resolution image in Fig. 5.4(c), revealing the change-over from radial 

lattice fringes arising from (002) planes of CNT to (111) cross-fringes arising from diamond. 

Notably, we did not observe any presence of intermediate structures like carbon onions.  

      This transformation resulted in diamond size varying from 8-10 nm, as shown in Fig. 5.5(a). 

Notably, on traversing from left-right the first-order phase transformation from CNT to diamond 

can be noted, with densification of lattice suggesting CNT to 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. 5.5(b-c)), reflect definite 

addendum of D(111) dots arising from (111) cross-fringes of diamond, together with the (002) and 

(004) MWCNT diffused rings. This configuration of (111) spots in FFT pattern arises across the 

<110> zone-axis during diamond regrowth. As this is a plan view acquisition, the <110> zone-

axis is the out-of-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 carbon [21], carbon nanofibers [22], 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 double-diffraction of (1-11) and (11-1) 
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planes of diamond. Perhaps the ultrathin nature of MWCNT and diamond tip reduced the 

probability of double-diffraction. It is interesting to note that, on performing the FFT acquisitions 

on the complete MWCNT structure in Fig. 5.5(d-e), we observed a diffused (111) ring with 

speckled spots in between, suggesting the formation of nanodiamonds throughout this PLA 

processed MWCNT structure. 

Raman spectroscopy. Fig. 5.6 (a) shows the Raman spectra of the CVD grown CNT and the PLA 

converted nanodiamond regions. The as-grown CNT has characteristic D and G Raman bands at 

~1350-1352 cm-1 and 1592 cm-1, respectively. The 2D peak, which is the first overtone of D peak, 

also observed at ~2700 cm-1. Raman microprobe spectroscopy also identifies the nanodiamond 

phase in the laser irradiated samples as having a characteristic T2g peak at ~1322–1324 cm-1 which 

is consistent with the mode of bulk diamond crystal with peak shifted to a slightly lower 

wavenumber. The downshift of ~8-10 cm-1 (from 1332 cm-1 in microdiamonds) and spectral 

broadening are due to a certain component of tensile stress/phonon confinement [23] in nanosized 

diamonds formed after the PLA. The D, G and 2D peaks originate primarily from unconverted 

graphitic carbon regions which were illuminated by the green laser during spectral acquisition. 

Moreover, no D′ peak, arises due to the defect-induced single-phonon intra-valley scattering process, 

at 1604 cm-1 in the CNTs before and after PLA eliminates the presence of perturbations within the 

sp2 lattice induced by voids and edge defects [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 after fine analysis [25,26]. Upon laser irradiation the shift in the G-band 

position from 1580 cm− 1 to 1592 cm− 1, an upshift from the theoretical position of graphite, implies 

the defect induced graphitic structure of the unconverted CNT region. Since the ID/IG ratio 
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indicates the relative density of dangling bonds and defects to the more crystalline graphite 

structure in the CNTs, the increase in the ID/IG ratio from 0.72 to 1.4 indirectly refers to the increase 

in the disordered amorphous carbon density in the unconverted tube walls after the PLA[27]. 

Previous studies on the microscopic changes in the graphitic structures of CNTs showed similar 

changes due to the incident energetic photons by Raman spectroscopy [25,26]. Li et al. reported 

that an increasing ID/IG ratio, which was attributed to the pulsed laser irradiation (248 nm 

wavelength) with energy densities in-between 0.08 to 0.15 J/cm2 , gives rise to an enhancement of 

emission current density [26]. Other studies also explained improvements in emission 

characteristics by the dangling bond formation or laser cleaning at the surface of the MWCNT 

samples [28,29]. Thus, the formation of 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 J/cm2 a slight increase of D peak 

is observed and the ID/IG ratio 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 CNTs irradiated at low energy 

density. On the other hand, when the CNTs were irradiated with a laser energy density (0.9 J/cm2) 

much higher than the optimum range (0.65 J/cm2), a drastic fall in the 2D peak intensity was 

observed. The obtained ID/IG ratio at this laser energy density was also found to be the highest 

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 density during laser irradiation. The G peak 

of the as grown CNTs (1568 cm-1) shifts significantly towards right (blue shift) with increasing 

PLA energy density. The position of this peak was found to be at 1582 cm-1, 1592cm-1, and 1602 
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cm-1 for the CNTs irradiated with 0.4 J/cm-2, 0.65 J/cm-2, and 0.9 J/cm-2, 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 energetic photons on the 

graphite structure of CNT body at the microscopic scale [25,26,30]. Fig. 5.6(b) shows the Raman 

spectrum obtained from the diamond after HFCVD (3 hr) on the laser-treated CNT on Si. The 

presence of a sharp characteristic T2g peak at 1333 cm-1 refers to the highly crystalline diamond. 

The vanishing G-peak (associated with sp2 graphitic carbon) at 1580cm-1 refers to the high quality 

and magnificent phase purity. In the case of the Raman spectrum from the diamond crystal in the 

untreated region, the G-peak is more pronounced, referring to the presence of unconsumed carbon 

fibers compared to the laser-treated samples. The Raman spectrum of a piece of crystalline Si 

having a peak at 520 cm-1 is also shown as a reference. 

Melting carbon explanation and simulation results: Liquid 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 process via the 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 heating [31] or laser 

heating of graphite by exploiting the poor interplanar thermal conductivity of graphite [32], these 

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 stable at atmospheric pressure only at very high temperatures (above ~4450 K)[33]. Since 

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

the carbon 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 on the sample volume to produce 

the necessary temperature rise to attain melting [16,32]. 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 graphitic carbon 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 formation of the solid states of carbon, i.e. 

the diamond, graphite, or Q-carbon. Since the vaporization temperature for carbon (∼4700K) is 

only slightly higher than the melting point ∼ 4450 K), the vapor pressure over liquid carbon is 

high, which again emphasizes the importance of the control over the spatial and temporal heat flow 

during the process [16]. Only the ultrafast laser-induced melting of carbon can generate the 

required undercooling to transform the liquid state of carbon into diamond (after the melting of 

CNTs) as the preferable range of the regrowth velocity for such conversion is very narrow (4-6 

m/s) [21,34]. 

      In the PLA mediated conversion of CNTs into diamond the CNTs were irradiated by 

nanosecond laser pulses with an energy density of 0.65-0.7 J/cm2. 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 CNTs [35] over the temperature range up to the melting point, assuming that the whole 

portion of the absorbed laser pulse was converted into thermal energy in the tube. For PLA 
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experiments, above the melt threshold (Ed), surface melting of thin films occurs. For MWCNT 

tubes used in these experiments 20-80 layers, the Ed is determined to be 0.4 J/cm2 as revealed in 

Fig. 5.6(a). For phase transformation of molten carbon into Q-carbon, α-carbon or crystalline 

phases, it is essential first to melt the carbon tubes. In the non-equilibrium route of PLA, the heat 

flow is spatially and temporally confined, making it an ideal technique for melt processing of 

materials 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 of 1010-1011 K/s. The profile 

reveals the onset of melting at ~4 ns, with the maxima in temperature at 20 ns which corresponds 

to the nanosecond laser pulse width of 20 ns, signifying the cool-down 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 for various PLA 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 

aspect ratios. These simulations elucidate the criterion and thermal dynamics of molten carbon, 

and the mechanism behind liquid phase regrowth of <110> oriented nanodiamonds during melt 

regrowth.  

      Further, we utilized ab initio molecular dynamics calculations to simulate the liquid phase 

regrowth of diamond. The simulations are based on “liquid quench method” [36,37] generally used 

for randomization and formation of disordered solids, where carbon is melted and subsequently 

quenched under isotropic pressure. In this case, to equilibrate the structures formed under HPHT 

condition, the pressure is first released at 2000 K to 760 Torr (see Experimental section for details), 

and then subsequent quenching to room temperature is performed. The Nose-Hoover thermostat 

is used to equilibrate the liquid melt [38]. The quenching to room temperature was performed 
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under NVT conditions with a Langevin thermostat [39]. The ultrafast quenching of the melt phase 

shifts the temperature at which the solidification occurs, generating the undercooled liquid which 

triggers the rapid non-equilibrium solidification. For carbon, increased undercooling triggers the 

formation of diamond and densely-packed Q-carbon phases, which are formed far from 

equilibrium [21,40,41]. These HPHT simulations are performed by applying isotropic pressure on 

the carbon melt during quenching.[20] It is worth mentioning that high-pressure quench resulted 

in the evolution of a densely-packed phase with ~90% sp3 content.  These results are in-agreement 

with super-undercooling (>1000 K) driven formation of densely packed Q-carbon phase on rapid 

quenching 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 simulation results 

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 ~4 ms-1 from 

the length of the converted 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 c-BN [21,34,41–44]. The atomic spacing of carbon nanotubes and diamond are 

0.2468 nm [45] and 0.2522 nm (in (100) 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 and subsequent quenching 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 density [46]. 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/cm2) resulted in the broken or blown off CNTs due to overheating and 

ablation effects [46]. Researchers have also used laser irradiation treatment of aligned CNTs to 

produce clean and uniform surfaces [47]. 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 possible only 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 constraint of 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 undercooled state of 

carbon is a metastable phase, and nanodiamonds nucleation occurs from this state. The whole 

process (rapid melting, solidification, and growth) takes place in less than 200-250 ns. Therefore 

such a highly nonequilibrium phase transformation is ideal for the formation of single crystal 

diamond and this single crystal diamond can be doped with dopants of both p and n-types at doping 

concentration far higher than thermodynamic solubility limit. Single crystal diamond with such a 

high level of doping concentration has several exciting applications, i.e. high-temperature 

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 distribution using 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 large-area diamond films by HFCVD. The first laser pulse melts the tips of carbon 

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 melting and resolidification 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 to the 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 the high-resolution SEM image in Fig. 5.7(a). 

The low magnification image in Fig. 5.7(b) shows the formation of a large-area 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 CNTs (left side).  

      The unconverted CNTs are totally consumed during the HFCVD process, as shown in the left 

side of Fig. 5.7 (c). The etching rate of sp2 carbon (mainly CNTs) is 10 times faster than that of 

sp3 carbon (already formed diamond) upon interaction with active hydrogen species during growth 

[48]. This process assists the growth of sp3 diamond phase as the rate of formation of sp3 diamond 

is greater than the etching rate [49]. It should be mentioned that the source 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 nucleation 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 c-sapphire better. An area of 92 μm x 56 μm was divided into 200 x 200 pixels (200 points per 
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line and 200 lines per image) to collect data (with an integration time of 0.5 s) for the ultrahigh-

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 region (1330-1335 

cm-1), which clearly illustrates the formation of a large-area diamond 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 laser-irradiated CNT side with no crack and/or delamination. This refers to high-quality 

diamond growth throughout the laser-irradiated CNT region. Fig. 5.8 illustrates the XRD pattern 

of the HFCVD diamond thin films on Si substrates. The diffraction peaks at ~43.90º (2θ) 

corresponds 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 small {220} reflection of 

diamond is visible at ~76° (2θ), implying high quality and textured nature of the film. The SEM 

image in Fig. 5.7(a) also demonstrates the prevalence of triangular facets on the diamond surface 

which supports the textured nature of the diamond. Since the X-ray can penetrate the diamond film 

of thickness more than 100 µm [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 in d111. Thus no 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 conversion of sp2 

carbon at ambient temperature and pressure in air is investigated 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 high-resolution TEM/STEM, and Raman spectroscopy. All these 

characterization techniques were employed 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 with p- and n-type dopants with concentrations far higher than 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 driven clean process, provide seeds for the subsequent 

growth of high-quality large-area 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 a tremendous 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 

 

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) high-resolution SEM micrographs showing 

no diamond trace in the as-grown CNTs, (d) illustrates the  conversion of carbon nanotubes 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) illustrates more 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 the unconverted 

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 high-resolution image of the region of interest. The point of interest for structural 

characterization are marked as spot 1-4. (b) and (c) The obtained backscattered diffraction patterns 

from spot-1 and 2 match closely to that of diamond and the crystallographic orientation of the 

grown diamond are shown in the insets of the corresponding figures. (d) and (e) show the Kikuchi 

patterns obtained from spot-3 and 4, respectively. In the middle region of a CNT (spot-3), where 

the rate of undercooling is insufficient for diamond conversion, the pattern matches only with that 

of CNT. The absorbed laser energy is insufficient for the CNT (spot-4), lying horizontally on the 

substrate and off from the incident laser direction, to convert into diamond. 
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Figure 5. 3: High resolution scanning/transmission electron microscopy of multi-walled carbon 

nanotubes, revealing (a) the hollow nature of crystalline 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 the first-order 

phase transformation from MWCNT to diamond tip, with change in lattice fringe nature form 

disordered circular patterns, to cross-fringes associated with (111) planar spacing for 

nanodiamond.  
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Figure 5. 4: TEM image of the nanodiamond region showing the formation of nanodiamonds at 

the MWCNT tip with a size of ~8-10 nm. It also highlights the shrinkage in d-spacing from first-

order phase transformation of CNT (d002 = 0.335 nm) to diamond (d111 =0.026 nm). (b) 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 highlighted in (d) and (e), suggesting the formation 

of nanodiamonds at multiple places in the PLA processed MWCNT.  
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Figure 5. 5: (a) Detail Raman on the conversion of carbon nanotubes into diamond structures by 

PLA. The red shifted characteristic T2g peak of diamond is observed when the CNT is irradiated 

with 0.65 J/cm2 laser energy density. (b) Raman spectra of the diamond thin film grown on the 

laser irradiated region, diamond structures on the unirradiated CNT region (masked area), and 

standard Si for reference. 
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Figure 5. 6: Computational simulation of the tetrahedral carbon structure. (a) Temperature-time 

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

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

J/cm2 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: Detail of the HFCVD diamond thin film formation assisted by the PLA diamond seeds 

converted from the CNTs on Si substrate. (a) High-resolution image shows the triangular faceting 

structures referring to the (111) texture growth of diamond, (b) 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 shadow mask 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 

mask during 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 refers to the high 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 presents a great challenge 

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) 

growth process. In this study, we report on the use and the role of Q-carbon as an intermediate 

layer to successfully deposit large-area diamond film on c-sapphire by hot filament chemical vapor 

deposition (HFCVD). The Q-carbon consists of very high-density diamond tetrahedra which act 

as the embryo for diamond nucleation. Different techniques such as X-ray diffraction, scanning 

electron microscopy, and Raman spectroscopy show that continuous diamond films with good 

crystallinity and without any impurity phase can be deposited on the Q-carbon coated single crystal 

sapphire substrate. The Q-carbon layer is very adherent and it negates 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 technique of growing large-area continuous diamond thin film 

with excellent crystalline quality on a single crystal sapphire substrate can serve as a platform for 

the development of next-generation corrosion and erosion resistant infrared windows, state-of-the-

art optoelectronic 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 importance. Especially, the 

deposition of large-area diamond film on single crystal sapphire holds a lot of promise in various 

technological applications due to unique properties of the substrate, which include good optical 

transparency, high-melting point, high hardness and chemical inertness, etc. The applications of 

diamond on sapphire include diamond polishing wheels, corrosion and radiation resistant infrared 

windows, solid-state lasers, novel scanning probe microscopy applications such as 

nanoindentation and high-resolution imaging of soft samples, and so on [1,2]. In fact, a model laser 

gain element formed by integrating diamond and a solid-state laser material, such as Ti: Sapphire, 

has been designed to obtain an increased average output power up to a megawatt level [3]. All of 

these technological milestones can be achieved by establishing a successful deposition route to 

grow large-area and high-quality diamond on single crystal sapphire. Although a lot of 

comprehensive studies about chemical vapor deposition (CVD) of diamond on different substrates 

have been conducted over the past few decades, relatively little effort has been put on the 

development of large-area 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/m-K) of sapphire, huge difference in thermal expansion 

coefficients between the diamond film and the sapphire substrate, low nucleation density, and poor 

adhesion [4,5]. Since the Gibbs free energy of formation of aluminium carbide (Al4C3) is much 

lower (-32.1 kJ/mole) compared to that of aluminium oxide (-1675 kJ/mole), the carbide layer to 

exist the diamond nucleation is not favored[6]. Over the years, attempts to grow large-area 

diamond thin film on transparent and hard substrates have received, at best, limited success. 
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Thermodynamically, sapphire is a very stable material, and its conversion from Al2O3 to an 

intermediate carbide layer during the fabrication of CVD diamond is unfavorable [7]. The absence 

of any carbide layer at the interface makes the diamond film poorly adherent on the sapphire 

substrate. The adherence is even worse due to the large thermal expansion coefficient mismatch 

between the sapphire and the diamond, which leads to a huge thermal stress (compressive) in the 

diamond film during the cooling process. To overcome adhesion and stress-related problems, 

researchers have proposed different techniques, such as an in situ two-step hot-filament chemical 

vapor deposition (HFCVD) [8], polishing the substrate surface by in situ pre-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 flame [10]. However, all of these studies gave 

relatively low nucleation density (106 –107 sites/cm2), and formation of large-area continuous 

diamond thin films was not obtained. The dc-biasing technique has been successfully used to 

deposit diamond on mirror-polished Si substrate with improved nucleation. However, this method 

cannot be applied to the insulating sapphire substrate [11]. The growth of polycrystalline diamond 

films on single crystal sapphire using HFCVD has been studied [12]. Problems related to the stress 

generation, poor adhesion at the film-substrate interface, delamination, and film cracking were 

observed for deposited areas greater than ~100µm2. An alternative technique, by using patterned 

silicon on sapphire for CVD of diamond, was used to grow diamond on sapphire [7]. In this case, 

Si acts as a partial stress-relieving layer. However, the area of continuous diamond film greater 

than ~200µm2 still delaminated. These problems restrict the deposition of large-area diamond film 

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

Diamond nucleation on mirror polished optically transparent substrates is another major challenge. 
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To increase the nucleation density researchers tried faceting or mechanical scratch pretreatment, 

by abrading using ultra-sonication or annealing in air at high-temperature, on sapphire during the 

HFCVD of diamond thin film [13,14]. But these pretreatment techniques damage the surface of 

the polished substrate, and hinder practical applications of diamond on sapphire. In another study, 

researchers claimed to observe a high nucleation density and a rapid lateral growth rate enabled 

the diamond nuclei to coalesce and cover the entire surface of the substrate in a short time using 

HFCVD (after 20 minutes manual aberration of 1 μm diamond seeds on the sapphire substrate) 

[12]. However, further 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 substrate [15]. A good quality diamond film on sapphire was obtained 

only after a very long deposition time of 48 hours. 

      In this study, we have investigated a novel route to grow large-area CVD diamond thin film 

on sapphire by using Q-carbon as an intermediate layer to overcome the inherent problems related 

to the nucleation and growth of diamond on single crystal sapphire. We have successfully 

demonstrated a simple technique for the direct deposition of large-area, and excellent quality 

diamond thin films on the Q-carbon coated sapphire substrate by HFCVD. The Q-carbon 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 annealing [16,17]. This layer helps to grow a very large-area diamond on 

sapphire without any cracking or delamination. The analyses from scanning electron microscopy 

(SEM), X-ray diffraction (XRD), and Raman spectroscopy show that the Q-carbon assists the 

diamond nucleation, and a large-area continuous diamond film with low compressive stress can 

be obtained. We have conducted a detailed analysis of stresses in these films and found that the Q-



  131 

 

carbon interlayer helps to reduce the effect of the thermal misfit strains which arise as a result of 

the difference in coefficients of thermal expansion between the diamond film and the smooth 

sapphire substrate. 

6.3 Experimental 

      We have grown the large-area CVD diamond film using a two-step method, i.e. first, the 

formation of Q-carbon using nanosecond pulsed laser annealing (PLA) of the amorphous diamond-

like carbon (DLC) film, and second the growth of diamond film on Q-carbon by HFCVD. To 

fabricate the Q-carbon, at first, we deposited ~500 nm thick amorphous carbon thin film on the c-

plane sapphire substrate using pulsed laser deposition. The substrate was cleaned with acetone 

vapor for 10 minutes, with methanol for 5 minutes by ultra-sonication, and dried with nitrogen 

gas. The amorphous carbon film was deposited in a stainless steel chamber evacuated to a base 

pressure of ∼1 × 10-6 torr. We used a pulsed krypton fluoride (KrF) excimer laser (λ = 248 nm, 

repetition rate 5 Hz/s, pulse width 20 ns, laser fluence of ∼2 J/cm2) during deposition. The as-

deposited films were irradiated by an ArF laser (wavelength = 193 nm, pulse duration = 25 ns) 

pulse with an energy density in-between 0.6 to 0.7 Jcm-2 for conversion into Q-carbon. During the 

laser irradiation process, the as-deposited DLC film was melted in a super undercooled state and 

subsequently quenched to complete the whole process within 200-250 nanoseconds. After 

shrinkage from the PLD grown amorphous carbon layer, due to the super undercooling and 

subsequent quenching from the liquid state of carbon which is produced due to nanosecond pulsed 

laser irradiation, the generated Q-carbon layer thickness varies from 35–150 nm [18]. 

      During HFCVD of diamond thin film, the Q-carbon coated c-sapphire was inserted into the 

HFCVD reactor. We used a set of 4 straight tungsten wires as hot filaments. The distance between 

the filament and the substrate was maintained at ~6-8 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 mixtures is shown in Fig. 6.1 (a). The 

tungsten filament was gradually heated to a high-temperature (~2000o C). The CVD growth was 

done under a flow rate of 2 sccm for methane and 100 sccm for 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 diamond-forming active gas species. Upon reaching the Q-carbon/sapphire substrate 

surface, these diamond-forming active gas species initiate the nucleation and the formation of 

diamond. The substrate was placed on a substrate holder, and the temperature of around 800o C 

was maintained during growth. The set of multiple filaments and the rotation of the substrate stage 

during the deposition assisted the formation of a uniform diamond 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 precursor gases at high-temperature. The absorbed 

reactive species coalesce and subsequently form diamond clusters on the substrate under favorable 

conditions, which are also shown in this figure.  

      Raman spectroscopy and XRD are the two most powerful techniques to characterize diamond 

thin films in terms of structure and bonding, respectively. These techniques provide a fingerprint 

of the presence of diamond and non-diamond phases, and the stress present in the film. Raman 

spectra were obtained using a WITec confocal Raman microscope system (alpha300M) micro-

Raman spectrometer (triple monochromator, gratings 2400 lines/mm) with an x100 objective 

which focuses the laser beam in a spot of 2 μm. All of the spectra were recorded by CCD matrix 

with a very high spectral resolution (<300 nm). The excitation of the Raman scattering was 

performed by a 532 nm diode-pumped solid-state laser. To avoid any local heating of the sample, 

a low laser power of ~40 mW was used. The X-ray diffraction (XRD) was performed on the 
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HFCVD diamond film using the Rigaku SmartLab x-ray diffractometer with a CuKα x-ray source 

(25KV, 15 mA). Diffraction data were collected with a 0.01 step size in the 2θ range of 300-1000 

and a constant dwell time of 0.5 seconds per scan point. Bragg-Brentano reflection geometry was 

used during the data acquisition process. High-resolution scanning electron microscopy (SEM) 

with the sub-nanometer resolution was carried out on the laser irradiated samples using the FEI 

Verios 460L SEM. 

6.4 Results and discussion 

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 sites for the 

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 thin film but also the film 

thickness, morphology, uniformity, defect concentration, adhesion, surface roughness, and so on. 

Fig. 6.2 (a) shows an SEM micrograph of Q-carbon on c-sapphire, which has been used for the 

HFCVD diamond deposition. In conventional diamond depositions, seeds of nano/micro diamond 

are dispersed on the substrate, which act as diamond nucleation sites during the CVD process. 

Using Q-carbon, we obtained a relatively high diamond nucleation density (around 109 cm-2) for 

diamond growth. Fig. 6.2 (b) shows the SEM micrograph of diamond on the Q-carbon/c-plane 

sapphire surface after 3 hours of HFCVD. The Q-carbon provides a high number density of 

nucleation sites by providing: (i) very active surface adsorption sites to connect with the diamond-

forming gas species due to the presence of numerous diamond tetrahedra, and (ii) the distributed 

region of adsorption sites larger than the nuclei size for the subsequent crystal growth. Although 

considerable amount of work has been done in the past on the diamond nucleation mechanism 



  134 

 

during the HFCVD process, the detailed steps which can explain the nucleation of the first diamond 

phase are 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 the generation of different hydrocarbon species in the gas phase at high-temperature 

inside the CVD chamber and adsorption of those species on the substrate surface via interfacial 

interactions. The Gibbs free energies at different stages depend upon the C–H bond energies in 

different CHX species, i.e.CH4, CH3, CH2, and CH, and formation energy of H2. The reactions 

initiate from the dissociation of the molecular hydrogen by the hot filament at a very high-

temperature to form highly active hydrogen radical followed by several steps (by which the atomic 

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

[19]. 

H2 ―› 2 H.   ∆G0 = 75 kJ/mol  

CH4 + H.  ―› CH3 + H2  ∆G0 = -42 kJ/mol         

CH3 + H.  ―› CH2 + H2  ∆G0 = 17 kJ/mol         

CH2 + H.  ―› CH + H2  ∆G0 = -38 kJ/mol         

CH + H.  ―› C + H2   ∆G0 = -84 kJ/mol         

C + Cd ―› 2Cd   ∆G0 = -480 kJ/mol         

At the end, generated carbon atoms are added to the diamond structure via the final reaction. 

Although the formation of atomic hydrogen and the formation of CH2 species are not 

thermodynamically favorable owing to the small positive changes in Gibbs free energy, the high-

temperature environment ensures a thermodynamically favorable condition.[19] sp1, sp2 and sp3 

bonded carbon species coexist on the substrate surface and the etching of the sp1 and sp2 bonded 

carbon are ten times faster than etching of the stable sp3 bonded carbon, which assists the growth 
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of sp3 phase [20]. Around 104 activated hydrogen atoms are required to convert a carbon atom to 

the final sp3 bonded state, therefore, we have used a high hydrogen to methane ratio (50:1) [21]. 

At the final stage, the disordered domains of the sp3 bonded carbon convert into an ordered 

diamond structure with the same bonding type. The high density of the diamond tetrahedra in Q-

carbon on the substrate surface helps to achieve a very high nucleation density during the diamond 

growth. The overall morphology of the obtained diamond thin films after 6 hours growth is shown 

by the high resolution SEM images in Fig. 6.3(a)-(c) at different magnifications. No visible 

crack/delamination was observed in the film implying that the Q-carbon layer helps to overcome 

the huge thermal 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 large-area continuous diamond 

thin film has been grown using this novel technique. For comparison, we have also grown the 

diamond on the clean c-sapphire without a Q-carbon layer under the same deposition conditions. 

The morphology of the diamond growth on sapphire without Q-carbon using the same HFCVD 

conditions for 6 hours is shown in Fig. 6.3(d). This image shows that the area of the substrate 

surface is barely covered with diamond crystals. Thus, we can conclude that the Q-carbon layer 

can enhance the coverage during diamond deposition. This is due to the presence of the diamond 

tetrahedra in the Q-carbon with a high packing efficiency, which can act as embryos for 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 reaction [19]. 

Ca + 4H.  ―› CH4   ∆G0 = -470 kJ/mol         
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6.4.2 Effect of thermal stress 

      Fig. 6.4(a) represents the percent of the linear thermal expansion of sapphire, AlN, silicon, and 

diamond in the temperature range between 0o C and 1200o C, which helps us to understand the 

effect of thermal stress on diamond film at different growth temperatures [22,23]. The relative 

thermal expansion 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 corresponding expression for 

the thermal expansion coefficient of each of the material over the temperature range. From Fig. 

6.4(a) we can observe that the percent of thermal mismatch is the highest for the diamond-sapphire 

system compared to other systems at the deposition temperature (800-8500C). Therefore, the 

growth of diamond on sapphire at such high-temperature has always been a challenging task.  

The thermal misfit strain occurs due to the differences in coefficients of thermal expansion between 

the diamond thin film and the substrate. The coefficient of thermal expansion of the diamond film 

(αd) is less than that of the substrates (αs) considered in Fig. 6.4(a). As a result, the film will be 

under compressive stress and the substrate will be under tensile stress after cooling. The thermal 

misfit strain (εT) in the diamond thin film plane on a particular substrate can be expressed by 

equation 1.  

εT = (αd – αs) ΔT     (1) 

Where ΔT is the change in temperature and is negative during cooling down. Based on the thermal 

properties, the thermal strain of the diamond film on sapphire, AlN, and silicon substrates at 

different growth temperatures are illustrated in Fig. 6.4(b). The thermal strain that can be generated 

in the diamond film plane on Si or AlN is much less than that on the sapphire substrate over the 

entire temperature range. Therefore, the high-temperature growth of diamond on Si or AlN is 
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relatively easier from the thermal strain viewpoint. This plot shows that at 800o C deposition 

temperature, a compressive strain of ~0.43% is expected to be generated in a diamond thin film on 

the c-sapphire substrate. Such a high compressive strain due to the thermal misfit can generate ~ 

5.1 GPa stress in the film. The diamond film on sapphire can easily delaminate under such large 

amount of strain. Although researchers have been able to grow diamond on c-sapphire by electron–

cyclotron–resonance chemical vapor deposition process using dispersed–particulate diamond 

suspension for nucleation at a lower temperature (500-5500 C), however, such low growth 

temperature is enough to generate approximately 3.5 GPa stress [24]. This 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 visible cracking 

or delamination, however, the edges of the film peeled off due to the built-in stress 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 on the c-sapphire 

substrate. This spectrum shows a sharp distinct characteristic Raman peak of diamond at 1334.35 

cm-1, which refers to the crystalline diamond growth. This peak occurs due to the zone center 

Raman active TO(X) optical phonon mode of diamond, which has triply degenerate T2g symmetry 

[25]. On the contrary, the synthetic diamond with defects present in the crystal is characterized by 

several additional features which have been attributed to different types of sp2 and sp3 defects. The 

natural diamond displays a sharp band at ~1332.5 cm-1 during the Raman spectroscopy [26]. The 

linewidth of this peak is observed to be ~2 cm-1. Usually, 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 signal is determined from the energy of the zone center 

optical phonons. The frequency of the first order phonon bands and, therefore, 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 changes these parameters. The equilibrium position of the atoms is changed under a stressed 

condition. Stress creates a contraction of the lattice, and the interatomic forces are changed due to 

the subtle anharmonicity of the bonds. This change in interatomic forces alters the phonon 

vibrational frequencies, which can be characterized by the change of the 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 framework of biaxial stress model 

to study the stress in the diamond thin films on different substrates [30]. Under 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 between the stress and the peak shift 

due to the singlet and doublet states can be obtained by averaging the stress-peak shift relations. 

The shift of the singlet and doublet states can be expressed according to the following expressions 

developed by Ager and Drory [29].  

𝞓νs [cm-1]=-0.93σ [GPa]   (2) 

𝞓νd [cm-1]=-2.61σ [GPa]   (3) 

At low-stress region, typically 0 – 8 GPa, the peak splitting is not resolved and a weighted shift 

relation, 𝞓ν=(1/3)νs+(2/3)νd , can be used to calculate the overall stress present in the diamond 

film. Therefore, for a diamond peak with no split, we can express the relation between the stress 

and the overall peak-shift as follow: 
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𝞓ν [cm-1]= vs- v0= -1.62σ [GPa]   (4) 

Where v0 is the equilibrium peak position of the diamond in the unstressed state (1332.5 cm-1), 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 individual peaks of singlet and doublet 

states reliably is very difficult due to comparatively small FWHM. The splitting of diamond peak 

to singlet and doublet only becomes observable at σ > 8–9 GPa [30]. From the position of the 

Raman peak, we obtained ~1.14 GPa compressive stress in the diamond film. Such a low value of 

compressive stress is due to the presence of intermediate Q-carbon layer which nullifies the effect 

of thermal strain. Other researchers have observed a compressive stress of ~3.7 GPa, even grown 

at low temperature (525 0C) in their studies [24]. Our stress value is the lowest ever obtained from 

diamond thin films grown on a single crystal sapphire substrate. The following expression can be 

used to determine the stress in the diamond film. 

σth= dσ/dT X ∆T = [E/(1- ν)] (αr-αs) X ∆T = E(εd - εs)/(1- ν)  (5) 

where E is the Young's modulus (1143 GPa) and ν is the Poisson ratio (0.07) of diamond, and εd  

and εs are temperature depended thermal expansions for the diamond film and the substrate, 

respectively. According to this expression, the maximum thermal stress that could be generated 

during the deposition of diamond under the chosen deposition conditions is obtained to be ~ - 5.1 

GPa. According to equation 4, this value would result in ~ 8.28 cm-1 blue shift in the Raman peak. 

However, in this study, the original peak position of the Raman spectrum shows a much less shift. 

It is believed that the use of the Q-carbon 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 and has a 

larger full 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 ~8.5 cm-1, which is smaller compared to that 

of diamond grown by other techniques on sapphire. In different studies researchers have 

determined FWHMs of around 15 cm-1 and 12 cm-1 in the stressed diamond on sapphire grown by 

microwave enhanced chemical vapor deposition and low-temperature low-pressure electron–

cyclotron–resonance CVD techniques and obtained good crystallinity in the diamond films 

[24,31]. Nevertheless, the FWHM is greater than the instrumental resolution of ~1.2 cm-1. The 

broadening of this peak also refers to the generation of high compressive stresses in the diamond 

film [29]. Combined contributions of some other factors, such as microstructural defects in the 

film, small domain size of the diamond crystals, and sp2-bonded impurities, are also responsible 

for the broadening of this peak [32]. It is worthwhile to know that non-diamond carbon phases are 

codeposited with diamond during the growth of diamond thin films. These carbon- containing 

phases are also very sensitive to the Raman spectroscopy and can be characterized by their 

distinctive Raman signature, for example, graphite displays a single Raman band at 1580 cm-1. 

Amorphous carbon or diamond-like carbon is characterized by a very broad Raman band centered 

in-between 1450 cm-1 and 1550 cm-1. The exact shape and position of this band depend on the 

deposition process and the parameters used during the deposition [33]. In the as-deposited diamond 

film, the broad hump in the Raman spectra was centered at ~1510 cm-1. Usually, the intensity of 

this peak in CVD diamonds on the sapphire substrate has been observed to be very high compared 

to the characteristic diamond peak [24,34]. The observed small intensity of amorphous carbon-

related peak in this study refers to the excellent quality of the diamond thin film. Researchers also 

observed a small peak at ∼1150 cm−1 in CVD diamond on sapphire, which promotes the trace sp3-

bonded carbon nanoclusters [13,33]. Nevertheless, the vanishing intensity of this peak in this study 

refers to the better quality of the diamond thin film grown by this process. The inset in Fig. 6.5 
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shows the Raman spectrum of Q-carbon film and gives the percentage of sp3
 carbon as 

approximately 80-82%. The rest of the carbon remains in sp2
 form.  

6.4.4 XRD 

      We have conducted X-ray diffraction analysis to determine the crystallinity, phase 

composition, stress, and quality of diamond films grown on a sapphire substrate coated with Q-

carbon. Fig. 6.6 represents a typical θ-2θ X-ray diffraction pattern obtained from the CVD 

diamond film on the c-sapphire substrate. This spectrum confirms the characteristic diamond peaks 

at (2θ) 43.940 and 75.420 corresponding to diamond {111} and {220} reflections, respectively 

[35]. The positions and FWHM of the XRD peaks imply very good crystalline quality of the 

deposited diamond film with little strain. The XRD spectrum does not show any peak other than 

sapphire (0006) peaks and diamond characteristic 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 heterostructures, e.g., diamond on 

sapphire in this study. A generalized relationship between the stress and strain in a cubic (isotropic) 

crystal, a crystalline diamond thin film in this study, can be expressed by σzz=𝞴εxx+ 𝞴εyy+ 

(𝞴+2𝞵)εzz, where 𝞴 is the Lamé constant, and 𝞵 is the shear modulus [36]. In thin film 

heterostructures, there is no stress perpendicular to the film (free surface), so σzz= 0. Using the 

generalized expression one can obtain the following relationship between the strain in the 

perpendicular direction εzz with in-plane strains, εxx and εyy, and the Poisson’s ratio of the film (ν). 

εzz/( εxx+ εyy) = - ν/(1-ν)    (6) 

Since εxx = εyy in the basal plane for the diamond thin film, we simplify equation (6) as εzz/ εxx = - 

2ν/(1-ν). We have measured the strain (εzz) around (111) peak from the θ-2θ X-ray diffraction scan 

and obtained an in-plane lattice strain of around 1.45 x 10-3. We can calculate the in-plane 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].  

σ = 2 εxx 𝞵 (1+ν)/(1-ν)    (7) 

Where ν is the Poisson’s ratio. The calculated stress in the diamond film is ~1.57 GPa which seems 

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

6.4.5 Discussions  

      There are significant advantages of using Q-carbon as a suitable intermediate layer for the 

fabrication of HFCVD diamond, which include: (i) the diamond tetrahedra present in the Q-carbon 

structure act as nucleation sites during the diamond growth, thus eliminating the requirement of a 

preexisting seed layer, (ii) no carbide formation is required at the film-substrate interface for 

adhesion, (iii) the melting point of Q-carbon is very high, which helps us to achieve the high-

temperature CVD diamond growth and attain high growth rate (0.5 𝞵m/h) and improved quality 

of diamond thin films, (iv) there is no phase transition of the substrate or Q-carbon under the 

chosen deposition conditions, and (v) most importantly the Q-carbon helps to bypass the stringent 

requirement of low thermal misfit between the diamond and the transparent substrate, etc. 

Although researchers [38,39] have proposed that the abstraction of hydrogen from the hydrocarbon 

mixture in the gaseous phase sublimated and mixed in the plasma at high-temperature is one of the 

possible mechanisms for diamond nucleation on the substrate with a preexisting seed layer, it is 

important to discuss the possible mechanism of diamond nucleation and growth on Q-carbon 

coated sapphire. It has been shown that Q-carbon consists of 80-85% sp3-bonded carbon which 

are closely packed in the form of individual diamond tetrahedra with a packing efficiency of >80% 

[16]. These diamond tetrahedra in Q-carbon act as the embryo for diamond nucleation. Therefore, 

the hydrocarbon species might decompose into nanosized diamond particles after releasing all of 
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its hydrogen atoms at the Q-carbon surface. A schematic of the diamond tetrahedron is shown in 

Fig. 6.7(a) and the illustration of the diamond 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 called Q-diamond) 

present in the Q-carbon are very active for the diamond nucleation due to the dangling bond 

characteristics, which act as active sites for the diamond nucleation. Subsequently, the growth of 

large-area diamond thin film takes place. In the previous study, it was shown that the Q-carbon is 

well adhered to the sapphire substrate due to the nonequilibrium liquid phase mediated growth 

from the amorphous carbon film which is quenched from a super undercooled state by using high-

power nanosecond laser pulses [16]. The Q-carbon consists of ~80% sp3 carbon and the rest is sp2 

bonded carbon. The sp3 carbon atoms form numerous diamond tetrahedra in the dense Q-carbon 

structure, which act as the nucleation sites for the diamond growth [16]. As a result, the adhesion 

of Q-carbon with sapphire is enhanced, and its sublimation or evaporation at high-temperature is 

reduced. This increases the chance for a very stable Q-carbon, 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 the highly active 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 established that diamond nucleation on any smooth non carbide forming 

surface such as mirror-polished sapphire substrate is very difficult. The nucleation density of 

diamond on smooth sapphire surface without any conditioning/pretreatment is only about 104 cm-

2 which results in scattered isolated individual diamond crystallites on the substrate [13]. Diamond 

nucleation can be enhanced by scratching the substrate surface with diamond [40], SiC [41], cubic-
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BN [42], Cu or stainless steel [43], etc. Although substrate scratching can improve the diamond 

nucleation, it can cause serious damage to the periodic arrangement of the surface structure/atoms 

and thus degrades the quality of heterostructure. Coating the substrate surface with graphite [11], 

amorphous carbon [11,44], diamond-like carbon [45–47], C60, and mechanical oil [48] have also 

been employed to enhance the diamond nucleation. However, these type of coatings may result 

the formation of a graphitic interlayer in-between the diamond film and the substrate causing poor 

adhesion. This technique of diamond nucleation on Q-carbon can help to overcome the 

aforementioned obstacles. The investigation of the nucleation process reveals a narrow window 

parameters for high-quality diamond nucleation. The crucial parameters are the substrate 

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 time the coalescence 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 

and anti-friction coatings that undergo high mechanical loads frequently, etc. A large difference in 

the thermal behavior of the diamond thin film and a substrate can lead to problems related to 

cracking and delamination. Besides the intrinsic stress, the difference in the thermal expansion can 

lead to additional stress during cool down. In a diamond-sapphire system, this strain is compressive 

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

film plane on sapphire during 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 mismatch is comparable to the intrinsic part of the mismatch in the film-substrate system. 
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However, in this present experiment, we overcame the effect of this huge thermal mismatch by 

integrating the Q-carbon layer on the sapphire substrate using a highly non-equilibrium 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 diamond adhesion to the substrate. 

The HFCVD diamond on Q-carbon/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 substrate and film 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 film can sustain a compressive stress of 2.835GPa without delamination [49]. 

Our measured compressive stress by Raman and XRD analyses are found to be considerably less 

than this value, which explains the large-area formation of diamond thin films on Q-carbon coated 

sapphire without delamination. The usefulness of diamond thin film on a substrate is considerably 

reduced if the diamond film has poor adhesion with the substrate. Our novel approach to fabricate 

large-area diamond films also improves the adhesion with the sapphire substrate. This has been 

achieved by the laser irradiation of the amorphous carbon layer to form a liquid state. The liquid 

carbon is quenched in a super undercooled state to form Q-carbon which is very adherent to the 

substrate. The diamond tetrahedra embedded in the Q-carbon 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 also in a way improve the overall adherence of the film 

with the substrate. To examine the extent of adhesion qualitatively, we have used the scotch tape 
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method. No peeling of the diamond film was observed in the SEM images even after using the 

scotch-tape for 3 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 polycrystalline diamond thin films [4]. Plasma etching, 

chemical etching, and/or selective growth are some of the patterning techniques used in the modern 

microelectronic technology. However, 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 suitable 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 diamond and the mask material [50].  

Researchers also used alternative/non-conventional ions such as xenon ion and nitrogen dioxide 

to pattern diamond thin films [51]. However, these processes require complex equipment with low 

yield. Selective growth is another viable alternative process for patterning the 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 kind of selective regions on the substrates are obtained- (i) by using ethyl alcohol 

in an ultrasonic agitator along with standard photolithography and subsequent etching of the 

uncovered surface by Ar+ ion beam up to 500-600 Å in depth [52], (ii) by using pulsed laser 

irradiation on silicon and copper substrate utilizing a shadow mask or by scanning a focused laser 

beam, which may not work for sapphire [53], or (iii) by using diamond paste to damage the 

substrate, photolithographically 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, strains, pitts, microscratches, 

mechanical defects etc. Therefore, these techniques for selective diamond growth restrict further 

microelectronic device processing due to the quality issue. The present technique of growing 

diamond could be an attractive alternative as Q-carbon can be selectively grown on single crystal 

sapphire substrate using the 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 on the 

substrate. 

6.5 Conclusions 

      We have demonstrated a simple and effective route for the direct deposition of large-area 

crystalline diamond film on c-sapphire using Q-carbon as an intermediate layer by HFCVD. The 

results from high resolution SEM, Raman spectroscopy, and XRD analysis show that the Q-carbon 

assists the diamond nucleation and a high-quality large-area continuous CVD diamond film on 

sapphire can be obtained. The Q-carbon helps to minimize the effect of thermal stress in the 

diamond film 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 has a very small residual stress, compared 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 films with larger areas and higher 

thicknesses without any crack or delamination over the entire surface of the substrate. This process 
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of growing CVD diamond on sapphire can open a new frontier towards the fabrication of large-

area crystalline diamond film at high-temperature on other transparent substrates as well. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  149 

 

Table 6. 1: Comparison among different parameters (thermal expansion coefficient α, Raman peak 

shift 𝞓ν, measured stress σmeasured, thermal stress σth ) of the diamond thin film grown on different 

substrates and by different techniques [13,24,30,31]. 

Substrate α (10-6 K-

1) 

𝞓ν, cm-1 σmeasured, GPa σth, GPa 

SiO2 0.5 -1.0 –  -3.7 +2.3 +2.1 

Si 2.5 1.2 – 1.6 -1.0 -0.25 

SiC 2.8 0.9 – 2.6 -1.6 -1.0 

WC-Co (6%) 5.2 3.8 – 6.2 -3.8 -2.0 

Mo 5.3 6.5–6.7 -4.1 -2.6 

Sapphire (high-temperature 

CVD deposition) 

7.5 0.7 & 16 

(peak splitting) 

Film delaminated 5.1 

Sapphire (low temperature 

CVD deposition) 

7.5 5.5 3.2 (from Raman) 3.7 

Sapphire (Pt coated) 9.1 18 - 5.9 

Q-carbon/Sapphire (Present 

study) 

7.5 2.35 1.57 (from XRD) 

1.14 (from 

Raman) 

5.1 
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6.6 Figures 

 

 

Figure 6. 1: (a) A schematic cross-section 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 (a) of Q-carbon on c-sapphire and (b) after 3 hours of HFCVD of diamond 

(~1.5 𝞵m thick) on Q-carbon coated C-sapphire.  
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Figure 6. 3: (a)-(c) Large-area HFCVD diamond thin film (thickness ~3𝞵m) on Q-carbon coated 

c-sapphire at different magnifications, and (d) HFCVD diamond on untreated c-sapphire under the 

same deposition conditions without Q-carbon. All depositions were done for 6 hours. 
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Figure 6. 4: (a) Plots of the cumulative thermal linear expansion coefficient for diamond, silicon, 

AlN 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, 

AlN and Sapphire) at different temperature.  

 

Figure 6. 5: Raman spectrum of the HFCVD diamond (thickness ~3𝞵m) shows a sharp 

characteristic peak at 1333.85 cm-1. The inset shows the Raman spectrum of Q-carbon. 
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Figure 6. 6: XRD pattern of the HFCVD diamond thin film (thickness ~3𝞵m) on Q-carbon coated 

c-sapphire. 

 

Figure 6. 7: (a) An individual diamond tetrahedron. (b) The formation of new diamond tetrahedra 

(red) bonded with the preexisting diamond tetrahedra present in the Q-carbon during the nucleation 

process. 
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7.1 Abstract 

      We have conducted a comperative study on the deposition of diamond thin film on uncoated 

Al2O3, diamond-like carbon (DLC, grown by pulsed laser deposition) film on Al2O3, and Q-carbon 

(fabricated by nanosecond pulsed laser annealing) on Al2O3 substrates by hot filament chemical 

vapor (HFCVD) deposition. Scanning electron microscopy shows that the continuous large-area 

diamond thin film can be grown on the Q-carbon/Al2O3 substrate, whereas the deposition of 

diamond on DLC/Al2O3 or uncoated Al2O3 substrates gives cluster-like/patches of discontinuous 

diamond thin film formation. Raman spectroscopy of the diamond on Q-carbon/Al2O3 shows a 

considerably small residual stress (1.7 GPa) compared to the diamond on DLC/Al2O3 (3.1 GPa) 

or diamond on uncoated Al2O3 (3.9 GPa) substrate. The calculated non-diamond content in the 

diamond crystals on Q-carbon coated Al2O3 is found to be only 0.12%, around 2.5, and 3.5 times 

less than that of diamond on DLC coated Al2O3 and uncoated Al2O3, respectively. In consistent 

with the Raman analysis the X-ray diffraction analysis shows the crystalline growth of HFCVD 

diamond on Q-carbon/Al2O3 with relatively small in-plane stress compared to the diamond film 

on the rest two systems. We envisase that high-density of diamond tetrahedron in the Q-carbon 

structure provides a good platform for diamond growth with a very high nucleation density of 

around 109 cm-2 and can act as a seed layer for diamond growth without crack or delamination 

over the surface of the substrate. The optically transparent high-quality diamond film on Q-carbon 
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coated Al2O3 showed better adhesion property compared to that on DLC coated Al2O3 and 

uncoated Al2O3 as measured by a simple tape test. These results open a path towards the fabrication 

of large-area high-quality 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, diamond thin films have numerous applications 

in a variety of current and future systems including abrasives, surgical cutting tools, MEMS, high-

power high-temperature electronics, and wear-resistant coatings [1–4]. In particular, since the wide 

band gap diamond does not absorb infrared (IR) 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 laser technologies including mid-IR semiconductor disk lasers and high-efficiency diamond 

Raman lasers, and a window in space applications [5–8]. All of these practical applications will be 

realized only when the continuous large-area diamond thin film can be grown on a suitable wide 

bandgap substrate with desirable properties like single-crystal Al2O3 for optoelectronic 

applications. The single-crystal Al2O3 possesses immense technological potential as a substrate 

material for different applications 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 SiC are the 

most commonly used substrates for diamond growth, but due to their low optical bandgap 

researchers have been trying to develop a reliable method to fabricate large-area diamond on 
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single-crystal Al2O3 to utilize its unique properties as a substrate [9]. Thereby many state-of-the-

art applications such as optical protective 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 Al2O3 is largely hampered by the huge thermal mismatch 

between diamond and Al2O3. 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 Al2O3 

surface, which leads to poor adhesion [10]. The nucleation density on the mirror polished Al2O3 

substrate is also very poor. The generation of large residual compressive stress in the diamond film 

due to huge thermal mismatch between the diamond and Al2O3 also leads to the delamination of 

the film. In fact, significant amount of delamination was observed when deposited area exceeded 

∼100 μm2 [11]. Several solutions were proposed to address the issues related to low nucleation 

density, poor adhesion, film cracking, and considerably large residual compressive stress of 

diamond on Al2O3 but none of them was successful. Use 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 diamond [12]. However scratching and/or 

polishing with fine diamond particle increase the roughness and sometimes produce damage 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 wear-resistant 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 agents [13–15]. 

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

a poor nucleation density [16]. Researchers also tried highly sp3 bonded DLC as a buffer layer on 
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Si and expected a dramatic enhancement in the nucleation density [17–19]. However, the results 

are not encouraging as the nucleation density never exceeded 109 cm-2 and the film-substrate 

adhesion was poor due to the absence of a layer-by-layer carbon growth characteristics [15]. 

Nevertheless, single-crystal Al2O3 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 prior to the nucleation of diamond crystallites has been identified in recent 

CVD experiments [20–22]. 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 Al2O3 inhibits the utilization of this substrate for the growth of large-area diamond 

thin film. The liquid phase mediated Q-carbon formed on the Al2O3 can provide the necessary 

nucleation sites and adherence to the diamond film for different applications.  

      For the practical utilization of diamond on Al2O3 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 have investigated 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 enhance the nucleation density of diamond by HFCVD process on 

Al2O3 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 

comprehensive experimental study to grow diamond on Al2O3 using Q-carbon on Al2O3, DLC on 

Al2O3, and uncoated Al2O3 substrates and obtained a much improved nucleation and growth of 

high-quality diamond thin film on Q-carbon/Al2O3 compared to others. The obtained large area 

diamond thin film on Q-carbon/Al2O3 substrate has relatively less inplane stress due to the 



  165 

 

presence of high-density diamond tetrahedra in the Q-carbon layer which also facilities to obtain 

high nucleation density. 

7.3 Experimental section 

DLC, Q-carbon and HFCVD diamond deposition. To fabricate the Q-carbon on Al2O3, at first 

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 (𝞴 = 0.248 pm, 𝞃 = 25 ns, E = 2.0 J cm-2). 

The deposition was carried out in a background pressure of 1X 10-6 Torr at room temperature with 

a substrate-target distance of ~ 4.0 cm. The DLC film was irradiated by ArF laser (wavelength = 

193 nm, pulse duration = 20 ns) pulses with an energy density in-between 0.6 to 0.7 Jcm-2 for 

conversion into Q-carbon composite structure. During the pulsed laser annealing (PLA) process, 

the as-deposited films were melted in a super-undercooled state and subsequently quenched within 

200-250 nanoseconds. 

      An optimum set of process parameters were used in the HFCVD of diamond fabrication on (i) 

Al2O3, (ii) DLC coated Al2O3, and (iii) Q-carbon coated Al2O3. A standard HFCVD system was 

used to synthesize the diamond on different substrates. The system uses a stainless steel cylindrical 

water-cooled chamber, a tungsten filament holder (4 wires) assembly at the middle, a heated 

substrate holder, a sealable gas inlet and 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 (700°C) 

below the filament. The chamber is initially evacuated with a mechanical pump to 10-3 Torr. When 

the desired base pressure is reached, the pumping port valve is closed and methane and hydrogen 

gas at a ratio of 1:50 is then allowed to flow over the hot filaments (2000°C) into the chamber to 

the desired pressure (low working pressures ~20 Torr). The filament temperature was measured 
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with a two-color pyrometer while the substrate temperature was measured by a K-type 

thermocouple inserted on the substrate holder, placed on the backside of the substrate. The set of 

multiple filaments and the rotation of the substrate stage during the deposition facilitates the 

formation of a uniform diamond thin film over the large substrate area. Gas composition (%vol. 

CH4 and H2), total gas pressure (P), 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 minimize any effect due to 

thermal shock. 

Raman spectroscopy. For the study of CVD diamond 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 monochromator, gratings 2400 lines/mm). A continuous laser beam of 

532 nm wavelength from a diode-pumped solid-state laser was focused at a spot of ~2 µm 

diameter. The spectrum resolution was ~0.5 cm−1. Optimum laser power (~40 mW) was used to 

illuminate the sample 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) measurements (θ - 2θ scan) were conducted on the diamond films 

(Bruker D8 Discover) using Cu kα radiation source from a sealed tube operating at 40 kV and 25 

mA and state of the art LENXEYE XE detector. This detector filters fluorescence and K-β 

radiation to overcome the intensity losses and absorption edges associated with secondary 

monochromators and metal filters. The data were collected in the Bragg-Brentano reflection 

geometry in the 2θ range of 30-100 at 0.01 step size and a dwell time of 0.5 seconds per scan point. 
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SEM. Scanning electron microscopy (SEM) was undertaken to characterize the morphological 

surface features of the nucleated diamond films. The high-resolution SEM imaging with the sub-

nanometer resolution was carried out on the PLA grown Q-carbon and HFCVD grown diamond 

films using the FEI Verios 460L SEM. 

TEM. TEM cross-sectional 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 patterns are captured by high-resolution transmission electron microscopy 

(S/TEM, FEI, Talos-F200) operating at 200 keV, equipped with a proprietary “XFEG” high-

brightness Schottky emission field-emission- gun electron source, which provides beams ∼5× 

brighter than previous Schottky-FEG technologies. 

7.4 Computational Methods 

Laser-solid melt interaction simulations. The phase transformation of amorphous carbon into 

densely-packed Q-carbon on melt regrowth is analyzed by simulating the nanosecond laser-solid 

melt interactions. The time distribution for laser beam utilized in Gaussian. Near the sub-surface, 

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 incorporated into the code 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 motion of melt front after ending of the laser 

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

Ab-initio MD simulations. The phase transformations of as-deposited amorphous carbon into 

tetrahedrally bonded Q-carbon is studied by simulating the structure of liquid carbon and 
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quenching it under high-pressure conditions. Ab-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. As these simulations are performed at high-temperature 

high-pressure (HPHT) conditions, angular dependent potential (ADP) designed explicitly for such 

simulations is utilized here to study the phase transformation from melt quenching.28-29 The 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 state. Post-equilibration, 

the melt was quenched for 20 picoseconds using a timestep of 2 femtoseconds using the Nose-

Hoover thermostat. The quenching was performed under constant pressure (5-70 GPa), in order to 

mimic the undercooling conditions using the NPT (constant number of atoms, pressure, and 

temperature) ensemble. The 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 300 K. The structure for quenched materials 

was analyzed using the radial distribution functions (RDF) generated by following the Baxter-

Dixon-Hutchinson factorization method [24].  

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., Q-carbon coated Al2O3, DLC coated Al2O3, and uncoated Al2O3. Fig. 7.1(a) shows the growth 

of diamond (4 hours) on a sample coated with DLC and Q-carbon. A shadow mask was used during 

the PLA process to convert part of the DLC into Q-carbon. The image clearly demonstrates better 

diamond growth on the Q-carbon region (bottom) compared to the DLC region. Fig. 7.1(b) shows 

the magnified image to illustrate better diamond coverage on the Q-carbon 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 distinctive with a sharp boundary. The inset of Fig. 7.1(b) shows the microstructure of individual 

diamond crystal (~5µm) 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) on uncoated (left) and Q-carbon 

coated (right) Al2O3 is shown in Fig. 7.1(d) where the sharp boundary implies the magnificent 

growth of diamond on the Q-carbon region and a drastic decrease in diamond nucleation without 

Q-carbon. Sparse growth of diamond on the uncoated Al2O3 is shown in Fig. 7.1(e). The formation 

of dispersed diamond clusters on the Al2O3 obtained from this figure implies the sparse nucleation 

density of diamond on untreated Al2O3. From Fig. 7.1(c) and (e) it can also be noted that the DLC 

coated substrate shows more coverage with the dispersed clusters of diamond films compared to 

the diamond on bare Al2O3. Fig. 7.1(f) shows the high-resolution image of diamond growth on Q-

carbon. The faceted triangular morphology of diamond in this region refers to the preferential 

textured growth along <111> direction. Fig. 7.1(g) illustrates the wafer-scale coverage of HFCVD 

(6 hours) diamond on Q-carbon coated c-Al2O3. The longer growth time of diamond deposition on 

DLC coated Al2O3 leads to more areal coverage. 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 coated Al2O3 (6 hours). It is interesting 

to note that average size of diamond on Q-carbon and DLC is approximately the same (~5𝞵m), 

which is little large than one on uncoated Al2O3 substrate. This shows that tetrahedra nuclei in Q-

carbon in Q-carbon and DLC are ready to grow, although the number density of these nuclei in Q-

carbon is much higher than in DLC. The smaller diamond microstructure size on uncoated Al2O3 

signifies the delay related nucleation (DLC formation) and subsequent growth. From the 

nucleation and growth perspective, the Q-carbon coated Al2O3 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 Al2O3 to DLC-Al2O3 to Q-carbon-Al2O3. 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 analysis suggests that the morphology of diamond crystals and films on Al2O3 is a strong 

function of the nucleation conditions/substrate conditions under the optimum growth conditions. 

In the case of the Q-carbon coated Al2O3 substrate, the nucleation density is further increased after 

the PLA of DLC on Al2O3, which promotes the growth of a large area continuous diamond film 

on Al2O3.  

7.5.1 Thermal stress in the diamond film plane 

      Fig. 7.2 (a) represents a comparison of the percent of the linear thermal expansion coefficient 

of Al2O3 to other widely used substrate materials for diamond deposition at different temperatures 

(0-1200°C) [25,26]. This comparison helps us to better understand the effect of thermal stress on 

diamond film during high-temperature deposition, and the magnitude and the nature of the thermal 

stress in the diamond film as well. The observed thermal misfit is the largest for the diamond-

Al2O3 system at ~700° C, referring to the difficulty of diamond deposition on Al2O3. From the 

plot, it can easily be realized that the diamond film grows under compressive stress  and the 

substrate (αs) under tensile stress as the coefficient of thermal expansion of Al2O3 is greater than 

that of diamond (αd). The following expression correlates the thermal misfit strain (εT) with the 

stresses generated in the film and substrate during cooling down (ΔT) 

                                         εT = (αd – αs) ΔT         (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 compressive strain of ~0.4 % is generated in diamond on Al2O3 at 800° C 

deposition temperature, referring to the strain-induced 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(500-5500 C) electron–cyclotron–resonance CVD process to 

grow diamond films on c-Al2O3 to overcome the stress-related problems [27]. Even this low 

deposition temperature generates 3.5 GPa stress, which is enough to cause delamination in the 

weakly bonded diamond film on noncarbide forming Al2O3. The thermal misfit strain is negative 

in the diamond-Al2O3 system, referring to the compressive strain. The amount of thermal misfit in 

this system is comparable to the intrinsic part of the misfit in the film-substrate system. The effect 

of a huge thermal misfit is compensated by the Q-carbon layer, formed by ultrafast and 

nonequilibrium nanosecond laser irradiation process, on the Al2O3. The 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 to the substrate. The HFCVD diamond on 

Q-carbon/Al2O3 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 film 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. 

7.5.2 X-Ray Diffraction 

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

on Q-carbon coated Al2O3, DLC coated Al2O3 and uncoated Al2O3 substrates. The diffraction 
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peaks at ~43.90º (2θ) corresponds to diamond (111). The relative intensities of this peak for 

different samples 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 Q-carbon coated Al2O3 refers better crystallinity compared to the diamond grown 

on DLC coated Al2O3 or uncoated Al2O3. 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 diamond surface which supports the textured nature of the 

diamond. The {220} reflection is visible at ~76° (2θ) in the case of the diamond grown on DLC 

coated Al2O3. In the case of HFCVD diamond grown on uncoated Al2O3, any diamond peak is 

hardly visible owing to the low areal coverage of diamond. Since the X-ray can penetrate the 

diamond film of thickness more than 100 µm [28], all the XRD patterns are also showing the 

(0001) peak of the Al2O3 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 (2θ) were observed to be at 43.94º, 43.966º, and 43.98º for the diamond on Q-carbon coated 

Al2O3, DLC coated Al2O3, and untreated Al2O3, respectively. The shift in the diamond peak from 

its original position is due to the stress generated in the films and thereby change in d111. The in-

plane strain in the HFCVD diamond thin films can be obtained by the generalized relationship 

between the stress and strain in a cubic (isotropic) crystal. This stress-strain relationship can be 

expressed by 

                                                             σzz=𝞴εxx+ 𝞴εyy+ (𝞴+2𝞵)εzz         (2) 

where 𝞴 is the Lamé constant, and 𝞵 is the shear modulus [29]. We consider σzz= 0 as there is no 

stress perpendicular to the film (free surface) in thin-film heterostructures. The following equation 



  173 

 

can express the relationship between the perpendicular strain εzz with in-plane strains, εxx and εyy, 

and the Poisson’s ratio of the film (ν). 

                                                               εzz/( εxx+ εyy) = - ν/(1-ν)        (3) 

Eq. (6) can be simplified as εzz/ εxx = - 2ν/(1-ν) by assuming the symmetricity in the in-plane strains 

εxx = εyy. From the θ-2θ X-ray diffraction patterns we have measured the strain (εzz) around (111) 

peak for all thee diamond samples and obtained in-plane lattice strains of around 1.45 x 10-3, 3.6 

x 10-3, and 4.9 x 10-3, for diamond on Q-carbon coated Al2O3, DLC coated Al2O3 and uncoated 

Al2O3, respectively. These in-plane strain values in the diamond films can be used to calculate the 

planar lattice strain by using the following relationship [30].   

                                                           σ = 2 εxx 𝞵 (1+ν)/(1-ν)                      (4) 

      The calculated stress in the diamond films on Q-carbon coated Al2O3, DLC coated Al2O3 and 

uncoated Al2O3 are obtained to be ~1.6 GPa, 3.7 GPa, and 5.2 GPa, respectively. These values are 

consistent with the stress values determined from the Raman analysis. The thermal stress and the 

intrinsic stress related to non-diamond entities are two major sources of the residual stress in the 

diamond film. A greater non-diamond carbon content in diamond crystals results in higher residual 

stress. It is also important to mention that the texture of the diamond film on Q-carbon coated 

Al2O3 has no significant effect on the reduced residual stress, rather a low fraction of sp2-carbon 

content in the film and liquid mediated interlayer Q-carbon plays a major role in achieving 

diamond films with lower residual stress. A low compressive residual stress on Al2O3 is also 

beneficial to the adhesion of the film [31]. Studies have shown that the diamond thin film can 

sustain a maximal compression stress of 2.84 GPa without delamination [32]. The calculated stress 

on the diamond film on Q-carbon coated Al2O3 is well below this value, which explains the crack 

or delamination free growth of large-area diamond. 
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7.5.3 Diamond SAED and Q-carbon HRTEM 

      The HRTEM image for the Q-carbon film formed on c-Al2O3 substrate is shown in Fig. 7.4(a), 

with a thickness of ~60 nm. Fig. 7.4(b) shows the selected area microdiffraction pattern acquired 

from Q-carbon/Al2O3 interface. It reveals the amorphous nature of Q-carbon with (111) and (002) 

diffraction rings arising from the prominent sp3 tetrahedral bonding. On nanosecond laser 

irradiation, carbon melted and subsequent ultrafast regrowth led to amorphous Q-carbon regrowth. 

Due to the associated undercooling being the critical undercooling required for amorphization, no 

crystallites were noted in the diffraction pattern for Q-carbon. The densely-packed tetrahedra in 

Q-carbon are utilized as nucleation seeds for HFCVD experiments.  

      Fig. 7.4(c) reveals the highly textured <111> oriented ~550 nm thick diamond film deposited 

on the c-cut Al2O3 substrate. The HRTEM image in Fig. 7.4(d) shows the HRTEM image of 

microdiamond with (220) cross-fringes associated with diamond, acquired across the <100> zone-

axis, revealing the formation of single-crystalline diamond post-HFCVD on Al2O3 substrate. The 

respective SAED pattern acquired at the area associated with the HRTEM image is shown in Fig. 

7.4(e), confirming the single-crystalline nature of HFCVD grown diamond. On indexing the 

diffraction pattern, as the cross-sectional zone-axis is noted to be <100>, the other possible 

directions for out-of-plane HFCVD growth are <111> and <110>. As <110> growth direction is 

associated with ultrafast island growth, the formation of such a layered structure and the associated 

XRD results, suggest <111> out-of-plane microdiamond growth on Q-carbon, by HFCVD 

processing. We have also performed line-scan across the (220) planes as indicated in Fig. 7.4(f-g), 

revealing the d220 spacing of ~1.26 Å. 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 

Laser-solid interaction SLIM modeling: The complex laser-solid interaction simulations are 

carried out by extremely accurate finite element SLIM programming to understand the structural 

transformation of DLC into Q-carbon nanocomposite [33,34]. As the laser beam dimensions are 

significantly larger than melt depth ~50-100 nm, column approximation was utilized to simulate 

the laser-solid interactions using 1-D finite element method. The approximation is viable as the 

heat flow perpendicular to the film has an order higher magnitude in comparison with film surface, 

causing it to collapse as a 1-D heat flow problem. The laser parameters- λ=193 nm, width of the 

pulse = 20 ns and corresponding reflectivity for solid DLC, and the liquid form is used as input 

parameters simulate the laser irradiation process. On analyzing the surface temperature-time plots 

in Fig. 7.5(a) at various irradiation energy densities it was found that 0.4 J cm-2 is the 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 leading to high temperatures ~4600 K for 1 J cm-2 nanosecond laser 

irradiation. The liquid carbon is metallic and possesses the thermal conductivity of 290 W m-1 K-1 

[35], so it cools down to melting temperatures as the pulse terminates. The maxima melt profiles 

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 decrease in the cellular wavelength [36–38] of the periodic 

cell structure which is evident in Q-carbon filamentary structures. 

Ab-initio modeling: The structure of melt regrown Q-carbon and α-carbon phases is simulated 

using the LAMMPS code. The simulations are based on “liquid quench method” [39,40] generally 

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 structures formed 

under HPHT condition, the pressure is first released at 2000 K to 760 Torr (see Experimental 

section for details), and then subsequent quenching to room temperature is performed. The liquid 

melt was equilibrated utilizing the using a Nose-Hoover thermostat [41]. The quenching to room 

temperature was performed under NVT conditions using a Langevin thermostat [42].10 For the 

quench (relaxation) of randomized coordinates, we use 10-4 Ry/Bohr as the criterion for the 

convergence of the force. 

      The undercooling in melt phase shifts the temperature at which the solidification occurs, 

thereby nucleating phases which are not accessible in equilibrium phase diagrams. In the case of 

carbon, these phases are diamond and densely packed Q-carbon 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 MD simulations, the HPHT simulations are modeled in the melt state by 

applying pressure during quenching of the melt state in carbon [40]. Isotropic pressure was utilized 

to compress the bulk C melt state. Fig. 7.5(c) highlights the radial distribution functions (RDF) for 

quenched and stabilized structures with isotropic pressures of 5 GPa and 50 GPa. By setting a 

radial cut-off at 1.85 Å, the average coordination number (CN) of the generated structure is 

calculated to be 3.08, which reflects ~ 92% sp2 bonded C atoms. Notably, usage of low pressure 

of 5 GPa leads to the formation of prominently sp2 bonded C structure. Under the high pressure of 

50 GPa, the ultrafast quenched melt leads to the formation of a densely-packed phase with ~80% 

sp3 content.  These results are in-agreement with super-undercooling driven formation of densely 

packed Q-carbon phase on ultrafast melt quenching of C films. Fig. 7.5(d) reveals the structural 

model of the Q-carbon and α-carbon phases obtained from simulations, revealing the fact that Q-

carbon is tetrahedrally coordinated. These simulation results provide further evidence that 
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amorphous carbon can be converted into Q-carbon under HPHT conditions which mimic the 

highly undercooled conditions in the melt phase. 

7.5.5 Raman spectroscopy 

      The Raman spectra of the diamond on Q-carbon coated Al2O3, DLC coated Al2O3 and uncoated 

Al2O3 substrate is shown in Fig. 7.6(a). The presence of diamond is revealed by a characteristic 

sharp line at around 1332 cm−1 which occurs due to the vibration of the two interpenetrating cubic 

sub-lattices of diamond [45]. This Raman peak confirms the successful deposition of crystalline 

diamond films on all three types of substrates. This signature Raman peak is attributed to the triply 

degenerate zone-center optical phonon in diamond structure, and is the only mode that is Raman 

active in the first-order [46,46,47]. The existence of a broad band at ~1550 cm-1 indicates the trace 

of certain amount of non-diamond (sp2) carbon. Moreover, trace of any peak at ~1130 cm-1 

corresponds to the nanocrystalline trancepolyacetylene 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 diamond thin films on three different substrate 

surface conditions. In case of the diamond on DLC coated Al2O3 and uncoated Al2O3 the T2g peak 

upshifted to 1337 cm-1 and 1338.2 cm-1, respectively, presumably as a result of thermally induced 

stresses between the diamond and Al2O3  [50]. On the other hand, since less significant shift in the 

diamond peak (1333.46 cm-1) is observed in case of the diamond on Q-carbon coated Al2O3 , it is 

possible that the diamond film is no longer under considerable stress. The splitting of diamond 

peak to singlet and doublet states becomes observable when σ > 8–9 GPa [51]. In this study, the 

deconvolution of the characteristic Raman peak into two individual peaks of singlet and doublet 

states reliably is very difficult owing to the stress values <8 GPa. We have also calculated the 
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stress in the diamond films by the shift in the T2g Raman peak. Researchers determined a 

relationship between the Raman peak shift and stress value in the framework of biaxial stress 

model to obtain the stress in the diamond thin films [51]. For an unsplitted diamond peak, this 

relationship between the stress and the overall peak-shift can be expressed as follow:  

𝞓ν [cm-1]= vs- v0= -1.62σ [GPa]  (5) 

Where v0 is the equilibrium position of the T2g peak of diamond in the unstressed state (1332 cm-

1), and vs is the observed Raman peak position in the stressed state. From the position of the Raman 

peak (1333.46 cm-1), we obtained ~0.9 GPa compressive stress in the diamond film deposited on 

Q-carbon coated Al2O3. 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 Al2O3 and uncoated Al2O3 substrates are ~ 3.10 GPa and 3.90 

GPa, respectively. These values are consistent with the in-plane stress values determined from the 

XRD analysis. The generation of huge in-plane stresses explains the formation of cracks in the 

diamond crystal (in the SEM image) and scarce growth of diamond on uncoated Al2O3 due 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. 

                            σth= dσ/dT X ∆T = [E/(1- ν)] (αr-αs) X ∆T = E(εd - εs)/(1- ν)                         (6) 

where E is the Young's modulus (1143 GPa) and ν is the Poisson ratio (0.07) of the diamond, and 

εd  and εs are temperature-dependent thermal expansions for the diamond film and the substrate, 

respectively. Under the chosen deposition conditions a maximum 5.1GPa stress can be generated 

in the diamond film on Al2O3 substrate. According to equation 5, this value would result in ~ 8.28 

cm-1 blue shift in the Raman peak. The shift in the characteristic diamond Raman peak is ~ 6.2 cm-
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1 for the diamond film on uncoated Al2O3 substrate, which is close to the theoretical value. The 

diamond grown on DLC coated Al2O3 shows a peak shift of ~ 5.03 cm-1, signifying little 

contribution of the DLC layer to release the stress on the diamond film. Hence thinly distributed 

growth of diamond is observed on DLC coated Al2O3. On the other hand, the diamond film on Q-

carbon coated Al2O3 shows a very small peak shift (~1.46 cm-1) in the Raman spectrum. It is 

supposed that the use of the Q-carbon on the Al2O3 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 grown on Q-carbon coated 

Al2O3 are illustrated in a 3D plot in Fig. 7.6(b). Along a 100μm line (Y-axis in the figure) 21 

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 computer-controlled 

motorized stage precisely moved the sample. The presence of a sharp and symmetric diamond 

peak (T2g) in each spectrum refers to the deposition of uniform, and high-quality diamond on the 

Q-carbon coated Al2O3. Significantly low and broad trace of the G-peak 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 associated with diamond to the area under the broad G peak 

associated with the nondiamond carbon, which can be expressed by the following equation [52]. 

Quality index, R = 
𝑠𝑝3

𝑠𝑝2 =
∫ 𝐼(𝑣)𝑑𝑣

1340
1325

∫ 𝐼(𝑣)𝑑𝑣
1640

1440

         (7) 

The smaller sp2 content 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 1000 cm-1 and 2000 cm-1, 

respectively. The quality index was found to be better for the diamond growth on Q-carbon-Al2O3 

(4.7) compared to the rest of the systems (1.6 and 1.1 for DLC coated Al2O3 and uncoated Al2O3, 
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respectively). The Raman spectra can also be used to pinpoint the amount of nondiamond content 

(𝐶𝑛𝑑) in each of the diamond films. The sensitivity of the Raman signal from the non-diamond 

carbon phase is about 75 times of diamond [53]. The following equation is used to calculate the 

nondiamond contents in the diamond films. 

𝐶𝑛𝑑 =
1

1+75(
𝐼𝑑

𝐼𝑛𝑑
)
         (8) 

Where, Id represents the Renan peak intensity for diamond entities, and Ind represents the Raman 

peak intensity for the non-diamond carbon content. The calculated non-diamond content is found 

to be 0.12%, 0.28% and 0.41%, in case of diamond grown on Q-carbon coated Al2O3, DLC coated 

Al2O3, and uncoated Al2O3, respectively. 

Area Mapping: Fig. 7.6(c-d) represent the Raman area mapping to better understand the growth 

of HFCVD diamond on c-Al2O3. An area of 92 μm x 56 μm was divided into 200 x 200 pixels 

(200 points per line and 200 lines per image) to collect data (with an integration time of 0.5 s) for 

the ultrahigh-resolution Raman area mapping images. The sample was focused by the 532 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 (1330-1340 cm-1) and in Fig. 7.6(d) was acquired by selecting the graphitic region 

(1440-1550 cm-1). The diamond mapping image (Fig. 7.6(c)) clearly illustrates the formation of a 

large-area diamond on the right side (on the Q-carbon coated Al2O3 region) and almost no diamond 

formation on the left side (uncoated Al2O3 region). The distinctive sharp boundary refers to the 

high nucleation density, and favorable growth throughout the Q-carbon coated Al2O3 with no crack 

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

content throughout the uncoated Al2O3 region (left side) due to unfavorable nucleation and growth 
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condition of diamond and very little trace of sp2 content in the other side. This refers to the high-

quality diamond growth throughout the Q-carbon coated Al2O3 region.  

7.5.6 Diamond nucleation and growth on Q-carbon, DLC and bare Al2O3  

      Diamond nucleation is one of the most critical issues to develop the understanding of the 

diamond growth on polished, smooth, and non-carbide forming Al2O3 wafers. Understanding of 

diamond nucleation is absolutely essential for the formation of continuous uniform film 

consistently at an early stage of growth [54]. 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, and (ii) substrates 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 

understood [55]. The transparent Al2O3 substrate has almost no affinity for carbon, therefore, no 

carbide layer is formed during diamond growth. It is well-known 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 on Al2O3 substrate due to the high stability 

of the Al2O3 structure [10]. The Gibbs free energy of formation of 

aluminum carbide (−32.1 KJ/mole) is much higher compared to that of aluminum oxide 

(−1675 kJ/mole), the carbide layer for the diamond nucleation is not favored on Al2O3 [56]. 

Therefore diamond nucleation is poor on bare Al2O3, 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 substrate [57]. These diamond tetrahedra were formed as a result of quenching from a super 

https://www.sciencedirect.com/topics/physics-and-astronomy/gibbs-free-energy
https://www.sciencedirect.com/topics/physics-and-astronomy/carbides
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undercooled state by using a high-power nanosecond pulsed laser irradiation. During Q-carbon 

formation the laser pulse interacts with 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 tetrahedra. These diamond tetrahedra act 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 on Q-carbon/Al2O3 system. 

The Q-carbon is embedded into the substrate and provides nucleation sites for further diamond 

growth. Thereby, the diamond formed on Q-carbon 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 carbon concentration 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 of magnitude and the growth rates by about 60%, as compared to diamond 

deposited on abraded molybdenum and molybdenum carbide [58]. The nucleation density, the 

distribution on the substrate, and the morphology of diamond on DLC-Al2O3 improved compared 

to the same on uncoated Al2O3. The following explanation can be invoked to explain the observed 

enhancement of diamond nucleation by diamond-like carbon layers. It has been suggested that the 

greater nucleation efficiency of diamond on DLC is a result of the solid-state transformation of 

amorphous carbon into diamond [59,60]. However, the synthesis of diamond on DLC is achieved 

by a reduction in the hydrocarbon species in the process gas mixture, which leads to the 

regasification of the amorphous carbon rather than a solid-state transformation of DLC to an 

ordered diamond structure [58]. Although all of these carbon species with different bonds coexist 

on the substrate surface, the etching rate of the sp1 and sp2 bonded carbon is ten times faster than 
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etching of the stable sp3 bonded carbon, thereby growing the sp3 phase [61]. Since the amorphous 

carbon is more reactive in 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 at the initial 

stage and promotes the high nucleation density of diamond [58]. In this experimental study, we 

have found that the DLC layer on Al2O3 leads to the local enhancement in the diamond deposition. 

However, the observed coverage of the diamond layer is incomplete consisting of patches of small 

uniform crystals. Even after 6 hours of growth, the DLC coated Al2O3 substrates were not covered 

with continuous diamond films. This diamond structure composed of uniform, small crystals, 

similar to the uncoated Al2O3 but with better coverage. By contrast, the diamond crystals on the 

Al2O3 sample without any coating were smaller in size and much less in density. 

Adhesion. Further to elaborate, it has always been a daunting task to get adhesive CVD diamond 

on non-carbide forming substrates like Al2O3 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 poor adhesion between the diamond thin film and the Al2O3 

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 the Al2O3 substrate were observed during 

the cooling process [62]. It has been also observed that a thin film of CVD diamond deposited on 

an Al2O3 substrate can be easily peeled off from the substrate during the peel-off adhesion test by 

the scotch tape method. In this experimental study, we present a laser irradiation based technique 

to improve the adhesion of diamond on Al2O3. For the nucleation, growth, and adhesion of 

diamond thin film on a nondiamond substrate with no affinity for carbon such as Al2O3, diamond 
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tetrahedra in the Q-carbon, 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 film and the substrate [55]. The interfacial 

interaction between the Q-carbon and the Al2O3 is highly favorable to have very good attachment 

due to the liquid phase mediated growth of Q-carbon from a super undercooled state. This is a 

clean and nondestructive approach for promoting the nucleation and adhesion of diamond, as 

contrasted with the widely 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 

peeled-off areas in the diamond thin film deposited on Q-carbon coated Al2O3 substrates.  

7.6 Summary 

      We described a novel laser method for enhancing the nucleation and for improving the quality 

of diamond films on c-Al2O3 substrate deposited by HFCVD. We have found that the DLC 

tetrahedra act as a nuclei for diamond growth, their number density determines the areal coverage 

of grown diamond crystals. The average size of diamond crystallites on DLC and Q-carbon is 

found to be the same (~5 𝞵m), which is somewhat larger than on bare Al2O3. From our observation, 

we have concluded that diamond crystallites grow on DLC tetrahedra whose density is much high 

in Q-carbon than DLC films. The smaller size on bare Al2O3 is related to incubation period needed 

to form DLC tetrahedra during HFCVD, which provide nucleation sites for diamond growth. The 

improvement in adhesion is also accomplished owing to the liquid phase mediated growth of 

diamond tetrahedra in the Q-carbon on which the diamond nucleation and growth take place. To 

examine the effectiveness of Q-carbon for diamond nucleation, we have grown the diamond on 

Al2O3 without any coating under the same deposition conditions. We have observed a very limited 

coverage of scattered diamond clusters on uncoated Al2O3 due to the unfavorable substrate 
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conditions which lead to a poor nucleation density, huge stress generation, and poor adhesion. 

Moreover, to distinguish the role of Q-carbon from DLC on diamond nucleation and growth, we 

have examined the surface morphology of the diamond grown on the DLC coated Al2O3 without 

any laser irradiation in the same HFCVD conditions. Although the nucleation density and the areal 

coverage of diamond on the substrate improved compared to that on the uncoated Al2O3, however, 

we could not obtain a uniform coverage of diamond thin film on the entire substrate. The Q-carbon 

layer shows markedly superior characteristics on improving the nucleation, growth, and adhesion 

of diamond thin films on c-Al2O3, which is ascribed to the high density of the diamond tetrahedra 

in the Q-carbon. The diamond film grown on Q-carbon coated Al2O3 has shown significantly 

improved crystalline quality with very low non-diamond carbon content and very less residual 

stress, confirmed by Raman and XRD analysis, compared to that on DLC coated and uncoated 

Al2O3. The delamination related issue, which limits the fabrication of large-area diamond thin film 

on Al2O3, is also addressed in this experimental study. These results will provide some insight to 

the ever-challenging problem of diamond thin film deposition on single-crystal Al2O3 for different 

unprecedented and hi-tech applications. 
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Table 7. 1: Comparison of different important material properties of some of the commonly used 

substrates with Al2O3 for diamond growth [63]. 

Material 

 

Crystal 

structure 

Group of 

symmetry 

Lattice 

constant(s) 

(Å) 

Melting 

point 

(0C) 

Thermal 

expansion 

(10-6 K-1) 

Hardness 

(Mohs) 

Diamond 

nucleation 

density 

(cm-2) 

Diamond Cubic Fd-3m 3.567 4027 1.5 10  

Si Cubic Fd-3m 5.43 1414 2.92 6-7  

SiC Cubic 

hexagonal 

T2
d-F43m 

C4
6v-

P63mc 

4.3596 

a =3.073 

c =  10.053 

3103 2.77 9.2-9.3  

Al2O3 Hexagonal R3C a = 4.758 

c = 12.991 

2040 4.2 9 104 

MgO Cubic Fm-3m 4.216 2825 12.8 5.8  

Iridium Cubic Fm-3m 3.839 2484 6.8 6.5  

SrTiO3 Cubic Pm3m 3.905 2080 10.3 6  
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7.7 Figures 

 

Figure 7. 1: (a) Growth of diamond on a c-Al2O3 substrate coated with DLC (top) and Q-carbon 

(bottom).The inset of figure (a) shows the Q-carbon formation on c-Al2O3. (b) A magnified image 

of the same sample illustrates better diamond coverage on the Q-carbon coated side compared to 

the rest of the DLC area. The inset shows the high-resolution image of individual diamond crystals. 

(c) Illustrates scattered diamond growth on the DLC coated Al2O3. (d) The growth of diamond (6 

hours) on uncoated (left) and Q-carbon coated (right) Al2O3. (e) Spears growth of diamond on the 

uncoated Al2O3. (f) The high-resolution image of diamond growth on Q-carbon showing the 

faceted triangular morphology of diamond. (g) Shows the wafer-scale coverage of HFCVD (6 h) 

diamond on Q-carbon coated c-Al2O3. (h) Formation of crack and delamination of the diamond 

crystals on DLC coated Al2O3 (6 hours). The inset of (h) shows the magnified image of the crack 

formation due to stress in the film. 
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Figure 7. 2: (a) Plots of the cumulative thermal linear expansion coefficient for diamond, silicon, 

AlN, and Al2O3 for comparison. The slope of each curve corresponds to the thermal expansion 

coefficient. (b) Temperature-dependent lattice mismatch in a diamond-Al2O3 system. 
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Figure 7. 3: X-ray diffraction patterns from 2θ = 30°-80° for diamond on Q-carbon coated c-

Al2O3 substrate, DLC coated Al2O3, and uncoated Al2O3. 

 

https://www.sciencedirect.com/topics/engineering/x-ray-diffraction-pattern
https://www.sciencedirect.com/topics/materials-science/diamond-films
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Figure 7. 4: Diamond SAED and Q-carbon HRTEM. (a) The HRTEM image for the Q-carbon 

film formed on c-Al2O3 substrate is shown in, with a thickness of ~60 nm. (b) Shows the selected 

area micro-diffraction pattern acquired from Q-carbon/Al2O3 interface. (c) Reveals the highly 

textured <111> oriented ~50 nm thick diamond film deposited on c-cut Al2O3 substrate. (d) Shows 

the HRTEM image of microdiamond with (220) cross-fringes, acquired across the <100> zone-

axis, revealing the formation of single-crystalline diamond post-HFCVD on Al2O3. (e) The 

respective SAED pattern acquired at the area associated with the HRTEM image, confirming the 

single-crystalline nature of the HFCVD grown diamond. (f) and (g) reveal the line-scan across the 

(220) planes, revealing the d220 spacing of ~1.26 Å.  
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Figure 7. 5: Simulation of the Q-carbon melt regrown structure. (a) Simulated SLIM temperature 

vs. time thermal profiles for 70% sp3 DLC thin films. (b) The melt depth as a function of time. (c) 

The radial distribution function plots for Q-carbon and α-carbon phases achieved as a function of 

applied isotropic pressures of 5 and 50 GPa, respectively; (d) the structural model of Q-carbon, 

revealing the prominently tetrahedral bonding in Q-carbon. 
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Figure 7. 6: (a) The Raman spectra of the diamond on Q-carbon coated Al2O3, DLC coated Al2O3, 

and uncoated Al2O3. The inset in (a) shows the position of the characteristic T2g peaks 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 high-quality diamond film on the Q-carbon coated Al2O3 region (right side) and 

the absence of diamonds in the uncoated Al2O3 region. (d) The Raman area mapping of the 

graphitic peak depicts the presence of a graphitic entity in the uncoated Al2O3 region (left side). 

Almost complete absence of graphitic entity on the right side refers to the high-quality diamond 

deposition on the Q-carbon coated Al2O3. 
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8.1 Abstract 

      The synthesis of diamond with different microstructures is important for its various 

applications. Here we report the synthesis of novel diamond microstructures and coatings, 

including diamond microfibers, microspheres, tubes and large area thin film, using amorphous and 

graphitic carbon precursors by hot filament chemical vapor deposition. The characteristics of 

microstructures depend upon initial carbon precursors and their laser annealing pretreatments to 

provide nucleation sites for diamond growth. Low-cost and abundant carbon precursors act as 

diamond nucleation sites and accelerate diamond growth, while laser annealing can further 

promote further nucleation and growth of diamond. As a result, carbon microfibers are converted 

to diamond microfibers, while large diamond microspheres are formed from multi-pulse laser 

annealed carbon microfibers. Both of the diamond structures consist of fivefold twinned 

microcrystallites. Highly dense and phase-pure diamond films are observed using porous carbon 

seed, and individual diamond tubes with porous walls are obtained by using carbon nanotube 

hollow fiber. The electron backscatter diffraction and X-ray diffraction confirm diamond cubic 
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lattice structure, while sharp diamond peaks (1331-1333 cm−1) in Raman spectra demonstrate the 

excellent diamond quality of prepared diamond microstructures. 

8.2 Introduction 

      Diamond is one of the most fascinating materials due to its outstanding properties which 

include broad optical transparency, high mechanical hardness, excellent chemical stability, high 

thermal conductivity, low background current, and good biocompatibility.[1, 2] These unique 

properties of diamond make it a promising material for a variety of applications such as optics, 

electronic devices, tribology, thermal management, biomedicine, sensor, (photo-, electro-) 

catalysis.[3-7] To realize its wide applications, a simple and low-cost method for the synthesis of 

high-quality 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 crystals;[8] a continuous diamond film covering the entire substrate is required for 

electrochemical applications;[9, 10] diamond structures with high surface areas and exposed sites 

can enhance its performance in sensor and catalysis applications.[11, 12]  

      The conventional methods of direct conversion of carbon into diamond requires very high-

temperature (~5000K) and pressure (~12 GPa) in the form of diamond particles with limited yield. 

For the synthesis of diamond coatings, chemical vapor deposition (CVD) integrated with hot-

filament, microwave and radio frequency plasma are used, where nano/microdiamond seeds 

sprinkled on substrates are often used for diamond nucleation.[13, 14] However, diamond is 

formed with low yield due to limited diamond nucleation and growth rates. Considerable efforts 

have been made to enhance diamond nucleation and growth. Our previous work shows the use of 

Q carbon as nucleation seeds which can stimulate diamond nucleation, leading to the rapid growth 
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of large-area diamond film via hot-filament CVD (HFCVD) on optically transparent 

substrates.[15] Nonequilibrium methods for direct conversion of nondiamond carbon into 

nanodiamond include shock-wave,[16] spark plasma sintering,[17] ballistic fracturing, [18] and 

laser annealing.[19-21] Our recent works show the direct conversion of carbon 

nanofibers/nanotubes into nanodiamonds by nanosecond laser annealing.[22, 23] The formed 

nanodiamonds provide effective nucleation sites to facilitate high-quality 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 structures 

were obtained by diamond growth on the conductive polymer, SiO2 spheres and SiC,[24-26] 

followed by chemical etching of the templates. Diamond nano-/microwires/rods/channels were 

synthesized with Si and carbon nanotubes as templates.[27-30] Meanwhile, reactive ion/plasma 

etching of planar diamond films was found to be effective for diamond nano-

/microwires/cones/glasses preparation.[31, 32] The major obstacles limiting the preparation of 

various diamond structures with high quality are the complicated processes of these methods and 

low yield.  

      Here we report a promising strategy to synthesize novel structured 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 and controlling the pulses of laser annealing carbon precursors, 

we have successfully prepared diamond with various microstructures, including diamond 

microfibers and diamond microspheres consisted of fivefold twinned microcrystallites, phase pure 

diamond film and diamond tube with porous tube wall. Laser annealing is effectively used to 

facilitate diamond growth and control the diamond morphology. The method proposed here for 
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novel structured diamond preparation is simple and cost-effective, which overcomes the 

complicated and time-consuming processes of commonly used methods, and increases the 

diamond nucleation and growth rate.  

8.3 Results and discussion 

8.3.1 Diamond microfibers and microspheres synthesized from carbon microfibers  

      The typical morphology of carbon microfibers used for diamond growth is shown in Fig. 

8.1(a). The commercial carbon microfibers were cleaned by ultrasonication and furnace annealing 

at 800 ºC under Ar. The SEM image in Fig. 8.1(a) shows the smooth surface morphology of 

pristine carbon microfibers after cleaning. The diameter of the carbon fibers is approximately 7.0 

μm. However, nanoparticles are found on the surfaces of carbon microfibers after 1 pulse of laser 

annealing at ambient temperature and pressure (Fig. 8.1(b)). Our previous works have 

demonstrated the direct conversion of carbon nanofibers/nanotubes into nanodiamond by laser 

annealing.[22, 23] The laser annealing melts the carbon nanofibers/nanotubes into a super 

undercooling state, and quenches rapidly to form nanodiamonds. The nanodiamonds can act as 

nucleation sites to accelerate diamond growth during HFCVD. Therefore, the nanoparticles 

observed on the surfaces of carbon microfibers should provide effective nucleation sites for 

subsequent diamond growth. 

      Fig. 8.2 shows the SEM images of diamond microfibers prepared from carbon microfibers 

using 3 h HFCVD. The carbon microfibers are completely converted to diamond microfibers even 

without laser annealing (Fig. 8.2(a-b)). It is interesting to note that the synthesized diamond 

crystallites are five-fold diamond twins with average grain size of ~2.0 μm. The diamond 

crystallites are preferentially nucleated at the carbon microfibers. The three-dimensional diamond 

growth enables the diamond microcrystallites to coalesce and form five-fold twinned diamond 
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microfibers. The diameter of diamond microfibers is approximately 2.6 μm. Here the carbon 

microfibers act as nucleation sites and facilitate the subsequent diamond growth during HFCVD, 

which leads to the formation of large diamond microcrystallites in a shorter time than conventional 

CVD techniques. As expected, diamond nucleation and growth can be further controlled by using 

laser annealing. As shown in Fig. 8.2(c-d), the formed diamond microfibers present significantly 

enhanced density of diamond twin microcrystallites when carbon microfibers are treated by 1 pulse 

of laser annealing. The diameter of diamond microfibers (3.0-3.5 μm) from the laser annealed 

carbon precursor is also larger than those without laser annealing. Laser annealing of carbon 

microfibers generates more nucleation sites (as revealed by the nanoparticles formed in Fig. 8.1(b)) 

for diamond growth, leading to higher diamond density and larger diamond microcrystallite size. 

The mechanism for fivefold diamond formation has been reported,[33, 34] which reveals that the 

origin of fivefold twin microcrystallites is the gap from ~70.5º subtended microcrystallites 

(5x70.5º ≈352.5 <360º). For diamond microcrystallites without the gap, the misfit angle probably 

accommodated by elastic deformation and defects such as dislocations. Fivefold microcrystallites 

are nucleated at an edge dislocation. Once first microcrystallite is nucleated, the twinning process 

will occur, leading to the formation of others. 

      To elucidate the role of pulsed laser annealing on the formation of diamond, carbon microfibers 

with 5 and 10 pulses of laser annealing were used as precursors for diamond growth via 3 h 

HFCVD. The SEM images in Fig. 8.3(a-b) show the formation of large diamond microspheres 

accompanied with diamond microfibers from 5 pulses of laser irradiated carbon microfibers. The 

microsphere wall is a porous network composed of interconnected fivefold diamond twin 

microcrystallites. The size of diamond microspheres is in-between 10-20 μm. High magnification 

SEM image (inset in Fig. 8.3(b)) shows the existence of few diamond nanocrystallites on the 
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surface of diamond twins. When laser annealing is increased to 10 pulses, more diamond 

microspheres and less diamond microfibers are formed from carbon microfibers with the same 

HFCVD time (Fig. 8.3(c-d). It is noted that diamond nanocrystallites with a higher number density 

are present on the fivefold microcrystallite surfaces (inset in Fig. 8.3(d)). By increasing the number 

of laser pulses, the carbon microfibers can generate carbon microparticles during HFCVD and 

provide more nucleation sites for diamond growth. As diamond nucleates around the surfaces of 

formed carbon microparticles (Fig. S8.1), the rapid three-dimensional diamond growth results in 

the coalescence of fivefold diamond microcrystallites to form large diamond microspheres. 

Meanwhile, secondary nucleation occurs on the already formed fivefold diamond 

microcrystallites, leading to the formation of diamond nanocrystallites. The increased density of 

diamond nanocrystallites with 10 laser shots can be explained by that more laser pulses accelerate 

the diamond growth rate and promote secondary nucleation. These data provide a direct evidence 

that diamond growth rate and the formed diamond morphologies can be adjusted by controlling 

the laser annealing treatment of carbon microfibers. 

      Raman spectroscopy is employed to investigate the bonding characteristics of carbon 

microfibers, diamond microfibers, and microspheres. Two wide peaks centered at 1342 cm-1 and 

1576 cm-1 are clearly observed in the Raman spectrum of carbon microfibers (Fig. 8.4(a)), 

corresponding to D and G vibrational modes of amorphous carbon, respectively. After carbon 

microfibers conversion by HFCVD, strong and sharp peaks appear at ~1332 cm-1 (D band) in the 

Raman spectra of both diamond microfibers and microspheres (Fig. 8.4(b)), which represent the 

characteristic diamond bonds. The additional peaks at ~1540-1560 cm-1 (G band), which are 

related to sp2 carbon, are also present in their Raman spectra. As expected, the carbon peak is very 



  208 

 

weak due to the presence of less graphitic content. These Raman data demonstrate the high 

diamond quality in the prepared diamond microfibers and microspheres. 

      The peak intensity ratio of D band and G band (ID/IG) is measured to reveal the nondiamond 

content. The ID/IG value of diamond microfibers prepared without laser annealing is 1.25 (Table 

S8.1), which increases slightly to 1.28 with 1 pulse of laser annealing. For diamond microspheres 

prepared from 5 pulses of laser annealed carbon microfibers, the ID/IG values is further increased 

to 1.42, highlighting their significantly reduced nondiamond component. However, the ID/IG 

values decrease to 1.28 with 10 pulses of laser annealing, which can be explained by the existence 

of a small amount of precursor residue inside the diamond microspheres. The nondiamond content 

is calculated by the equation Cnd=1/(1+75ID/IG)×100%, which is in-between 1.03-1.05% for 

diamond microfibers and 0.93-1.03% for diamond microspheres. Such low nondiamond contents 

confirm their high diamond quality. 

8.3.2 Diamond film synthesized from porous carbon 

      The morphology of mesoporous carbon used for diamond preparation is characterized by SEM 

and TEM images (Fig. 8.5(a-b) and S8.2). It is evident that abundant pores are presented on the 

surface of porous carbon film (Fig. 8.5(a-b)). Mesostructure with both tubular pores and 

interconnected pores is observed from its TEM image (Fig. 8.5(b)). A thin layer of porous carbon 

was drop-coated on Si substrate using porous carbon suspension (Fig. S8.3). The obtained porous 

carbon on Si was used as nuclei for diamond preparation by HFCVD. As shown in Fig. 8.5 (c-d), 

a dense and uniform film with well-faceted diamond microcrystallites is obtained after 3 h of 

HFCVD. The Si substrate is completely covered by the continuous diamond film without any crack 

or delamination. Fivefold diamond twin microcrystallites can be clearly observed (Fig. 8.5(d)). 

Diamond deposition on substrate usually uses micro-/nanodiamond as nucleation seeds. Here we 
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use the low-cost porous carbon to replace micro-/nanodiamond seeds. More importantly, a dense 

and continuous diamond film is formed in a short HFCVD time with high yield when porous 

carbon is used as a precursor, highlighting porous carbon can significantly enhance diamond 

nucleation and growth rate as well as diamond yield. 

      Raman spectroscopy is used to determine the characteristics of the porous carbon precursor 

and the quality of the prepared diamond film. Raman peaks appear at 1340 cm-1 (D band) and 1580 

cm-1 (G band) for initial porous carbon, which illustrates its graphitic carbon feature. After 

HFCVD, only characteristic diamond peak at ~1333 cm-1 is observed, demonstrating that the 

phase-pure diamond film has been prepared from porous carbon without any pretreatment. 

Diamond preparation using carbon microfibers and porous carbon was performed under the same 

HFCVD conditions. A small amount of nondiamond carbon exists in the diamond microfibers and 

microsphere synthesized from carbon microfibers, while it is barely detected for the diamond film 

synthesized from porous carbon. The formed dense and phase-pure diamond film is probably 

attributed to the porous structure of carbon precursor, where its capillary effect can induce partial 

high pressure and trap gas molecules (H2/CH4) inside,[35, 36] thereby facilitating precursor 

dissociation and increasing diamond nucleation and growth rates. 

8.3.3 Diamond tube synthesized from carbon nanotube hollow fibers 

      Fig. 8.7(a-b) show the SEM images of carbon nanotube (CNT) hollow fiber used for diamond 

synthesis. The CNT hollow fiber consists of interconnected CNTs. It has an outer diameter of ~740 

μm and a wall thickness of ~150 μm. By using CNT hollow fiber as a precursor for diamond 

synthesis, diamond tube with relative high diamond coverage is obtained after 6 h HFCVD (Fig. 

8.7 (c-d)), highlighting that CNT hollow fiber is also effective for promoting diamond nucleation 

and growth. A porous network containing microcrystallites with average grain sizes of ~2.9 μm is 
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clearly observed on the diamond tube wall. By laser annealing of CNT hollow fiber with 5 laser 

pulses, diamond tube with porous tube wall is still obtained after HFCVD (Fig. 8.7(e)). However, 

the diamond coverage on the tube surface is significantly increased, and the size of individual 

microcrystallites (~3.8 μm) is observed to be larger compared to that in the tube without laser 

annealing. Thus, diamond nucleation and growth rates are further increased by laser annealing of 

CNT hollow fiber, which agrees well with the results of diamond preparation from carbon 

microfibers. 

      Fig. 8.8 shows the Raman spectrum of CNT hollow fiber and diamond tubes. Raman peaks 

appear at 1345 cm-1 (D band) and 1575 cm-1 (G band) for initial CNT hollow fiber (Fig. 8.8(a)), 

illustrating its graphitic carbon feature. After HFCVD, the characteristic diamond peak appears at 

~1331 cm-1 with high intensity for both diamond tubes (Fig. 8.8(b)). The peaks associated with 

graphitic carbon residue (1545-1560 cm-1) are very week. The nondiamond content calculated 

from the ID/IG value is ~0.89% for diamond tube without laser annealing, which decreases to 0.78% 

for the one synthesized from 5 pulses laser annealed CNT hollow fiber. It is noted that both 

diamond tubes present low nondiamond content, illustrating high-quality diamond. It also 

confirms that laser annealing can promote diamond growth with improved quality. 

8.4 Conclusions 

      Various novel diamond microstructures with high diamond quality have been prepared from 

low-cost amorphous and graphitic carbon materials by HFCVD. Carbon microfibers, porous 

carbon and CNT hollow fibers are effective for promoting diamond nucleation and growth during 

HFCVD, which can be further accelerated by laser annealing. The structures of the prepared 

diamond are dependent on the type of carbon precursors and laser annealing treatment. Diamond 

microfibers, consist of fivefold diamond twin microcrystallites, are obtained from carbon 
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microfibers by HFCVD. By multi-pulse laser annealing of carbon microfibers, the morphology 

changes to large diamond microspheres, which is also composed of fivefold diamond twins. A 

dense and phase-pure diamond film is synthesized from porous carbon, while diamond tube with 

porous structure is obtained from CNT hollow fibers. The methods presented here for novel 

structured diamond preparation and morphology control is simple and cost-effective, which will 

open a new frontier towards better design and understanding of diamond growth with desired nano-

/microstructures and high quality for a variety of applications.  

8.5 Experimental methods 

Preparation of porous carbon and CNT hollow fibers. Porous carbon was prepared by the 

carbonization of phenol-formaldehyde resin.[37] Briefly, 0.53 mL 20 wt% NaOH was added into 

3.05 g melted phenol, followed by slowly adding 5.0 mL formaldehyde solution (37 wt%). The 

obtained mixture solution was heated at 70 ºC for 1 h. The entire process was kept under stirring. 

After cooling to room temperature, the solution pH was adjusted to 7.0 by 0.6 M HCl, and vacuum 

dried at 50 ºC to form resin. Porous carbon was obtained by heating the resin at 100 ºC for 24 h 

and pyrolyzing the thermosetted resin at 750 ºC under Ar.  

The CNT hollow fibers were prepared by wet-spinning method.[38] The commercial multi-wall 

CNTs (diameter of 60-100 nm, Shenzhen Nanotech Port Co. Ltd.) were oxidized by HNO3 

solution. The oxidized CNTs, dimethylacetamide and polyvinyl butyral were mixed with mass 

ratio of 2:1:17. The obtained suspension was dispensed by a spinneret equipped with an injection 

pump. The formed CNT hollow fibers were directly immersed into a water coagulation bath. 

Dimethylacetamide/water solution (v:v=75:25) was used as bore-fluid. The obtained CNT hollow 

fibers were dried and annealed at 800 °C under Ar. 
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Preparation of diamond microstructures. The commercial carbon microfibers were cleaned by 

ultrasonication in acetone solution and furnace annealing at 800 °C for 2 h under Ar. The cleaned 

carbon microfibers and CNT hollow fibers were pretreated by ArF laser annealing with the 

following conditions: wavelength 193 nm, pulse duration of 20 ns, energy density of ~0.65-0.75 J 

cm-2. The above-mentioned carbon materials with or without laser annealing were used as 

precursors for diamond synthesis via HFCVD. The detailed HFCVD conditions are as follows: 

substrate temperature of 700 °C, tungsten filament temperature of ∼2000 °C, gas mixture of 2 

sccm CH4/100 sccm H2, the pressure of 20 Torr, deposition time 3-6 h. 

Characterization. The morphology of carbon precursors and prepared diamond microstructures 

were characterized by SEM images acquired on a FEI Verios 460L SEM and TEM images 

recorded on FEI-Tecnai G2 20. Their Raman spectra were measured on a WITec confocal Raman 

microscope system (Alpha 3000 M, 532 nm source) with a triple monochromator. A crystalline Si 

was used to calibrate the Raman system before the sample test. During Raman spectrum 

acquisition, an optimum laser power (~40 mW) was used to illuminate the sample and avoid 

heating. 
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8.6 Figures 

 

Figure 8. 1: SEM images of carbon microfibers: (a) without laser irradiation and (b) with 1 pulse 

of laser irradiation. 

 

Figure 8. 2: SEM images of diamond microfibers synthesized from carbon microfibers: (a, b) 

without laser annealing and (c, d) with 1 pulse of laser annealing. 



  214 

 

 

Figure 8. 3: SEM images of diamond synthesized from laser annealed carbon microfibers: (a, b) 5 

laser pulses and (c, d) 10 laser pulses. 
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Figure 8. 4: Raman spectra of (a) carbon microfibers and (b) diamond synthesized from carbon 

microfibers with 0-10 pulses of laser annealing.  
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Figure 8. 5: (a) SEM image and (b) TEM image of porous carbon, (c, d) SEM images of diamond 

film synthesized from porous carbon at different magnifications. 
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Figure 8. 6: Raman spectra of (a) porous carbon and (b) diamond synthesized from porous carbon. 
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Figure 8. 7: SEM images of (a, b) CNT hollow fiber, diamond tubes synthesized from CNT hollow 

fibers by 6 h HFCVD: (c, d) without laser annealing and (e, f) with 5 pulses of laser annealing. 
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Figure 8. 8: Raman spectra of (a) CNT hollow fiber and (b) diamond tubes synthesized from CNT 

hollow fiber without and with 5 pulses of laser annealing. 
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Supplementary Information 

 

Figure S8.1: SEM images of diamond prepared from laser annealed carbon microfibers with (a) 

1 laser pulse and (b) 5 laser pulses.  

 

 

Figure S8.2: SEM images of porous carbon. 

 



  227 

 

 

Figure S8.3: The SEM image of porous carbon dispersed on Si substrate. 

 

Table S8.1. The intensity ratios of D and G peaks for different diamond structures. 

Samples ID/IG % of sp2 carbon 

Diamond microfibers-0 PLA 1.25  1.05% 

Diamond microfibers-1 PLA 1.28 1.03% 

Diamond microspheres-5 PLA 1.42 0.93% 

Diamond microspheres-10 PLA 1.28 1.03% 

Diamond tubes-0 PLA 1.47 0.89% 

Diamond tubes-5 PLA 1.70 0.78% 
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9.1 Abstract 

      Conductive diamond structures with high surface area are very appealing for various 

applications but their synthesis presents a great challenge. Here we report a simple one-step 

method for the synthesis of conductive diamond tube with porous tube wall from carbon nanotube 

(CNT) hollow fibers via pulsed laser annealing and hot filament chemical vapor deposition 

(HFCVD). These diamond tubes exhibit high double layer capacitances of 11.65-18.07 mF cm-2, 

three orders of magnitudes higher than the equivalent flat diamond films. The scanning electron 

microscopy shows the presence of diamond microspheres composed of both microcrystallites and 

nanocrystallites on the entire tube after 3-6 h HFCVD. The number density of diamond, the 

average size of diamond microspheres, and nanocrystallite content on the microspheres can be 

controlled by HFCVD time and laser annealing parameters of CNT hollow fibers. The electron 

back scattered diffraction analysis shows the crystallographic orientation of the prepared diamond 



  229 

 

along <101>. Raman spectra show a sharp characteristic diamond peak at ~1332 cm−1, 

corresponding to unstrained high quality diamond. The magnificent electrochemical performances 

of these diamond tubes are explained by their significantly enhanced electroactive surface area and 

the presence of a very small fraction (0.73%-1.03%) of sp2 carbon in diamond tubes for electron 

conduction. 

9.2 Introduction 

      Diamond materials have exceptional optical and mechanical properties such as broad optical 

transparency, high thermal conductivity, mechanical hardness and biocompatibility [1–3], which 

have attracted great interests in the fields of quantum photonics, electron field emitters, 

nanoelectronics, sensor, drug delivery etc [4–9]. For optimally conductive diamond materials, they 

also possess unique electrochemical properties such as wide potential window, good 

electrocatalytic activity, and chemical stability [10,11]. Their applications can be widely expanded 

to the areas of electrocatalysis, electrosynthesis, water treatment, and energy storage and 

conversion [12,13]. The respective performances for applications can be optimized by the material 

structures and compositions [14,15]. Diamond materials with high surface areas, porous structure 

and good conductivity are highly desirable for various electrochemical applications, which can 

provide plenty of exposed active sites, fast mass transfer and rapid electron transfer rates for redox 

systems, leading to enhanced electrochemical performance. 

      The most common studied diamond structure is flat diamond 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 network or porous diamond) with pore size ranging from nanometers 

to micrometers, nano-/microwires (also called rods, needles), cones, grasses etc [16]. Diamond 
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foam has been prepared by depositing diamond film on SiO2 template and removing the template 

by chemical etching [17,18], and diamond films have been grown homoepitaxially on porous 

polymer and SiC to obtain composite materials [19,20]. Diamond nano-/microwires and cones are 

usually synthesized by top down and bottom up methods. In a top down method, diamond 

nano/micro-structure is obtained by reactive ion etching or plasma etching of diamond flat films 

with etching masks [21,22]. The gases used for etching are oxygen/tetrafluoromethane, 

argon/hydrogen and oxygen. The structures of as-prepared diamond are dependent upon the masks, 

etching conditions, initial morphologies, and microstructures of diamond films. In a bottom up 

technique, diamond nano-/microwires and cones are prepared from depositing diamond crystallites 

on templates such as Si nanowires/microrods [23,24], where the characteristic of as-prepared 

structures are determined by the morphology of templates. During these deposition processes, 

doping has been proved to be effective for enhancing diamond conductivity [24,25]. Moreover, 

these methods are complicated, time consuming, and cumbersome with low yield. Simple, 

template-free method with low-cost and high-throughput are needed for conductive diamond 

synthesis. 

      An alternative method for nano-/micro-structured diamond preparation is conversion of 

graphitic carbon materials [26,27], which can avoid the complicated etching process and the use 

of expensive templates/masks. Here we present a simple and cost-effective technique for the 

synthesis of three-dimensional structured diamond tube with porous tube wall from carbon 

nanotube (CNT) hollow fibers via pulsed laser annealing (PLA) and hot filament chemical vapor 

deposition (HFCVD). The PLA treated CNTs can provide nucleation sites to accelerate diamond 

growth. The optimum amount of residual unconverted carbon at the interfaces of diamond tubes 

endows them with desired electrical conductivity for electron transfer [28,29]. The effects of 
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HFCVD time and PLA on diamond tube 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. 

9.3 Results and discussion 

9.3.1 Synthesis and characterization of diamond tubes 

      The scanning electron microscope (SEM) images in Fig. 9.1 show the cross-section and 

plan-view morphologies of CNT hollow fibers used for diamond tube growth. The cross-

section view (Fig. 9.1(a)) shows the hollow tube structure with outer and inner diameters 

of ~740 µm and ~440 µm, respectively. The wall thickness is ~150 µm. The surface 

morphology of these tubes (Fig. 9.1(b-c)) shows the presence of fine porous structures and 

voids inside the wall. Figs. 9.1(d) show the top surface of CNT hollow fibers with 

increasing magnification. The CNTs are randomly distributed, and this distribution results 

in a spongelike structure with interconnected pores. The length of CNT hollow fibers can 

be up to tens of centimeters. For the present experiment of conversion of CNT hollow fibers 

into diamond, they were cut to the length of 3-4 cm. The inset of Fig. 9.1(d) shows the 

Kikuchi lines obtained from the electron back scattered diffraction (EBSD), which closely 

match up with the ideal CNT pattern. The indexed diffraction patterns in the Aztec software 

are shown by the blue lines. The possible solution for the crystalline orientation are sorted 

in the software library to find the best fit, and the relative orientation matrix is calculated 

which is shown in the sub-inset of Fig. 9.1(d). 

      A three-dimensional diamond tube was prepared by a simple one-step method using CNT 

hollow fibers (with or without nanosecond pulsed laser annealing at room temperature and normal 

pressure) as the growth precursor for HFCVD. Our previous works have demonstrated the 
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formation of nanodiamond crystals at CNT tips and bends via melting and ultrafast quenching after 

nanosecond pulsed laser annealing of CNTs [30,31]. The laser converted nanodiamonds at the tips 

and bends of CNTs can act as nucleation sites for diamond growth and accelerate diamond growth 

during HFCVD [26]. Fig. 9.2 shows the morphology of as prepared diamond tube from pulsed 

laser annealed CNT hollow fibers with 5 pulses and HFCVD time of 3 h (denoted as 5 PLA-3 h 

CVD). In the SEM images (Fig. 9.2 (a-b)), the porous diamond framework composed of 

microspheres is observed on the diamond tube surface. Diamond microspheres with average size 

about 2.0 μm are distributed uniformly on the entire tube surface. Some residual CNTs can be 

observed under the diamond film. Higher magnification SEM image (Fig. 9.2(c)) shows the 

diamond tube has very well defined diamond microcrystallites, and a small number of 

nanocrystallites also appear near the grain boundary. These results suggest that diamond tubes can 

be prepared efficiently by the facile and cost-effective PLA and HFCVD methods, which can avoid 

the processes of etching and usage of templates/substrates. 

      To gain more insight into the impact of HFCVD time on diamond growth, we extended 

the HFCVD time to 6 h (5 PLA). As shown in Fig. 9.2(d), porous diamond network with 

high diamond density is found on the tube surface. Three-dimensionally interconnected 

pores are homogeneously distributed on the tube although they have nonuniform features. 

Compared with the diamond tube synthesized under the same conditions but 3 h HFCVD, 

it possesses higher diamond coverage. The size of diamond microspheres is approximately 

3.5-4.0 μm after 6 h HFCVD (Fig. 9.2(e)), larger than the one with 3 h HFCVD (~2.0 μm). 

The amount of residual CNTs has been significantly reduced with HFCVD time increased 

from 3 h to 6 h. In some areas of the tube surface, the diamond microspheres fuse together, 

resulting in the formation of dense diamond film. It is worth noting that more diamond 
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nanocrystallites are observed at the grain boundary for these diamond tubes with 6 h 

HFCVD (Fig. 9.2(e)). Diamond nanocrystallites have higher surface area than 

microcrystallites, which is more favorable to attain enhanced electrochemical performances 

for catalysis, sensor, energy conversion, water treatment and so on [32,33]. Therefore, the 

diamond coverage, particle size and nanocrystallites content can be tailored by HFCVD 

time during the process of converting CNT hollow fibers into diamond tubes. 

      To investigate the effect of pulsed laser annealing on diamond growth, diamond tubes 

were synthesized with 6 h HFCVD but different pulses of laser treated CNT hollow fibers. 

Without laser annealing, CNT hollow fibers also can be converted to diamond tubes (Fig. 

9.3(a-c)). Compared with the diamond tube synthesized under the same conditions but 

treated with 5 PLA shots, the one without laser annealing exhibits lower diamond coverage. 

The size of microspheres is in the range of 2.7-3.1 μm, smaller than 3.5-4.0 μm obtained 

from laser treated samples with 5 PLA. Diamond nanocrystallites also can be observed at 

the grain boundaries. When laser annealing is increased to 10 pulses, the diamond coverage 

on the tube is further improved (Fig. 9.3(d)). As expected, the diamond microspheres (about 

4.0-4.5 μm) contain both microcrystallites and nanocrystallites (Fig. 9.3(e)). It is interesting 

to note that micro- and nanodiamonds grow over the entire tube wall, as revealed by the 

cross section image in Fig. 9.3(f). The number density of diamond inside the wall is lower 

than that on the surface. 

      In the conventional CVD processes for diamond synthesis, diamond seeds are loaded 

on the substrate, which act as nucleation sites for diamond deposition. Here the CNT hollow 

fibers provide nucleation sites for diamond tube growth, which is expected to accelerate the 

growth rate of diamond. To verify the contribution of CNT hollow fibers for diamond 
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growth, diamond is also deposited on Si substrate under the same conditions (6 h, Fig. 

S9.1). The SEM image shows very low diamond coverage on the Si substrate, only few 

diamond microparticles are dispersed on the substrate. These results imply that the CNT 

hollow fibers contribute significantly to form diamond tubes by providing source for 

diamond nucleation and promote the formation of subsequent diamond crystallites. 

      The phase detection and the information about the crystallographic orientation of the 

fixed diamond structures in an SEM instrument by means of EBSD analysis are shown in 

the insets of Fig. 9.2(c), 9.2(f) and Fig. 9.3(c), 9.3(e). The Kikuchi patterns closely match 

up with the ideal diamond pattern after a quick analysis in the Aztec software and the 

indexed diffraction patterns are shown by the red lines. The possible solutions for the 

respective crystal orientations are sorted in the software library to find the best fit, and the 

orientation matrixes are calculated which are shown in the sub-insets of Fig. 9.2(c), 9.2(f) 

and Fig. 9.3(c), 9.3(e). Each of the diffraction patterns is bound to the crystal structure of 

the corresponding sample and 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 all of the well-defined electron 

backscattered diffraction patterns, the out-of-plane orientation of the crystalline diamonds 

tip are along <101>. 

      Raman spectroscopy is very effective for determining the bonding characteristics of carbon-

based materials. In the Raman spectrum of as prepared CNT hollow fibers (Fig. 9.4(a)), three 

characteristic Raman peaks centered at ~1345 cm-1, ~1574 cm-1 and ~2685 cm-1 can be observed, 

which correspond to D, G and 2D peaks, respectively. The inset of Fig. 9.4(a) shows the absence 

of the radial breathing mode (RBM) associated with CNT hollow fibers. The RBM signal for large 
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diameter multi-wall CNTs is usually invisible [34]. After HFCVD performed on CNT hollow 

fibers with and without laser irradiation, sharp and strong peaks at ~1332 cm-1 are observed in their 

corresponding Raman spectra (Fig. 9.4(b)). This peak corresponds to the characteristic T2g Raman 

mode of diamond crystals and highlights the successful formation of high quality diamond crystals 

after HFCVD. A small and broad peak at 1535-1560 cm-1 can be observed for each diamond tube 

sample, indicating the presence of a small amount of graphitic carbon in diamond tubes. This 

residual carbon is helpful for enhancing diamond conductivity and facilitating electron transfer 

[35,36].  

      The peak intensity ratio of T2g Raman mode (diamond related peak) and G mode 

(graphitic carbon related peak), IT2g/IG, is 1.28 for diamond tubes prepared from 5 PLA-3 

h HFCVD (Table S9.1). It is interesting to note that the IT2g/IG value increases to 1.71 when 

HFCVD time is extended to 6 h while laser irradiation is kept the same. The higher IT2g/IG 

value can be explained as follow: more CNTs are consumed for diamond growth with 

longer deposition time, which is consistent with the SEM observations (higher diamond 

coverage is achieved on diamond tubes with 6 h HFCVD). The IT2g/IG values of diamond 

tubes prepared from 6 h HFCVD but different laser annealing shots were also compared to 

explore the impact of laser treatment on diamond growth, which are 1.46 for diamond tube 

without laser annealing and 1.81 for the one with 10 PLA. These Raman results confirm 

that relatively high purity diamond tube is obtained from CNT hollow fibers even without 

laser irradiation, but laser annealing can further facilitate diamond growth.  

The intensity ratio of T2g and G peaks in the Raman spectra is used to estimate the amount 

of nondiamond content (𝐶𝑛𝑑) in each of the diamond tubes. The sensitivity of the Raman 
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signal from the non-diamond carbon phase is about 75 times of that for diamond [37]. The 

following equation is used to calculate the nondiamond contents: 

𝐶𝑛𝑑 =
1

1 + 75(
𝐼𝑑

𝐼𝑛𝑑
)
 

Where Id represents the Raman peak intensity for diamond entities, and Ind represents the 

Raman peak intensity for the non-diamond carbon content. The calculated non-diamond 

content for all the representative diamond tubes vary in-between 0.73-1.03% (table S9.1), 

demonstrating that they have high-purity diamond crystals. 

9.3.2 Electrochemical performance of diamond tube 

      The electrochemical performance of diamond tubes was investigated by measuring 

their double layer capacitances. Fig. 9.5(a) shows the cyclic voltammograms (CV) of 

diamond tube (10 PLA-6 h HFCVD) recorded in 0.05 M Na2SO4 at scan rates from 10 to 

100 mV s-1. All the CV curves exhibit quasi-rectangular shape at all the scan rates, revealing 

a good double layer capacitive feature of diamond tubes. This diamond tube provides a 

very high capacitive current density under the conditions applied. As expected, its 

capacitive current density increases with the increase of scan rate. The double layer 

capacitance is obtained from Cdl=Δi/2v at 0.05 V (vs Ag/AgCl), where Δi is the difference 

between anodic current and cathodic current densities, and v is the corresponding scan rate. 

The calculated capacitance is 18.07 mF cm-2 for diamond tube with 10 PLA-6 h HFCVD 

(Fig. 9.5(b)), which is higher than the capacitances recently reported for diamond 

electrodes[17,38–42]. The double layer capacitance is proportional to the electroactive 

surface area. The high capacitance of diamond tube highlights its large electroactive surface 

area, which is favorable for enhancing performance for electrocatalysis, electrosynthesis, 
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energy conversion, electrochemical sensor, and so on. The CV curves in Fig. S9.2 for the 

diamond tubes prepared from 5 PLA-3 h HFCVD and 5 PLA-6 h HFCVD exhibit lower 

capacitive current than the one with 10 PLA-6 h HFCVD. The double layer capacitance is 

14.61 mF cm-2 for diamond tubes with 5 PLA-6 h HFCVD, while it is 11.65 mF cm-2 for 

the one with 5 PLA-3 h HFCVD. These results reveal the diamond tubes grown under 

longer HFCVD time and more laser pulses possess much larger electroactive surface area, 

which could be attributed to the higher density of the diamond microcrystallites and 

increased amount of diamond nanocrystallites. 

      The advantage of diamond tube structure was revealed by comparing its 

electrochemical performance with that of equivalent flat diamond film. As comparison, flat 

diamond film was deposited on Si substrate under the same HFCVD conditions. The SEM 

image (in Fig. S9.3) shows a continuous and dense diamond film consisted of 

microcrystallites over the entire Si substrate using our seeding process. The CV curves of 

flat diamond electrode (Fig. 9.5(c)) show that its capacitive current is much lower than that 

of diamond tube. Its double layer capacitance is 0.034 mF cm-2, three orders of magnitude 

lower than diamond tubes, demonstrating the significantly enhanced electroactive surface 

area of diamond tube compared with flat diamond electrodes. The high surface area of 

diamond tube could be mainly attributed to the tubular structure and porous tube wall with 

nano and microstructures.  

9.4 Conclusion 

  Three dimensional diamond tubes with porous nano and microstructures have been 

prepared by a simple and cost-effective method which combines PLA with HFCVD. The 

CNT hollow fibers provide nucleation sites to accelerate the diamond growth. Diamond 
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microspheres composed of high quality diamond microcrystallites and nanocrystallites are 

observed on the entire tube even inside the tube wall. The diamond density, microsphere 

size and nanocrystallite content are significantly increased with increasing HFCVD time 

and laser pulses. These diamond tubes have high double layer capacitances, which are 

found to be dependent on the density of the diamond spheres, the porous tubular structure, 

nanocrystallite content and the quality of diamond. Its electroactive surface area is three 

orders of magnitude higher than flat diamond film. This effective method for the synthesis 

of diamond tubes having large surface area makes it an ideal candidate for electrochemical 

applications such as electrocatalysis, electrosynthesis, electroanalysis, energy storage and 

conversion. 

9.5 Experimental 

Preparation of CNT hollow fibers. The CNT hollow fibers were prepared by wet-spinning 

method [43], details as follows: the purchased multi-wall CNTs (diameter of 60-100 nm, 

Shenzhen Nanotech Port Co. Ltd.) were oxidized by H2SO4/HNO3 solution. The oxidized 

CNTs were dispersed in dimethylacetamide solution, followed by adding polyvinyl butyral 

(mass ratio 2:1:17). The suspension was dispensed via a spinneret equipped with an 

injection pump, and the produced CNT hollow fibers were directly immersed into a water 

coagulation bath. DMAC/water solution (v:v=75:25) was used as bore-fluid. The obtained 

CNT hollow fibers were dried and annealed at 800 °C for 1 h under Ar. 

Preparation of diamond tubes. The CNT hollow fibers with or without pulsed laser 

annealing were converted to diamond tubes via HFCVD. The prepared CNT hollow fibers 

were irradiated with 0-10 ArF laser pulses (wavelength=193 nm, pulse duration = 20 ns, 

energy density ~0.65-0.75 J cm-2). The HFCVD was performed for 3-6 h at a substrate 
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temperature of 700 °C with 2 sccm CH4 and 100 sccm H2. At the beginning of the HFCVD, 

the tungsten filaments were gradually heated to a temperature of ∼2000 °C. The pressure 

was kept at 20 Torr throughout the process. For comparison of the electrochemical 

property, flat diamond films were deposited on Si substrate under the same conditions using 

porous carbon film as nucleation seeds. 

Characterization. The morphology of CNT hollow fibers and diamond tubes were 

characterized by high-resolution SEM images acquired on a FEI Verios 460L SEM. The 

non-destructive EBSD technique in the same Verios 460L SEM is used to determine the 

details of the crystallographic information of diamond and CNTs. 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 to each diffracting 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 Raman 

active vibrational modes of CNT hollow fibers and diamond tubes were measured on a 

WITec confocal Raman microscope system (Alpha 3000 M, 532 nm source) with a triple 

monochromator, and gratings of 2400 lines/mm for high-resolution (spectrum resolution 

~0.5 cm−1). An optimum laser power (~40 mW) was used to illuminate the sample to avoid 

heating during the spectrum acquisition. A crystalline Si sample was used to calibrate the 

Raman system. Cyclic voltammetry (CV) was performed on Bio-Logic SP300 potentiostat 

(Bio-Logic, USA) with three-electrode system. The CNT hollow fibers or diamond tubes 

were used as the working electrode, whereas Pt wire and Ag/AgCl were used as counter 
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electrode and reference electrode, respectively. The CV curves for double layer capacitance 

were measured in 0.05 M Na2SO4 at 10-100 mV s-1. 
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9.6 Figures 

 

Figure 9. 1: SEM images of CNT hollow fibers: (a) cross section and (b, c, d) top view at different 

magnifications. The insets are EBSD pattern and relative orientation of CNT hollow fibers. 
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Figure 9. 2: SEM images of diamond tube with 5 PLA and growth time of (a, b, c) 3 h, (d, e, f) 6 

h. The insets are EBSD pattern and relative orientation of diamond. 
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Figure 9. 3: SEM images of diamond tubes prepared from 6 h HFCVD and (a, b, c) without laser 

annealing, and (d, e, f) 10 PLA. The insets are EBSD pattern and relative orientation of diamond. 
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Figure 9. 4: Raman spectra of (a) CNT hollow fibers and (b) diamond tubes with 5 PLA-3 h CVD, 

0 PLA-6 h CVD, 5 PLA-6 h CVD and 10 PLA-6 h CVD. 
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Figure 9. 5: (a) Cyclic voltammograms of diamond tube with 10 PLA-6 h CVD at 10-100 mV s-1, 

(b) double layer capacitances for diamond tubes with 5 PLA-3 h CVD, 5 PLA-6 h CVD and 10 

PLA-6 h CVD, (c) Cyclic voltammograms of flat diamond film at 20-100 mV s-1, (d) double layer 

capacitance for flat diamond film (0.05 M Na2SO4). 
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Supplementary Information 

 

Figure S9.1: SEM images of diamond deposited on bare Si substrate with 6 h HFCVD at 

different magnifications, showing a very low amount of diamond coverage. 

 

Table S9.1. The intensity ratios of T2g and G peaks for different diamond tubes. 

Samples 5PLA-3h 0pla-6h 5pla-6h 10pla-6h 

ID/IG  1.28  1.46  1.71 1.81  

% of sp2 carbon 1.03% 0.91% 0.77% 0.73% 
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Figure S9.2: Cyclic voltammograms of diamond tubes with (a) 5 PLA-3 h CVD and (b) 5 PLA-6 

h CVD at 0.05 M Na2SO4 and 10-100 mV s-1. 

 

Figure S9.3: The SEM image of flat diamond film deposited on Si substrate with 6 h HFCVD. 

High amount of diamond coverage is due to the use of porous carbon film as nucleation seeds. 
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10. Electron field emission from Q-carbon 
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27695.7916, USA 

10.1 Abstract 

      We report field electron emission investigations in Q-carbon composite structures formed by 

pulsed laser annealing of amorphous carbon layers. Under the optimum fabrication conditions, a 

dense microstructured morphology of Q-carbon was obtained, which is important for local electric 

field enhancement in field-emission device applications. The turn-on field required to draw an 

emission current density of 1 μA/cm2 is found to be 2.4 V/μm. The Q-carbon films show good 

electron emission stability as a function of time up to 4 hours. The microstructure and morphology 

of the field emitting Q-carbon films was analyzed by a variety of techniques, including field 

emission scanning electron microscope, Raman spectroscopy, and atomic force microscopy. Our 

results show a very high emission current density value of ~30 μA/cm2
 at an applied electric field 

of 2.65 V/μm, which is hysteresis-free and stable. The generated emission current has been found 

to have low fluctuations (<4%) and shows no generation of defects during repeated emission 

measurements on the sample. Our findings thus hold a great promise for the development of Q-

carbon films in applications ranging from field emitters and frictionless motors to heterostructures 

for novel micro and nano-electronic devices. 

10.2 Introduction 

      High-quality robust field emitting materials with stable emission over a long period of time are 

desirable for a wide range of applications such as flat panel displays, vacuum microwave 

amplifiers, contactless motors, microscopes operated by parallel electron beam sources, etc.[1–3] 
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Different forms of carbon such as diamond, carbon nanotubes, graphene, graphene oxide etc. were 

found to be good candidates for high current density at low applied electric field because of their 

negative electron affinity (NEA) or very low positive electron affinity.[4–7] For several decades, 

these carbon-based field emitters with different size, shape, aspect ratio, hybrid- nanostructures, 

and dopant types and doping concentrations have been studied extensively.[8–11] Robertson et al. 

investigated the band diagram of diamond and DLC surfaces for field emission and showed that 

DLC has a sizeable positive electron affinity (EA), which could be tuned by nitrogen doping to 

enhance the field emission current density.[12] According to their results DLC has sizeable 

positive EA values and the main barrier for electron emission is at the front surface, which is 

difficult to overcome. Doping DLC with nitrogen donor raises the Fermi level, which lowers the 

barrier and enhances the field emission. However, existing studies show that sometimes the 

emission current density can be proportional to the number of damaged sites induced by 

breakdown, implying that the FE is mainly originated from the undesirable damaged sites.[13] 

Recently, graphene field emitters with remarkable electrical, mechanical, and chemical properties 

have drawn attention for next-generation display technology.[14,15] Recently several methods 

have been developed to design and fabricate graphene for its potential application in field 

emission.[16,17] However, issues related to nanoscale thickness reliability, size optimization 

problems current stability, performance and yield challenges render the applications of graphene 

in practical FE devices.[18] 

      Theoretically, field-induced electrons could be emitted from a flat diamond crystal due to the 

negative electron affinity (NEA) of the diamond surface; however, the poor electrical conductivity 

of pristine wide bandgap diamond inhibits the electron transport through the bulk, which severely 

affects the FE current density from the surface. Measures, such as doping or introducing defects 
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into the diamond structure, have been implemented in the past to circumvent this problem. But 

incorporation of large amount of defects in the bulk diamond matrix is detrimental for the 

conditions necessary for the NEA of diamond. Moreover, incorporation of defects deteriorates the 

desirable physical and thermal properties of diamond, such as mechanical stability, chemical and 

radiation inertness and high thermal conductivity, which are necessary for reliable and robust 

device applications. Therefore, the uses of defective or doped diamond inhibit the realization of 

practical flat diamond based FE devices. The diamond microtip has shown promising results, 

where electrons move to the tip of the cathode via the surface states in the microtip structure.[19] 

However, the fabrication and formation process of such diamond microtips are very costly and 

extremely complicated in views of size and shape uniformity and distributions.[20] Additionally 

patterning a large area substrate with high packing density of these microtips is impractical with 

the present technology. Recently a new phase of carbon, named quenched carbon (Q-Carbon), has 

been discovered by our group, which shows excellent FE related properties, even superior to 

diamond. [21,22] 

      In this paper, we report excellent field emission properties of Q-carbon, which was fabricated 

from amorphous carbon films by nanosecond laser melting using a 193 nm laser pulse. This liquid 

phase mediated Q-carbon thin film is envisioned to have superior properties such as higher 

hardness than diamond (40% harder) [23], high-temperature record superconductivity (B-doped 

Q-carbon)[24], excellent chemical inertness, high thermal conductivity, excellent abrasion 

resistance, and room-temperature ferromagnetism.[22] This material can also be deposited at room 

temperature with a high deposition rate over a large area on different types of substrates such as 

Si, sapphire, WC, glass and polymers. Since Q-carbon composite structures have reasonable 

electron conductivity, the electrons travel unhindered and solid-state devices can be driven 



  257 

 

electronically. Thus, Q-carbon films show a great potential for practical field-emitter applications. 

We used Raman spectroscopy, field emission scanning electron microscopy (FESEM), atomic 

force microscopy (AFM), and electrical transport property tests to investigate the correlation 

between FE and microstructural features. We also conducted a detailed analysis of the electron 

emission from Q-carbon grains using the modified electronic states at the surface in the presence 

of high applied electric field. 

10.3 Experimental 

      A high quality compressed graphite target was used to deposit amorphous carbon/diamond like 

carbon (DLC) film with a mixture of sp3/sp2 bonding and with thickness ~500 nm on r-sapphire 

substrate using pulsed laser deposition (PLD) technique. The graphite was mounted on a rotating 

target holder at a distance of ∼4 cm from the substrate. DLC thin film was deposited in a stainless 

steel chamber evacuated to a base pressure of ∼1 × 10-6 torr. We used a pulsed krypton fluoride 

(KrF) excimer laser (λ = 248 nm, repetition rate 5 Hz/s, pulse width 20 ns, laser fluence of ∼2 

J/cm2) during deposition. The DLC film was irradiated by ArF laser (wavelength = 193 nm, pulse 

duration = 20 ns) pulses with an energy density in-between 0.6 to 0.7 Jcm-2 for conversion into Q-

carbon composite structure. During the pulsed laser annealing (PLA) process, the as-deposited 

films were melted in a super-undercooled state and subsequently quenched within 200-250 

nanoseconds. 

      A WITec confocal Raman microscope system (alpha300M) with a maximum sensitivity 

excitation wavelength of 532.16 nm was used to characterize the DLC and Q-carbon. A crystalline 

Si sample (with characteristic Raman peak at 520.6 cm-1) was used to calibrate the Raman spectra. 

Care was taken to avoid damaging the sample by the laser excitation. Field emission scanning 

electron microscopy (FESEM) imaging was performed using a FEI Verios 460L SEM, which 
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provides sub-nanometer resolution, to study the morphology of the Q-carbon composite structures. 

The atomic force microscopy (AFM) was performed using an Asylum MFP-3D classic Atomic 

Force Microscope (AFM).  This instrument is capable of imaging an area up to 125 µm2 and as 

small as a few tens of nm2. The maximum spatial resolution of the instrument is such that the 

surface of the Q-carbon composite structure could be revealed. FE measurements were performed 

in an in-house setup shown in Fig. 10.1. The Q-carbon sample was placed in a parallel plate 

configuration with an anode of Tungsten separated by a 100µm glass spacer inside a clean high 

vacuum chamber at pressure < 2x10-7 Torr. The area of the composite sample was greater than 25 

mm2. No surface damage was observed after the measurements. 

10.4 Results and discussion 

10.4.1 Microstructure of Q-carbon 

      The Q-carbon provides an ideal platform for high field emission in view of its atomic structure 

and bonding characteristics. The Q-carbon consists of diamond tetrahedra which are closely 

packed with a packing efficiency of over 85%.[23] The bonding within the tetrahedron is sp3 and 

in-between mostly sp2 and some sp3. The overall sp3 fraction in Q-carbon is 80-85% and the rest 

is sp2 carbon.[22] The Q-carbon structure is a new phase of carbon, which has an amorphous 

structure. The NEA of Q-carbon is higher than that of diamond like carbon. This unique mixed sp3 

and sp2 bonded structure of Q-carbon is found to provide excellent electron emission efficiency. 

Fig. 10.2 (a-c) show FESEM images of the microstructure of Q-carbon composite sample used for 

the FE measurements. The brighter sp3 rich regions are the Q-carbon structures and the rest (with 

dark region) is the amorphous carbon produced after the laser annealing treatment. Fig. 10.2 (a) 

shows the large area growth of Q-carbon composite structure, and Fig. 10.2 (b) shows that the sp3 

rich Q-carbon clusters are embedded in a sp2 rich amorphous carbon matrix. Size of an individual 

https://www.asylumresearch.com/Products/MFP3DClassic/MFP3DClassic.shtml
https://www.asylumresearch.com/Products/MFP3DClassic/MFP3DClassic.shtml
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Q-carbon cluster may vary from 0.5 𝞵m to 5𝞵m. In Fig. 10.2(c) we can see the structural details 

inside the Q-carbon cluster.  The cluster consists of sp3 rich Q-carbon nano-structures surrounded 

by sp2 rich boundaries. These sp2 carbon containing boundaries are highly conductive in nature 

and provide pathways for the electrons to travel through individual Q-carbon nanocluster, which 

acts as a cathode, to ensure the continuous flow of electrons during the FE measurements. It is 

envisaged that the high density of the grain boundaries inside the Q-carbon clusters connected with 

the amorphous carbon matrix gives an efficient FE device. The areal density of Q-carbon in the 

composite structure was calculated from Fig. 10.2 (b-c) using ImageJ software. The actual area of 

Q-carbon clusters in the film is found to be around 12%. The low coverage of Q-carbon matrix in 

the film implies high emission current density during the FE measurements. Fig. 10.3 (d) 

represents a model diagram to show that Q-carbon mainly consists of sp3 bonded carbon and the 

surrounding of a Q-carbon cluster mainly contains sp2 rich amorphous carbon which provides 

pathway to the electrons taking part in the field emission process. 

10.4.2 Raman spectroscopy 

      Micro Raman analysis has been performed on the DLC film (before annealing) and the Q-

carbon composite sample (formed after annealing) used for FE measurements to correlate with sp3 

and sp2 bonding characteristics. Fig. 10.3 (a) shows a Raman spectrum of the as deposited DLC 

film used to fabricate the Q-carbon composite structure. The calculated sp3 fraction is found to be 

55% in the as-deposited films. After laser annealing treatment, bright regions in the FESEM 

images refer to Q-carbon clusters and the corresponding Raman spectrum of those regions is 

shown in Fig. 10.3(c). The calculated sp3 fraction from this spectrum is 82% for Q-carbon. No 

significant differences are found in the Raman spectra of Q-carbon features fabricated under the 

same conditions but with different cluster size. The Raman spectra of the intermediate region in-
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between the Q-carbon clusters, amorphous carbon containing area, is shown in Fig. 10.3 (b). The 

fitting profile from this spectrum gives a sp2 content of around 65%. A 65% sp2 content implies 

the highly conductive nature of this region. Fig. 10.3 (d) represents a model diagram to show that 

Q-carbon mainly consists of sp3 bonded carbon and the surrounding of a Q-carbon cluster mainly 

contains sp2 rich amorphous carbon which provides pathway for the electrons taking part in the 

field emission process. The prominent D peak and the G peak (1573 cm−1) in all the Raman spectra 

confirm the presence of carbonaceous structures in the film. The absence of the Raman peak at ∼ 

2160 cm−1 eliminates the possibility of any sp1 sites present in the DLC film, Q-carbon structure 

or intermediate amorphous carbon region.[25] 

10.4.3 AFM 

      The surface morphology of the as grown DLC and laser annealed Q-carbon film is studied by 

AFM imaging and presented in Fig. 10.4. The DLC film surface has a very smooth morphology, 

with the rms roughness of around 120 pm within the surface area of 1 µm2, which is shown in Fig. 

10.4 (a). However, the surface of the Q-carbon composite film is rougher than that of DLC, with 

rms surface roughness being approximately 41 nm over the scan area of 1 µm2. The AFM data 

obtained on the Q-carbon sample shown in Fig. 10.4(b) reveal a nanotextured surface morphology. 

It also shows that the Q-carbon film is composed of distributed small grains, which are embedded 

randomly. The rms surface roughness increased after the laser annealing. Increased surface 

roughness means lots of nano-needle like or tiny round shaped Q-carbon structures, which can be 

compared to the nano-diamond or metal tips that exhibit higher current density at low applied 

electric field because of the shape effect.[26–28] From the 3D AFM imaging of Q-carbon film we 

estimate 4x107 grains/1 mm2 distributed inside the clusters. This refers to a high number density 

of the emission sites in the Q-carbon composite structure. Therefore Q-carbon nanocomposite film, 
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having such surface morphology, naturally lends itself to the field electron enhancement needed 

for field emission applications.    

10.4.4 Field emission measurements 

      The FE measurement was performed with the Q-carbon sample as a cathode. The emission 

current density as a function of the applied electric field is shown in Fig. 10.5 (a). In this study, we 

define the turn-on electric field as the applied electric field to attain a current density of 1 𝞵A/cm2. 

The turn-on field for Q-carbon FE device is found to be 2.4 V/𝞵m. A maximum current density of 

32 𝞵A/cm2 was observed at an applied field of 2.67 V/𝞵m. The field emission of the Q-carbon is 

very stable at this current density. The FE measurements were repeated at least 6 times on the 

sample and no change was observed in the turn-on electric field and the maximum current density 

indicating sample robustness and stability. Further, no surface damage was observed in the 

emitting regions suggesting a non-destructive FE mechanism. The field emission characteristics 

of the Q-carbon do not show any hysteresis during subsequent voltage cycles. 

      The mechanism of electron emission under an applied electric field is explained by the Fowler-

Nordheim (F−N) theory, which describes the emission of electrons from the front surface of an 

emitter via tunneling to a suitable anode. The F-N theory for semiconductors is given by [29,30] 

𝐽 = 𝐴 (
𝛽2𝐸2

∅
)  exp (−

𝐵∅
3

2⁄

𝛽𝐸
)  exp (−

∆𝑊𝑠−∆𝑊𝑃

2𝐾𝑇
)       (1) 

Where, J is the emission current density, E is the applied electric field between the Q-carbon anode 

and the tungsten metal plate used as cathode. E is usually taken as E=V/d (V is the applied potential 

and d is the distance between the anode and cathode), Φ is the potential barrier height taken as 

work function, A and B are constants, A= 1.54 x 10-6 A eV V-2 and B=6.83 X 103 eV-3/2 V-1 𝞵m; β 

is the field enhancement factor and reflects the ability of an FE surface to enhance the local electric 

field at the emission spots as compared to the average macroscopic value, k is the Boltzmann 
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constant, T is the absolute temperature, ΔWS is the surface potential barrier for sp3-bonded 

nanostructures due to surface states, and ΔWP is the decrease of the surface potential barrier due 

to field penetration. 

      The experimental FE measurement values were fitted to the F-N model as described by 

equation (1) and plotted as shown in Fig. 10.5 (b). Based on this model we plotted the ln (J/E2) 

versus 1/E, which gives two distinct regions. In the low voltage region (defined as region I) the F-

N plot shows a linear behavior characteristic of the metallic conduction. At higher voltage (defined 

as region II) the current deviates from the linear behavior of region I to saturation. The saturation 

in region II can be explained by the theory for the FE property of semiconductors.[31] The 

deviation from a linear dependence to saturation has also been observed in several other FE 

experimental studies on diamond needles[32], Si[33] and SiC[34] nanowires. The linear behavior 

of the F-N plot in region I can be explained by the model diagram shown in Fig. 10.6 (a), where 

we show that the surface potential barrier decreases with increasing applied electric field resulting 

in a rapid increase in the FE current density. Fig. 10.6 (b) represents the energy bandgap diagram 

of region II at high electric field, where the field penetration surpasses the surface potential barrier 

and hence the slope of the FN plot in Fig. 10.5 (b) reduces. Wide bandgap In2O3 nanowires have 

been found to exhibit similar nonlinear characteristics in the F-N plot.[30] 

      The FE current density essentially depends upon two important parameters - work function 

(Φ) and the field enhancement factor (β). The FE current density increases with β and decreases 

with Φ. From the F−N plot, the β can be estimated at high and low applied electric field regions 

for a given value of Φ, taken as 3.5 eV. The β is normally expressed in terms of the ratio of local 

electric field (Elocal) to the applied electric field (E). Large values of β can generate high local 

electric field at lower applied field to produce sizeable field emission. In the F-N plot the slope 
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(m=−B Φ 3/2/β) can be expressed by the combined effect of work function and local electric field 

enhancement. Using the expression for slope the calculated value of β was found to be 290 and 

2936 at region I and II, respectively. The high value of β also explains the low threshold applied 

electric field for the FE from Q-carbon sample. 

10.4.5 FE Stability 

      To remove the unwanted volatile/organic species from the surface of the Q-carbon sample, we 

heated the sample to 300 C for 1 minute before FE measurements. The room temperature FE 

current density was very stable in time after this preliminary heat treatment.  Fig. 10.7 (a) shows 

the FE current density with time, which illustrates the dependence of the emission current on time 

for three different values of applied voltages. At high current densities the fluctuations were 

recorded for 4 hours. The measured fluctuation of the current density was less than ±4%. 

Additionally, no obvious degradation was observed in the sample after the FE measurements in 

the FESEM. Wang et al. observed applied electric field induced damage in the porous amorphic 

diamond films, which are very similar to the well-known diamond-like carbon (DLC) films except 

they consist of very high sp3/sp2 carbon ratio (73%-85% sp3 carbon fraction).[35] The room-

temperature I-V characteristics of amorphic diamond films were different before and after field 

emission test. Fig. 10.7 (b) shows almost no change in the room temperature I-V characteristics of 

Q-carbon sample before and after the FE measurements in the voltage range in-between -10V and 

10V, which implies that no field induced damage occurred in the Q-carbon sample. The stable and 

persistent FE current from Q-carbon over a long period of time also supports aforementioned 

observation (the robustness nature of Q-carbon under high applied electric field).  
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10.4.6 Discussion 

      It is established that the amorphous and nanostructured carbon films show two types of field 

emission properties. First, the back contact controlled FE due to formation of leaky barrier at the 

film/back contact interface. This is shown in the low conductive polymer-like  amorphous carbon 

films with a small amount of defects.[36] Second, front surface based FE property was observed 

in nanocrystalline DLC, which is attributed to high defect density and high conductivity of the 

film.[37] The field emission from Q-carbon shows the front surface based emission characteristics. 

Several models have been proposed to explain the FE from carbon-based structures, but a complete 

understanding is still lacking especially when the threshold field for FE is less than 5 V/μm. Similar 

to our findings ET ∼ 3 V/μm has been observed in nanodiamond samples and explained by defect 

induced conduction mechanism.[38] For ET < 10 V/μm  defects and localized states near the Fermi 

level help to obtain efficient FE devices.[39] These localized states near the Fermi level are 

observed due to the presence of sp2 clusters in sp3 matrix in the carbon-based materials. Q-carbon 

consists of sp3 bonded tetrahedral with a packing efficiency of 80% and sp2-bonded carbon atoms 

are distributed between sp3-bonded tetrahedron. The liquid phase mediated growth of Q-carbon 

during non-equilibrium ultrafast laser annealing helps to attain a homogeneous mixture of the 

small sp2 carbon (~18%) with tetrahedrally bonded carbon (~82%). This has a profound 

contribution in obtaining such low turn-on field and high current density at low applied electric 

field. The emission mechanism in Q-carbon cold cathode also involves a strong field enhancement 

at the emission surface. To understand the F-N emission process in the Q-carbon composite 

structures, it is critical to explain the origin of the large field enhancement factor, which is essential 

for lowering the barrier for electrons to tunnel towards the anode. In two different studies Guo et 

al.[40] and Carey et al.[41] explained that the sp2 clusters present within the sp3 matrix help to 
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raise the field enhancement in carbon-based films. The mixture of sp2 and sp3 bonding in Q-carbon 

structure creates dielectric inhomogeneity.[42] Therefore, the field enhancement in the film is 

higher in Q-carbon composite structures. Additionally the sp2 carbon present within the sp3 

hybridized carbon matrix helps in a way that the energy levels of the former one located at or close 

to the Fermi level. These defect-induced bands near the Fermi level raise the level towards the 

conduction band and hence the work function decreases. Thus, combination of these two effects, 

(i) decrease in the work function and (ii) increase in the field enhancement factor due to the 

coexistence of sp3-bonded carbon with the sp2-bonded carbon at a definite ratio, result in improved 

FE characteristics from the Q-carbon composite film. 

      During the field emission property investigation of tetrahedral amorphous carbon, the sp2/sp3 

ratio in the film was found to be one of the fundamental parameters to obtain a better understanding 

of its emission properties.[43] Although the sp2 bonded carbon atoms help to raise the Fermi level 

towards the conduction band resulting in a low work function, however, it was found that the 

excessive amount of sp2-bonded carbon atoms deteriorate  the FE performance.[43] The optimum 

percentage of sp2 bonded carbon atoms for enhanced field emission depends on the atomic features 

(cluster size and arrangement of the atoms) in the film, and these features depend upon the growth 

conditions and deposition routes. In the Q-carbon, which is formed by the liquid phase during non-

equilibrium laser annealing treatment, the homogeneous mixture of the small sp2 carbon with 

tetrahedrally bonded carbon has proven to be effective in attaining outstanding field-emission 

properties. Additionally, the AFM analysis revealed that the unique microstructure of Q-carbon 

nano composite has a definite advantage over the DLC films. This type of surface morphology of 

Q-carbon also causes for a geometric electric field enhancement in the local regions, which is 

another important factor affecting the field emission. Therefore, the turn-on field of the Q-carbon 
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film is lower than most of the conventional carbon-based field emitters. The high local field 

enhancement due to the combined effect of a suitable sp3/sp2 ratio and geometric effect facilitate 

electrons to easily tunnel into vacuum at low electric fields. Thus a turn-on electric field as low as 

2.4 V/𝞵m and field amplification factors up to several thousands were obtained from the Q-carbon 

field emitters. Since we obtain good current densities at low applied electric fields during FE tests 

in Q-carbon composite structure, a possible model pertaining to explain the excellent field electron 

emission property is shown in Fig. 10.2 (d). In this model, the sp2 bonded conducting paths provide 

an access to electrons to travel the surrounding sp3 rich Q-carbon structures, which are considered 

as less-conducting regions (compared to the sp2 rich amorphous carbon). In a recent study, 

researchers observed low ET and high JE characteristics in diamond and CNT composite structures 

during the FE measurements, where the sp3-bonded diamond grains act as sink to the heat produced 

in CNTs during the measurement and help to attain a more efficient field emission device.[44] 

Similarly, in the Q-carbon composite structure the sp2-bonded conducting pathways generate heat 

due to the movement and scattering of free charge carriers through this region during the FE 

measurement. The highly thermally conductive sp3 rich Q-carbon structures help to dissipate the 

heat fast and make the device more efficient. 

      This research on the development of Q-carbon cathodes is driven by several potential 

applications. The Q-carbon cathode film discussed here is operable at low electric-field, which can 

be easily fabricated within a very short time (250 nanoseconds) via an inexpensive route. The large 

area reproducibility of Q-carbon samples have potential applications in flat-panel display, 

fluorescent lighting, power-vacuum-switch to deal with thousands of amperes, frictionless motors, 

and so on. A current density of ~30 𝞵A/cm2 can be achieved at an applied field of 2.65 V/µm. This 

value is quite sufficient to meet the requirements of a field emission device. It is established that 
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Q-carbon is the hardest material ever known, which is ~40% harder than diamond.[23] The hard 

Q-carbon is embedded in the ductile amorphous carbon matrix, which provides a very unique 

combination. This hard and ductile large area nontoxic carbon thin film with excellent FE 

characteristics could be very attractive for flat panel display with higher flexibility without the 

usage of any toxic material. Compared to other emissive carbon films, the present films can be 

deposited, for example, onto WC, steel, glass, sapphire, and polymer substrates. This is a 

considerable advantage since it allows overcoming the limitations for thermal sensitivity, optical 

transparency, and/or flexibility of many substrates during the FE operation. The obtained FE 

properties of Q-carbon composite structure is outstanding compared to most of the carbon-based 

field emitters. Table 10.1 demonstrates the comparison between different field emission properties 

from Q-carbon nanocomposite structure and other carbon-based field emitters. 

10.5 Summary 

      In this study, we focused on the design and fabrication process, characterization and field 

emission properties of large area Q-carbon composite thin films. We have shown that 

nanostructured Q-carbon films, fabricated from PLD grown DLC thin films followed by PLA, are 

excellent electron field emitters. It has been suggested that the rise of the Fermi level towards the 

conduction band due to the presence of sp2 carbon in the sp3 rich Q-carbon plays an important role 

in enhancing the electron field emission from the surface of the film. The low threshold field, 

hysteresis free extremely stable lifetimes (<±4% variation over 4 hours) and room-temperature and 

nonequilibrium processing make these nanostructured Q-carbon films very suitable for display 

device applications. Our findings could provide an in-depth insight to understand field emissions 

from Q-carbon composite system on other substrates as well. Thus, Q-carbon-based films provide 

highly efficient platform for high-performance FE devices. 
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Table 10. 1: Comparison between different field emission properties from Q-carbon 

nanocomposite structure and other form of carbon-based field emitters. 

Field emitters Turn on field 

(V/µm) 

Threshold field 

(V/µm) 

Field 

enhancement 

factor (β) 

Ref. Year 

Q-carbon 2.4 (1 μA/cm2) 2.65 (30 μA/cm2) 2936 This 

study 

2018 

Diamond 4.27 (0.1 

µA/cm2) 

7.6 (113.2 µA/cm2) 1000 [45,46] 2003 & 

1996 

Nano-diamond 

films 

2.2 (1 µA/cm2) 6.4 (0.72 mA/cm2) - [47] 2003 

Graphene 

nanosheet array 

2.6 (10 µA/cm2 ) 5.8 (1 mA/cm2 ) 3788 [48]  

DLC/Si 5.6 (0.01 

µA/cm2) 

14.3 (15.2 µA/cm2) - [49] 2000 

Carbon nanotubes 

(CNT) arrays 

0.85 (0.1µA/cm2) 1.67 (1 mA/cm2) 3517 [50] 2008 

Carbon nanowalls 4.7 (0. 1mA/cm2) 6 (1mA/cm2) 1399 [51] 2015 

Vertically aligned 

CNT/DLC  

2.0 (undefined) 2.1 (10  µA /cm2) 2529 [52] 2013 
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10.6 Figures 

 

Figure 10. 1: Field emission setup used for electron emission measurements of Q-carbon sample. 

 

Figure 10. 2: (a) SEM image of large area Q-carbon composite structure, (b) high magnification 

image of the same film, (c) an individual Q-carbon cluster consisting of four-way bonded (sp3) 

carbon rich Q-carbon surrounded by sp2-rich amorphous carbon, (d) Proposed model where Q-
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carbon grains are considered as emission regions and amorphous carbon rich boundaries are 

considered as conducting pathways. 

 

Figure 10. 3: Micro-Raman spectra of (a) DLC film, (b) amorphous carbon region, and (c) Q-

carbon along with the Si standard (520 cm-1) and diamond (1333 cm-1). (d) A model diagram 

depicts the sp2 and sp3 carbon fractions in a Q-carbon cluster and its surrounding. 
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Figure 10. 4: Surface morphology analysis of (a) DLC film and (b) Q-carbon composite film. 3D 

AFM image of (c) PLD grown DLC film, and (d) Q-carbon film with an areal density of emission 

sites. 
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Figure 10. 5: (a) Field emission plot of Q-carbon thin film (J−E characteristics). (b) F−N plot 

shows nonlinear behavior with two distinct slopes at high and low applied electric fields.  

 

 

Figure 10. 6: Energy band diagram of Q-carbon near the emission surface under different applied 

electric fields producing (a) ∆𝑤𝑠>∆𝑊𝑃 and (b) ∆𝑤𝑠<∆𝑊𝑃. 
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Figure 10. 7: (a) Field emission current stability test data shows the emission current density (J) 

vs operating time (T) characteristics of Q-carbon field emitter under three constant applied electric 

fields. The long-term fluctuations observed from these results are ±4 %. (b) Current-voltage curves 

before and after FE tests on the Q-carbon sample. 
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11.1 Abstract 

      In this study, we have investigated electron field emission (EFE) characteristics of Q-carbon 

at room temperature and above. At room temperature the Q-carbon requires only ~2.4V/µm 

applied electric field to turn-on the EFE. The EFE properties of the Q-carbon composite structure 

improve with temperature by lowering the turn-on field and increasing the current density. At 500 

K we observed a turn-on field of ~ 2.34V/µm, and a maximum current density was found to be ~ 

53µA/cm2 at 2.66V/µm. The Q-carbon field emitters also show a very stable EFE characteristics 

(within 7% fluctuations) over time for current intensities between 7.5µA/cm2 and 47µA/cm2. 

11.2 Introduction 

      Electron field emission (EFE) is considered as the only electron emission process compatible 

with the vacuum electronics due to the fast response time, low power consumption, cathode-ray 

tube like colors and wide viewing angles [1,2]. However, incorporation of cold field emitters in 

practical electronic devices is still quite challenging due to the stringent requirements of long 

cathode lifetime with high stability. Since the discovery of the excellent EFE properties of Q-

carbon composite structure [3], there has been significant increase of interest in studying the 

emission stability of this material for practical device applications. The carbon-based field emitters 

such as diamond, diamond-like carbon (DLC), nano-diamond, and carbon nanotubes have been 

investigated, however, reliable commercial devices such as field emission lighting elements, 

frictionless motors, flat panel displays, etc. are still challenging to develop due to several barriers 
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[4]. Over the decades, diamond has been considered as one of the most promising materials for 

cold-cathode applications owing to its negative electron affinity (NEA) [5,6]. However, the ideal 

single crystal diamond cannot provide the required amount of electrons for the field emission, and 

the band structure of diamond is unsuitable for the transport of those electrons to the surface. 

Usually the diamond surface is terminated by hydrogen to obtain NEA for enhanced EFE 

properties. But exposing the hydrogen-terminated diamond surface to high fields and to oxygen 

ambient for several days is enough to replace some of the surface hydrogen with different oxygen 

groups. This diminish the NEA and thereby reduces the percentage of the emitting surface area, 

and worsen the EFE performance [7]. Therefore, researchers have tried nanometer size or highly 

defective crystallites having much degraded physical properties than the crystalline diamond, such 

as polycrystalline diamond, nitrogen-incorporated ultrananocrystalline diamond, and DLC [8–11].  

The EFE characteristics from the DLC and amorphous carbon can be compared to vacuum 

breakdown at high electric field and the electron affinity was found to be positive in these 

materials, which is undesirable for good field emission characteristics [12,13]. The field emission 

from DLC film has been found to be related to the surface roughness [14]. But the roughness in 

the DLC film is quite low and not easy to control. A change to the sp2 surface bonding 

characteristics at a relatively low applied electric field was also observed in the DLC film during 

the EFE measurements, which significantly affects the EFE properties [14]. The poor thermal 

stability and high intrinsic stress in DLC films lead to the degradation of electrical and optical 

properties and result in peeling of the film from the substrate during high temperature EFE tests 

[15]. Moreover, damages on the surface, such as the formation of crater, tip-hill-like structures, 

cracking, amorphization or just traces of surface melting, have been observed after EFE 

measurements from DLC and CVD diamond [16,17]. These factors significantly affect the EFE 
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performance and cause serious problems in different EFE related applications of these materials 

[18]. The carbon nanotube has also been considered as a promising material for field emission 

applications [19,20]. However, the fabrication and alignment of carbon nanotubes are found to be 

quite difficult. The growth mechanism of both carbon nanotube and diamond require high 

temperature and very precise environments.[21] Additionally, the dependence of EFE 

characteristics on the quantity and type of adsorbed molecules present in the carbon nanotubes and 

a considerable spread in electronic properties of carbon nanotubes are responsible for the lack of 

control and uncertainty in the emission characteristics [22]. So far, EFE has only been observed 

from the edges of graphene and graphene oxide sheets [23,24]. Since the field emission is only 

from edges, nanotubes and graphene composites display nonuniformity which is difficult to control 

for device applications [25,26]. Researchers also observed local peeling of the graphene edge from 

the substrate due to the ponderomotive force during the field emission [25]. Overall, poor 

uniformity, lack of control during fabrication and field emission, low current stability, and 

structural instability and poor robustness during emission measurements have hindered the 

commercial development of the aforementioned carbon based field emitters. 

      The discovery of Q-carbon heralds a new era for field-emission devices, as it can address the 

problems related to the structural and emission instability with its excellent mechanical robustness, 

chemical inertness, and excellent emission properties [27]. Q-carbon is fabricated by the ultrafast 

quenching of amorphous carbon using pulsed laser annealing over a large area on different 

substrates. Studies on Q-carbon have shown that it is harder than diamond (40% harder) [28], has 

high thermal conductivity, robust ferromagnetism at room temperature [27], and it shows 

extraordinary Hall effect [29], and record BCS high-temperature superconductivity upon doping 

with B [28]. Q-carbon overcomes the aforementioned problems related to the carbon-based 
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practical EFE devices. Q-carbon is considered among the most promising candidates for large area 

field emitter applications because of its easy fabrication processes and an outstanding field 

emission characteristics such as low threshold voltage for electron emission and high field 

enhancement factor [3]. Q-carbon films can be deposited using a laser scanning system with a high 

deposition rate at room temperature over a large area. This is a prerequisite for producing wide, 

commercial flat-panel displays for practical applications. Another hindrance for the practical 

realization of carbon-based field emitters is the absence of long-term field emission stability. Most 

of the studies have been conducted on the low threshold fields, high field emission current 

densities, and failure of the emission device. However, complete studies on the fundamental 

factors that contribute to the field emission stability are still lacking. In this paper, we report the 

study on the long-term stability of the field emission current density from Q-carbon using different 

techniques such as Raman spectroscopy, high resolution scanning electron microscopy, and 

electrical measurements. We obtained very high stability of EFE current over time at different 

current density levels and over a large range of temperatures. 

11.3 Experimental 

      A high quality compressed graphite target was used to deposit DLC film with a mixture of 

sp3/sp2 bonding and with thickness ~500 nm on the r-sapphire substrate. The graphite was mounted 

on a rotating target holder at a distance of ∼4 cm from the substrate. Commercially available 2-

inch wafer of c-plane sapphire was cut into 1 cm x 1 cm as a substrate. The substrate was 

ultrasonically cleaned with acetone for 10 minutes, with methanol for 5 minutes, and dried with 

nitrogen gas. The DLC thin film was deposited on this substrate in a stainless steel chamber which 

evacuated to a base pressure of ∼1 × 10-6 torr. We used a pulsed krypton fluoride (KrF) excimer 

laser (λ = 248 nm, repetition rate 5 Hz/s, pulse width 20 ns, laser fluence of ∼2 J/cm2) during 
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deposition. The DLC films were irradiated by an ArF laser (wavelength = 193 nm, pulse duration 

= 20 ns) pulses with an energy density in-between 0.6 Jcm-2 and 0.7 Jcm-2 for conversion into Q-

carbon composite structure. During the laser annealing process, the as-deposited films were melted 

in a super-undercooled state and subsequently quenched within 200-250 nanoseconds. 

A WITec confocal Raman microscope system (alpha300M) with a maximum sensitivity excitation 

wavelength of 532.16 nm was used to identify the characteristics of DLC and Q-carbon. A 

crystalline Si sample (with characteristic Raman peak at 520.6 cm-1) was used to calibrate the 

Raman spectrum. Care was taken to avoid damaging the sample by the laser excitation. Field 

emission scanning electron microscopy (FESEM) imaging was performed using an FEI Verios 

460L SEM, which provides sub-nanometer resolution, to study the morphology of the Q-carbon 

composite structures. Using ImageJ software, we calculated the percentage of the actual coverage 

of the Q-carbon in the sp2 rich amorphous carbon matrix. 

      We performed EFE measurements on the Q-carbon sample in the parallel plate configuration 

with an anode of Tungsten and a 100 µm spacer made of glass inside a clean high vacuum chamber 

at below 5×10−7 Torr pressure. The measurements were carried out at a distance of 100µm between 

the Q-carbon film cathode and the anode. We did not use any further processing treatment to obtain 

emission from the Q-carbon film. After the test, we did not observe any macroscopic surface 

damage on the film, which is expected as the applied field was kept low and the film was found to 

be robust. The area of the film was greater than 25 mm2. A complete set-up for the EFE 

measurements of Q-carbon has been shown in our previous work [3]. 



  286 

 

11.4 Analyses of the results 

11.4.1 FESEM 

      Fig. 11.1 (a-c) show field-emission scanning electron microscopy (FESEM) images of the Q-

carbon composite structures at different magnifications. The low-magnification image shown in 

Fig. 11.1 (a) indicates that the laser annealed Q-carbon composite structure can be fabricated over 

a large area. Fig. 11.1 (b), a high magnification image of the same structure, shows individual Q-

carbon clusters. The sp2 rich amorphous carbon surrounds the sp3 rich Q-carbon grains in each of 

these clusters. The amount of Q-carbon coverage (in the form of clusters) in the amorphous carbon 

matrix is considerably less, which is evident from these two figures. Fig. 11.1 (c) is a very high 

magnification image of the same structure, which shows the presence of Q-carbon grains inside a 

cluster. The sp2-rich grain boundaries present in-between the grains, which provide the conducting 

pathway to the electrons during the EFE measurements. The high density of the grain boundaries 

inside the Q-carbon clusters connected with the amorphous carbon matrix gives an efficient EFE 

device. 

11.4.2 Raman spectroscopy  

      Fig. 11.2 shows the Raman spectrum of the Q-carbon structure. This spectrum confirms the 

presence of both D and G peak at 1343 and 1568 cm-1, respectively, meaning that the Q-carbon 

film consists of sp3-bonds mixed with sp2-bonds [30]. The peak fitting of the Raman spectrum 

using the Gaussian distribution function gives the percentage of sp3
 carbon of around 80-82%. The 

rest of the carbon remains in sp2
 form. These results are in agreement with the early studies on 

Raman and EELS analyses of Q-carbon structures [27,31]. The Raman spectrum of the carbon 

structures is also sensitive to the ratios of bonds present in the structure and the local environment 

as well. Deconvolution of the Raman spectrum also reveals that the position of the G-band, occurs 
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at 1582 cm-1 for PLD grown DLC film, is shifted to 1568 cm-1 after the pulsed laser annealing. 

The red shift in the G-band of Raman spectrum is due to the increase in the sp3-bonds in the 

amorphous carbon structure [32]. The higher sp3 fraction in the Q-carbon structure could be 

responsible for very low or negative electron affinity. The sp2 bonded carbon present in the 

structure provides the conductivity to the charge carriers taking part in the electron emission 

process. As a result, the Q-carbon composite structure provides an ideal platform for excellent EFE 

characteristics. The Raman spectra of the DLC film before laser annealing and the amorphous 

carbon region (in between the Q-carbon clusters) are provided in the supplementary information.  

11.4.3 Electron field emission properties 

      Fig. 11.3 (a-e) show the field emission current density-electric field (J-E) characteristics of the 

Q-carbon composite film at room temperature and above (up to 500 K). These EFE plots 

demonstrate exponential characteristics for the applied field values above the turn-on field. Such 

a fine field emission property can be ascribed to the coexistence of sp3-bonded carbon with the 

sp2-bonded carbon at a suitable ratio in the Q-carbon clusters, providing an ideal platform for 

excellent EFE. The Q-carbon consists of sp3 bonded tetrahedra which are packed with 80% 

packing efficiency [28]. The sp2-bonded carbon exists in-between sp3-bonded tetrahedron. The 

tetrahedrally bonded carbon acts as field emitters, whereas the sp2-bonded carbon provide a good 

conduction path for transporting electrons during the EFE tests [33]. The observed EFE capacity 

of Q-carbon field emitter (J~53 µA/cm2 at E~2.66 V/µm) is significantly larger than other forms 

of carbon-based field emitters [33]. The EFE experiment was repeated several times, and the 

magnitude of the turn-on electric field and the maximum current density did not fluctuate with 

time. The EFE characteristics were reproducible during subsequent voltage cycles without any 

hysteresis effects. 
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The data from the EFE measurements were plotted in accordance with the Fowler-Nordheim (F-

N) coordinates and shown in the insets of corresponding J-E plots in Fig. 11.3 (a-e). The F-N 

theory for semiconductors is given by [34,35] the following equation. 

𝐽 = 𝐴 (
𝛽2𝐸2

∅
)  exp (−

𝐵∅
3

2⁄

𝛽𝐸
)  exp (−

∆𝑊𝑠−∆𝑊𝑃

2𝐾𝑇
)       (1) 

Where, J is the emission current density, E is the applied electric field between the Q-carbon anode 

and the tungsten metal plate used as cathode. E is usually taken as E=V/d (V is the applied potential 

and d is the distance between the anode and cathode), Φ is the potential barrier height taken as 

work function, A and B are constants, A= 1.54 x 10-6 A eV V-2 and B=6.83 X 103 eV-3/2 V-1 𝞵m; β 

is the field enhancement factor and reflects the ability of an electron emission surface to enhance 

the local electric field at the emission spots as compared to the average macroscopic value, k is the 

Boltzmann constant, T is the absolute temperature, ΔWS is the surface potential barrier for sp3-

bonded nanostructures due to surface states, and ΔWP is the decrease of the surface potential barrier 

due to field penetration. The J–E plots in Fig. 11.3 (a-e) fit well to the F–N relation at the low field 

region and it deviates from the linearity due to the current saturation of Q-carbon after a certain 

applied electric field. This saturation region is marked as region II in the F-N plots. Such type of 

current saturation is also observed in high resistivity Si and Ge [36], wide bandgap In2O3 

nanowires[37], and CNT emitters [38]. In accordance with the classical field emission model, the 

slope of the F-N plots can be determined by the combined parameter (φ3/2/β), where φ is the 

workfunction of the Q-carbon emitter, and β is the field enhancement factor for the emitting spots. 

In those plots, this parameter varied between 22 eV3/2 and 203 eV3/2. The EFE current density 

increases with β or decreases with φ. The β is the ability of an EFE surface to enhance the local 

electric field at the emission spots. The β is normally expressed in terms of the ratio of local electric 

field (Elocal) to the applied electric field (E), which justifies its association with the generation of 



  289 

 

the local field rather than the applied field. At low electric field (region I) the EFE property mainly 

depends on the surface states of the Q-carbon structure. The F-N plots deviate from the linearity 

when the applied electric field is above a critical field value. The critical field values thus obtained 

are tabulated in table 11.1, which varies in-between 2.41 V/µm and 2.51 V/µm. We have explained 

this nonlinear behavior by an electronic model in our earlier work, where the surface potential 

barrier decreases with increasing applied electric field and hence the emission current density 

increases rapidly after a critical value of the applied electric field [3]. The field penetration 

surpasses the surface potential barrier at this critical value and lowers the barrier height 

tremendously for the electrons to overcome during the EFE process. Therefore, region II is the 

slow current variation region also termed as “saturation” region [39]. Although the operating 

voltage is an important parameter for different EFE related applications, the stability of emission 

current density and the durability of the emitter are also essential. Degradation of the emission 

performances can be evaluated by measuring the stability of the EFE current intensity with time 

at constant applied voltage.  

11.4.4 Temperature dependence of field emission 

      We analyzed the temperature-dependent EFE characteristics of the Q-carbon composite 

structure. Studies have shown that in p-type semiconductors and in some highly resistive n-type 

semiconductors a highly resistive depletion zone is formed with the penetration of electric field at 

the surface of the emitter during EFE measurements [40]. Similar to the operation mechanism of 

a reverse biased diode, this depletion region limits the current flow and produces a saturation 

region. Therefore, region II in the F-N plot shows saturation behavior of the EFE device due to 

limited supply of carriers in the depletion region. Since the thermal generation of free charge 

carriers in the depletion zone strongly affects the supply of the charge carriers to the emitter 
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surface, this model predicts a strong dependence of the current density on operating temperature. 

Accordingly, we observed an increase in the emission current density (1.58 times at 2.65 V/µm 

applied electric field) with in situ heating of the Q-carbon composite sample from room 

temperature to 500K. In this region, the dependence of the EFE current density on temperature 

follows Arrhenius law,  J ~ exp(−Ea/kT), where Ea is the characteristic activation energy in the Q-

carbon sample and k is the Boltzmann constant. At constant applied electric field (in the middle of 

region II) the ln(J) vs. 1/kT demonstrates a linear behavior with slope equal to 0.032, which has 

been shown in Fig. 11.3 (g). This slope represents the thermal activation energy in eV during the 

electron emission tests of Q-carbon samples. We also observed a slight decrease in the activation 

energy with decrease of the applied electric field. The total difference of the activation energy 

(ΔEa) in the Q-carbon composite sample at the beginning and the end of the region II is ~ 2 meV. 

The observed increase in the emission current density with temperature from Q-carbon field 

emitter is related to the interband states. These states might have small activation energy possibly 

due to the different energy levels in the band gap. At high temperature, the electrons from these 

states could be elevated to the conduction band due to the dependence of free carrier density on 

the thermal energy. Another possibility could be the emission of electrons towards the anode via 

vacuum medium directly from those interband states, however, the probability for this 

phenomenon to take place is less [41].  

11.4.5 Stability analysis  

      (i) Stability over time: The stability experiments on a Q-carbon EFE device determine the 

reliability of the emission device and therefore the robustness of the emitter. We analyzed the 

stability of the Q-carbon field emitter by measuring the variation in the field emission current 

density as a function of time and at different temperatures. Fig. 11.4 (a) and (c) represent the time 

evolution of the emission current density from Q-carbon composite sample at different emission 
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current densities. The emission current density was found to be very stable even after 500 minutes 

of continuous operation, which is significantly superior to the EFE stability of many other carbon-

based EFE devices [42]. In all the stability analyses the emission current fluctuations were less 

than 7%. 

      (ii) Stability at different current levels: Fig. 11.4 (a) represents the room-temperature current 

stability for three different field emission current densities at different applied electric fields. The 

current data was collected at every minute for more than 500 minutes. It can be observed that the 

fluctuation increases with increasing field emission current density. We fitted the Gaussian 

function in the distribution of current densities at different current levels, which has been shown 

in Fig. 11.4 (b). From this analysis, we obtained important parameters such as the mean value, 

standard deviation and FWHM (full width at half max) for the Q-carbon composite sample. These 

parameters along with the corresponding applied electric field are presented in table 11.2. We 

observed an increase in the standard deviation, ~5 times for the current density from 7.5 µA/cm2 

to 30.1 µA/cm2, and broadening in the FWHM with increasing EFE current density. The field 

emission parameters obtained from this study implies better stability of the EFE current even at 

high level of current density. 

      (iii) Stability at different temperatures: We also analyzed the current histories of the Q-carbon 

field emitter device at different temperatures by studying the fluctuation behavior of the current 

density using the Gaussian function. Fig. 11.4 (c) presents the emission current density as a 

function of time at 300K, 400K and 500K under the constant applied electric field (2.64 V/µm). 

We fitted the Gaussian function in the distribution of field emission current densities, which gives 

us continuous probability distributions. Fig. 11.4 (d) shows the corresponding probability 

distribution plots. The mean value, standard deviation and FWHM for the Q-carbon field emitter 
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are important parameters, which have been extracted from the fitted curves. Table 11.2 

summarizes the fitted values for comparison. It is evident from this study that the room-

temperature field emission current density has less distribution compared to that at elevated 

temperatures. The FWHM broadens with temperature meaning that the current fluctuation 

increases with EFE operating temperature. The standard deviation from the Gaussian fitting profile 

also increases with temperature. Nevertheless from room-temperature to 500 K, the fluctuations 

in the current density are within the limit that can be considered as good for practical applications.  

      The relatively narrower field emission current distributions from the Q-carbon film during all 

the measurements imply the highly stable field emission characteristics along with no physical 

degradation over time of operation. At the end of this study, we examined the surface of the emitter 

by optical and electron microscopy to ensure structural stability and did not observe any physical 

damage. We also performed I-V tests before and after the EFE measurements. No significant 

variations in the I-V plots before and after the EFE tests also confirm the robustness of the Q-

carbon sample during the electron emission process. The I-V plots before and after the EFE tests 

are shown in the supplementary information section. 

11.4.6 Discussion 

      The excellent EFE stability in Q-carbon can be attributed to the unique bonding characteristics 

of this novel phase of carbon. One of the key mechanisms behind the field emission current 

fluctuations from carbon-based cold-cathodes is the adsorption of gaseous species onto the 

emitting surface. These types of contaminants can modify the local work function of carbon 

structures at the emitting surface, which may cause a change in the field emission current density 

over time. Due to its superior chemical inertness with high atomic packing fraction, the Q-carbon 

composite film is less susceptible to the adsorption of contaminant gases or other organic/inorganic 
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species [43]. Therefore only a small amount of change occurs in the work function (in the local 

regions) during the EFE tests over time, which has a negligible effect on the emission current 

density. Thus, the Q-carbon shows excellent stability during the field emission measurements with 

excellent lifetime of this emitter. 

      Similar to the polycrystalline diamond the composite structure presented in this work has sp3 

rich Q-carbon grains, which are surrounded by sp2 rich grain boundaries (amorphous carbon). In 

the sp3 rich Q-carbon composite structures, the sp2 bonded carbon provides the percolation path, 

which helps to attain more current density during the EFE measurements. From the Raman 

analysis, it is confirmed that the Q-carbon consists of a small fraction of sp2-bonded carbon atoms 

which are uniformly distributed among the highly packed sp3-bonded carbon tetrahedron [43]. 

This unique structure of Q-carbon provides the necessary conduction to the free carriers inside the 

Q-carbon grains during the electron emission process. Since sp3 bonded carbon structure usually 

exhibits very low or negative electron affinity, the electron in the Q-carbon face a very negligible 

potential barrier for emission and the Q-carbon device can emit electrons easily at a very low 

applied electric field. In fact, negative electron affinity for Q-carbon was established using Kelvin 

probe force microscopy in our earlier studies [27]. When an external electric field is applied, the 

large local electric field is generated around the sp2-bonded amorphous carbon structure due to the 

termination of the field lines [44]. This helps to obtain efficient EFE devices from the Q-carbon 

composite structure, where sp2 and sp3-bondings play an important role in the complementary 

process. The optimum amount of sp2 and sp3 bonding in the Q-carbon as well as in surrounding 

amorphous carbon structure are needed for efficient field emission from the Q-carbon based field 

emitter device. Due to the high thermal conductivity, the sp3 rich grains act as a heat sink and help 

to maintain an efficient EFE process. Additionally, the distribution of sp2 carbon in sp3 matrix 
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creates a dielectric inhomogeneity, which enhances the field enhancement factor [45]. 

Furthermore, the energy levels of the sp2 carbon are located close to the Fermi level of the material 

and raise the Fermi level towards the conduction band. Thus the presence of uniformly distributed 

sp2 carbon reduces the work-function and thereby helps to obtain good EFE properties of the Q-

carbon composite structure [46,47]. Earlier we investigated the correlation between excellent EFE 

properties and morphology of Q-carbon composite structure [3]. The electron emission from Q-

carbon grains is explained by a band diagram model where we proposed the modification in the 

electronic states at the surface of Q-carbon under the presence of an applied electric field. The 

observed increase in current density and the decrease in turn-on field in Q-carbon field emitter 

with temperature could be due to the further modification in the electronic structures, such as the 

activation of acceptor-like levels or impurity levels which facilitate the transportation of electrons 

through sp3-bonds. This could be one of the predominant factors affecting the EFE characteristics 

due to the change in temperature of the emitter. Moreover, the optimum sp3-to-sp2 ratio is also 

another important factor, which is explained as follows [42]. In Q-carbon the sp3 bonded C 

tetrahedra confers the low or negative electron affinity of diamond and also a physical and 

chemical inertness, which are pre-requisite for field emission display applications [48]. The excess 

amount of sp2 bonded C, which provides the conduction pathway to the electrons, reduces the 

enhanced properties of the sp3 rich structure for the EFE. Therefore, maintaining an optimum 

sp3/sp2 ratio is very crucial in an EFE device, which seems to be present in the Q-carbon structure. 

A preliminary FESEM study of the samples after the high-temperature EFE experiments did not 

reveal any noticeable structural change. At the same time, we cannot rule out a minor change due 

to the rise in temperature that causes electrical property change leading to better field emission 

properties. Raman spectroscopy was employed to characterize the microstructure changes of the 
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Q-carbon composite structure after the temperature-dependent studies. No appreciable changes in 

the position of the D band and G bands and the ratio between these two peak intensities were 

observed, implying a highly stable microstructural feature of Q-carbon. 

11.5 Summary 

      Detailed microstructural analysis and field emission current stability measurements have been 

carried out for the Q-carbon composite sample fabricated by PLA of amorphous carbon thin film. 

The characteristics of the emission current from the Q-carbon cold-cathode at different current 

levels over a long time have been studied. It is found that the fluctuation in emission current density 

increases with increasing current density level. The effect of the operating temperature on the 

stability of the EFE current density has also been investigated. Particularly the current in the 

saturation region has been found to be sensitive to temperature and increased by ~58% with 

temperature from 300 K to 500 K. This was attributed to the interband defect levels. Along with 

the excellent emission stability, the Q-carbon composite structure demonstrates outstanding 

thermal sensitivity during EFE tests, which can open new frontiers for applications in sensor and 

heat controlled electron sources. The fundamental study reported here improves our understanding 

of electron emission from Q-carbon, and can thus serve as a platform to understand other important 

characteristics of Q-carbon field emitters for display device application. 

 

 

 

 

 

Table 11. 1: Field enhancement factor in the temperature range from 300K to 500K. 
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Temperature, K Critical field 

(V/µm) 

Maximum 

current 

density 

(µA/cm2) 

β (region-I) β (region-II)  

300 2.51 31.62 2936 290 

350 2.48 36.8 1724 220 

400 2.41 42.9 1090 237 

450 2.44 46.1 1193 244 

500 2.43 53.1 1160 333 
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Table 11. 2: Mean, standard deviation and FWHM obtained from the Gaussian fitting of the Q-

carbon EFE data. 

Operating 

conditions 

Mean 

(µA/cm2) 

Standard 

deviation 

(µA/cm2) 

FWHM 

(µA/cm2) 

Operating 

conditions 

Mean 

(µA/cm2) 

Standard 

deviation 

FWHM 

(µA/cm2) 

2.6 V/µm 

at 300K 

30.1 0.68 0.76 2.6 V/µm 

at 300K 

30.1 0.68 0.76 

 V/µm at 

300K 

15.05 0.37 0.51 2.6 V/µm 

at 400K 

37.05 0.94 1.38 

V/µm at 

300K 

7.5 0.14 0.17 2.6 V/µm 

at 500K 

47.2 1.37 2.12 
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11.6 Figures 

 

Figure 11. 1: (a) Large area Q-carbon composite film on c-sapphire substrate. (b) Shows the Q-

carbon clusters and the amorphous carbon in-between the clusters. (c) High magnification image 

of the Q-carbon composite structure showing individual Q-carbon grains in a cluster. 
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Figure 11. 2: Raman spectrum of Q-carbon. 
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Figure 11. 3: The field emission current density vs. applied electric field plots at (a) 300K, (b) 

350K, (c) 400K, (d) 450K, and (e) 500 K. Inset in figures (a) - (e) represent the F-N plots of the 

corresponding EFE data. (f) Shows the field emission current density vs. applied electric field plots 

in the same frame measured at 5 different operating temperatures. (g) Arrhenius plot of the of the 

EFE current density for the Q-carbon field emitter. The solid line is the linear approximations of 

the experimental points obtained at different temperatures under a constant applied electric field. 
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Figure 11. 4: (a) Room-temperature emission current densities as a function of time. (b) Probability 

distribution of corresponding emission current densities fitted by Gaussian function. (c) Emission 

current densities at 2.64 V/𝞵m under different operating temperatures (300 K, 400K and 500K) as 

a function of time. (d) Probability distribution of corresponding emission current densities fitted 

by Gaussian function. 
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Supplementary Information 

      Micro Raman analyses have been performed on the DLC film (before annealing) and the Q-

carbon composite sample (formed after annealing) used for FE measurements. Fig. S11.1 (a) 

shows a Raman spectrum of the as deposited DLC film used to fabricate the Q-carbon composite 

structure. The Raman spectrum of the intermediate region in-between the Q-carbon clusters, 

amorphous carbon containing area, is shown in Fig. S11.1 (b). The Raman spectrum of the PLD 

target (graphite) is shown in Fig. S11.1 (c). The micro-Raman optical image of the Q-carbon 

composite film is shown in Fig. S11.1 (d). The dark spots in this image refer to the Q-carbon 

clusters. 

      The stable and persistent EFE current density obtained from Q-carbon over a long period of 

time supports the robust nature of Q-carbon under high applied electric field. In the porous 

amorphic diamond field emitters, researchers observed field induced damages during the EFE 

tests [49]. They also observed a change in the electrical properties of the emitter after the test. 

The room-temperature I-V characteristics of amorphic diamond films were different before and 

after the field emission test. Fig. S11.2 shows almost no change in the room temperature I-V 

characteristics of Q-carbon sample before and after the EFE measurements in the voltage range 

in-between -10V and 10V, which implies that no field induced damage occurred in the Q-carbon 

sample. 
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Figure S11.1: Raman spectra of (a) the DLC film (before laser annealing), (b) amorphous carbon 

region in-between the Q-carbon clusters after laser annealing, (c) graphite target used for PLD, 

and (d) presents the micro-Raman optical image of the Q-carbon composite film. 

 

Figure S11.2: I-V plots before and after EFE tests on the Q-carbon composite sample. 
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12. Conclusions 

      In this study, I have investigated the fabrication processes, characterization, structural property 

correlation, and applications of Q-carbon and diamond with emphasizes in the magnificent field 

emission characteristics and improved electrocatalytic properties. Different carbon-based 

structures, in particular Q-carbon and diamond, have demonstrated immense potential to meet the 

demands of next generation field emission displays and devices. The transformation of one phase 

of carbon to another is subject to an important investigation from the economical and scientific 

point of view which has been addressed in detail in this work. By controlling the nucleation and 

growth processes from the liquid phase of carbon (mainly sp2 rich), we can control formation of 

defects and create diamond structures with reduced defect density. This is a very important 

consideration in diamond fabrication as defect annealing temperatures exceed 1700° C, above 

which high pressure is needed to stabilize diamond and anneal out defects. Such high temperatures 

and pressures needed for annealing defects in diamond render CVD grown diamonds unsuitable 

for the fabrication of solid-state devices. Upon laser annealing, the laser fluence and laser-CNT or 

laser-CNF interaction dictates the melt penetration and temperature, and hence the size of the 

diamond crystals on the tips and bends of CNTs/CNFs. This liquid phase mediated growth leads 

to the direct bonding characteristics between the CNT and diamond which will facilitate to obtain 

improved electron field emission efficiency due to low interfacial resistance, fabricate high load 

bearing capacity hybrids, etc. Moreover, with increasing the number of nanosecond laser pulses, 

the entire CNT and CNF can be converted into diamond nanorods. We have shown that the first 

laser pulse converts tips of nanofibers and nanotubes into diamond, and subsequent laser pulses 

subsequently convert the rest of the carbon structures, while not affecting already formed diamond. 

With different complementary characterization techniques we have shown that our evidences are 
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sufficient to prove the conversion of CNTs and CNFs into nanodiamond structures by nanosecond 

pulsed laser annealing through the first order phase transformation. Analogous diamond formation 

was conducted previously by laser annealing of amorphous carbon thin film consisting sp2 and 

sp3-bonded carbon on different substrates. However, the proposed process is novel in a way that 

the CNTs mainly consist of sp2 bonded carbon and they have completely different thermal and 

optical properties compared to the amorphous carbon film. The mechanism for forming the cubic 

diamond nanostructures (via the non-equilibrium route) at the tips and bends along the radial 

directions of CNTs is also studied by detailed electron microscopy, SLIM, and MD simulations. 

This highly nonequilibrium phase transformation is ideal for the formation of single crystal 

diamond and this single crystal diamond can be doped with dopants of both p and n-types at doping 

concentration far greater than the thermodynamic solubility limit owing to the liquid phase 

mediated growth. Single crystal diamond with such high level of doping concentration has several 

exciting applications, i.e. high-temperature 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 non-equilibrium transformation of carbon into diamond. The present synthesis of diamond 

from CNT is unique for obtaining single crystal diamond topped CNTs having distinct size, shape 

and aspect ratio for novel solid-state devices, high-efficiency field emitters, drug delivery, 

optoelectronics, and cellular- and bio-sensors. Moreover, the diamond and CNT have attracted 

extensive interest in recent years because of their unique quantum properties and potential 

applications as nanoconnectors and nanoscale devices. Especially the non-equilibrium conversion 

of diamond from graphitic phases has tremendous implication due to its considerable scientific 

and industrial importance.  
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      Furthermore, we established a novel laser method for enhancing the nucleation and for 

improving the quality of diamond films on optically transparent c-Al2O3 substrate deposited by 

HFCVD. We have found that the DLC tetrahedra act as nuclei for diamond growth, their number 

density determines the areal coverage of grown diamond crystals. The average size of diamond 

crystallites on DLC and Q-carbon is found to be the same (~5 𝞵m), which is somewhat larger than 

on bare Al2O3. From our observation, we have concluded that diamond crystallites grow on DLC 

tetrahedra whose density is much higher in Q-carbon than DLC films. The smaller size on bare 

Al2O3 is related to incubation period needed to form DLC tetrahedra during HFCVD, which 

provide nucleation sites for diamond growth. Although the diamond thin films on uncoated 

sapphire using the HFCVD process does not show any peak splitting, the XRD and Raman analysis 

shows a considerable amount of in-plane compressive stress. A possible approach to overcome the 

generation of stress in the diamond film on sapphire is the utilization of an interlayer. The 

feasibility of Q-carbon as an interlayer has been demonstrated in this study and compared with 

DLC interlayer. The critical nucleation and growth related results obtained in this work are 

described as follow: (1) The nucleation and growth of diamond crystals and films by the HFCVD 

method are found to be strongly related to the nature of the substrate surface on which diamond 

synthesis is performed. (2) A DLC interlayer on sapphire results in dramatic changes in the 

nucleation density and the morphology of the subsequently deposited diamond. However, this 

layer itself is not sufficient to yield a continuous diamond thin film over the entire sapphire 

substrate. (3) The use of a Q-carbon layer for nucleation enhancement has been shown to increase 

nucleation density by several orders of magnitude and thus we have been able to produce large 

area diamond thin film on the entire sapphire substrate after 6 hours HFCVD. (4) The improvement 

in adhesion is also accomplished owing to the liquid phase mediated growth of diamond tetrahedra 
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in the Q-carbon on which the diamond nucleation and growth take place. (5) Furthermore, the 

formation of a carbide layer is not necessary in attaining the beneficial effects of carbon 

pretreatment on diamond nucleation. It is envisaged that the diamond tetrahedra present in the 

amorphous Q-carbon layer provide nucleation sites for diamond growth on which the large 

diamond crystallites grew. The improved diamond nucleation and growth of continuous diamond 

film on Q-carbon/sapphire not only develop our understanding on diamond growth on substrates 

with no affinity to the formation of carbide but also it will help to realize many machine, tool and 

infrared window related practical applications. In fact, diamond has been promoted as the 'ultimate' 

optical material, however, the limiting factors must be taken into consideration to realize its 

practical applications. 

      Furthermore, various novel diamond microstructures with high diamond quality have been 

prepared from low-cost amorphous and graphitic carbon materials by HFCVD. Carbon 

microfibers, porous carbon and CNT hollow fibers are effective for promoting diamond nucleation 

and growth during HFCVD, which can be further accelerated by laser annealing. The structures of 

the prepared diamond are dependent on the type of carbon precursors and laser annealing 

treatment. Diamond microfibers, consist of fivefold diamond twin microcrystallites, are obtained 

from carbon microfibers by HFCVD. By multi-pulse laser annealing of carbon microfibers, the 

morphology changes to large diamond microspheres, which is also composed of fivefold diamond 

twins. A dense and phase-pure diamond film is synthesized from porous carbon, while diamond 

tube with porous structure is obtained from CNT hollow fibers. The methods presented here for 

novel structured diamond preparation and morphology control is simple and cost-effective, which 

will open a new frontier towards better design and understanding of diamond growth with desired 

nano-/microstructures and high quality for a variety of applications. In addition to that, three 
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dimensional diamond tubes with porous nano and microstructures have been prepared by a simple 

and cost-effective method which combines PLA with HFCVD. The CNT hollow fibers provide 

nucleation sites to accelerate the diamond growth. Diamond microspheres composed of high 

quality diamond microcrystallites and nanocrystallites are observed on the entire tube even inside 

the tube wall. The diamond density, microsphere size and nanocrystallite content are significantly 

increased with increasing HFCVD time and laser pulses. These diamond tubes have high double 

layer capacitances, which are found to be dependent on the density of the diamond spheres, the 

porous tubular structure, nanocrystallite content and the quality of diamond. Its electroactive 

surface area is three orders of magnitude higher than flat diamond film. This effective method for 

the synthesis of diamond tubes having large surface area makes it an ideal candidate for 

electrochemical applications such as electrocatalysis, electrosynthesis, electroanalysis, energy 

storage and conversion. 

      In this study, we have also demonstrated a simple and low-cost approach for the large-scale 

synthesis of Q-carbon nano-composite films with excellent FE performances, which could be used 

in the future cold cathode based electronic devices. After studying and comparing the emission 

properties of carbon-based field emitters one can determine how the characteristics of emission 

are affected by the structural characteristics, localized states, and field penetration which depends 

on the electrical conductivity of the emitters, on the presence of adsorbed/bonded species and on 

the polarizability of the structure. The present challenges to the commercialization of carbon based 

field emitters are the uniformity in the field emission, reliability and material lifetime. Some other 

major drawbacks of many of the carbon-based field emitters are instability under high applied 

electric field, short lifetime at high current density, complex and expensive fabrication process, 

poor field emission uniformity from the surface of the emitter, and pixel-to-pixel inconsistency. 
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This is due to the reason that fundamental understanding of the field emission properties of these 

materials is far from complete. Therefore a rationale is someway required between the field 

emission properties, on one part, and chemical, structural, morphological and electronic properties 

of the carbon nanostructures on another part. In order to obtain low turn-on and threshold fields, a 

high enhancement factor and good emission stability, most of the researches mainly have devoted 

their efforts on optimizing the properties of field emitters such as tailoring the morphology 

structure, modulating work function and/or tuning relative orientation of the carbon sheets with 

respect to the substrate and anode. However little efforts had been devoted to investigate the other 

aspects of carbon-based materials such as tailoring the density of states near the Fermi level, 

changing the mass density or tuning the sp3/sp2 ratio and other electronic properties. The large 

scale and uniform Q-carbon nano-composite films were fabricated on transparent r-cut Al2O3 

substrates at room temperature by successive PLD and PLA processes, and the transparency of the 

substrate adds beneficial features for display device applications. The Q-carbon field emitters show 

very low turn-on electric fields and very stable electron emissions up to 500K. The emission 

current density of the Q-carbon field emitters can be controlled by the applied field and it also 

depends on the operation temperature. Two regimes were inferred from the F-N linearizations and 

fitting analyses, each corresponds to a distinct field enhancement factor which varies with 

temperature. The highly efficient and stable field emission performance is attributed to the 

enhanced electron conductivity owing to the optimum sp3/sp2 ratio, enhancement in the local 

electric field owing to the large field enhancement factors, and highly stable structure which is 

unperturbed at high applied electric field, temperature, and most importantly during the high-

density electron emission. Furthermore, the outstanding field emission properties can also be 

attributed to the sp2-bonded carbon atoms with their corresponding midgap states in the sp3 carbon 
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rich Q-carbon and enhancement of the spatial conductivity in the surrounding amorphous carbon 

region due to the sp2 carbon rich network. These analyses and findings certainly have advanced 

the understanding of the field-emission mechanisms that occur in such nanostructured Q-carbon 

composite and/or electrical heterogeneous systems.  


