
ABSTRACT 

JOSHI, PRATIK. Q-carbon, Diamond and Diamond-like Materials for Advanced Biomedical 

Applications. (Under the direction of Professor Jagdish Narayan and Roger Narayan). 

 

Coatings of Diamond and Diamond-like Materials have wide utility in advanced 

biomedical applications. The present work focuses on synthesizing adherent, hard, and tough 

Quenched Carbon (Q-carbon), and diamond coatings using non-equilibrium laser-based 

processing in conjunction with plasma-enhanced and hot filament chemical vapor deposition 

(CVD) on biomedically relevant substrates. 

The biomedical implants made up of austenitic stainless steel (SS) fail prematurely due to 

localized pitting and crevice corrosion attacks. This also leads to the release of metal ions in the 

human body instigating heavy metal toxicity. The microdiamond coatings fabricated on SS to 

prevent such failures suffer from cracking, and delamination due to preferential graphitic phase 

formation on the surface. To solve this issue, the initial work of this thesis focuses on employing 

Q-carbon film with embedded nanodiamonds (NDs) in its structure as a growth template for 

subsequent microdiamond film on SS 316 substrate. The Q-carbon film and the presence of ND 

seeds in its structure acted as anchor points resulting in stress-free, adherent, and tough ‘ballas-

type’ microdiamond coatings. Furthermore, the microdiamonds synthesized on bare austenitic SS 

substrates showed the presence of magnetic Fe inclusions. The magnetic diamonds synthesized 

can be deployed in advanced biomedical applications such as drug delivery to tumors. 

Uniform ND seeding is challenging on modern machining equipment and biomedical tools 

due to their complex shapes and intricate geometries. The efforts made to deposit microdiamond 

coatings on such non-uniformly seeded tools and equipment may result in an island-type of 

discontinuous microdiamond film. The diamond fabrication by laser-based processing can be 

utilized to produce a uniform and adherent ND seed layer on such samples. The source for ND in 



this work was polytetrafluoroethylene (PTFE). The <110> oriented phase pure ND film was 

synthesized by excimer laser irradiating the PTFE tape mounted on the c-sapphire substrate. The 

<110> out-of-plane orientation results from the unseeded crystallization during the rapid 

quenching of carbon melt. The CVD microdiamond film grown on this seed layer was uniform, 

and stress-free. Similar results were also obtained with the presence of Q-carbon interlayer. The 

high adhesion of Q-carbon interlayer on the c-sapphire substrate is due to the formation of an 

amorphous Al4C3 laser beam mixed layer at the film-substrate interface.  

The adhesion of diamond-like carbon coatings on high-density polyethylene (HDPE) used 

in hip and knee implants has not been satisfactory. In this study, the biocompatible 21 at% Si-

containing DLC films deposited by plasma-enhanced chemical vapor deposition showed excellent 

adhesion properties. The Si-DLC coated HDPE substrates showed no signs of visible damage until 

~38 MPa of contact stress. Laser annealing Si-DLC films at low energy densities led to improved 

electrical conductivity, hydrophobicity, and anti-microbial activity due to the presence of the SiOx 

surface layer making it an ideal candidate for drug delivery applications. Furthermore, laser 

annealed pristine amorphous carbon (a-C) on flexible and optically transparent plastic substrates 

showed the formation of reduced graphene oxide (rGO) with a low sheet resistivity of 0.6 kΩ/□. 

The rGO coating will enable thinner and faster flexible devices.  

Holey graphene demonstrates superior electrochemical immunoassay and bio-analyte 

sensing behavior. The rapid thermal annealing (RTA) technique using a batch furnace to generate 

holes in graphene structure is not desirable due to non-uniform hole size distribution. Excimer 

laser-based RTA is capable of generating holey graphene with controlled hole sizes. For 

electrochemical H2O2 sensing, rGO coated Si-electrodes were fabricated by laser based RTA of a-

C films. An increased number of pulses at 0.6 Jcm-2 led to a hierarchical increase in the hole size. 



The holey graphene fabricated exhibited record detection limit of 7.15 nM. These findings 

demonstrate the capability of the melt-based laser annealing route to generate carbon polymorphs 

with novel structures and properties. 
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1. Introduction 

The ability of carbon to exist in linear (sp), trigonal (sp2), and tetrahedral (sp3) bonding 

configurations has recently resulted in the discoveries of novel carbon allotropes like T-carbon [1], 

and Quenched carbon (Q-carbon) [2] with unique properties. The most popular allotrope of carbon 

is Diamond (space group: Fd3̅𝑚) having an sp3 bonded structure with a bond length and angle of 

1.54 Å and 109.5o respectively. The high atomic packing density of diamond (1.76x1023 

atoms/cm3) makes it a very hard material with a hardness in the range of 80-120 GPa [3]. It also 

exhibits a high thermal conductivity of ~25 Wcm-1K-1 due to the presence of stiff covalent bonds 

in its structure resulting in negligible phonon scattering [4]. Further, it is electrically insulating 

with a wide bandgap of ~5.5 eV [5].  In contrast, the sp2 bonded allotrope graphite and its single-

layered structure ‘graphene’ exhibits metallic conductivity due to the presence of one free electron 

per atom.  

The amorphous carbon (a-C) also referred to as diamond-like carbon (DLC) exhibits a 

bandgap ranging from 1.5-2.2 eV and hardness in between graphite and diamond, and it possesses 

excellent tribological properties [6]. However, a minor alteration in the structure of the carbon 

polymorphs makes a vast difference in their functional properties. For example, the faceted 

microdiamonds are prone to chipping due to reduced toughness whereas the existence of twins in 

diamonds can improve the toughness substantially [7]. Likewise, the presence of pores in graphene 

and diamond structure can improve its biosensing ability. The doping of DLC with Si, Ti, or Cu 

can have a huge impact on its thermal stability, antimicrobial activity, and toughness [8]. Due to 

such intricacies involved, detailed structure-property correlation of these materials is essential, 

particularly for biomedical applications.  
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The equilibrium techniques for diamond fabrication suffer from low yield, high thermal 

budget, and low quality, especially on non-diamond forming substrates [9]. The microdiamond 

film fabrication using an equilibrium route has to have the presence of a non-equilibrium 

component as high activation energy of ~3.5 eV/atom is required for graphite to diamond 

transformation [10]. The kBT at a high temperature of 1073 K is only 0.1 eV. Hence, Chemical 

vapor deposition (CVD), an equilibrium process can only be used to grow preexisting diamond 

seeds. The melting of a-C using pulsed laser annealing (PLA) offers the ability to obtain phase-

pure diamond and Q-carbon with desired microstructure by tweaking the undercooling and 

quenching rate. The diamond seeds fabricated with the PLA technique can be used to grow larger 

size diamonds by CVD processing [11].  

The non-equilibrium laser irradiation can also be utilized to fabricate Q-carbon (~80% sp3 

content) which possesses incredible properties such as higher hardness than diamond, 

ferromagnetism at room temperature, Radiation resistance till 10 dpa, extraordinary Hall effect, 

enhanced field emission, Superconductivity after boron doping (Tc=55 K) [12–16]. Most of these 

extraordinary properties arise due to the high packing density of atoms in Q-carbon compared to 

diamond. As discussed previously, diamond is the hardest material that forms naturally yet it only 

has an atomic packing factor (APF) of 34%. Hence, an increase in APF can lead to improved 

hardness. The APF of Q-carbon can be theoretically as high as 51% [15]. Such a large packing 

percentage is the result of a high quenching rate of ~109K/s and large undercooling. The high 

quenching rate results in amorphous structure [17]. Further research on the fabrication and 

properties of Q-carbon is necessary to establish detailed structure-property correlations for usage 

in commercial applications. The recently discovered laser annealing route to transform molten 

carbon into Quenched Carbon (Q-carbon), diamond, or reduced graphene oxide (rGO) with novel 
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structure and properties for sensor application forms the basis of this thesis while taking advantage 

of plasma processing for improved carbon thin film adhesion. The heat flow conditions during 

laser processing are adiabatic, where the laser irradiated carbon layers above the substrate melt, 

but the underlying substrate remains close to ambient. This aspect enables deposition of Q-carbon, 

and diamond on thermally sensitive substrates.  

Austenitic stainless steels (SS) 304 and 316 are common biomedical knee and hip implant 

materials. Under ambient conditions, SS are corrosion resistant as a passive chromium oxide 

surface layer protects their surface. However, in physiological conditions, implanted materials are 

exposed to situations such as the presence of oxygenated saline electrolyte at a pH of ~7.4, a high 

temperature of 37°C combined with subjection to cyclic stresses [10]. This results in predominant 

pitting and crevice corrosion attacks leading to the release of toxic Cr, and Ni ions in the human 

body [18]. As the protective chromium oxide layer is not sufficient to prevent corrosion, coating 

SS with a uniform microdiamond and/or ultra-hard Q-carbon layer can resolve this issue. However, 

the challenges of coating SS with diamond layer cannot be overlooked. The microdiamond film 

on SS is prone to delamination and cracking as the incompletely filled d orbital configuration in 

steels lead to stealing of electrons by the d orbital making graphite formation on the surface more 

favorable during diamond formation [19]. The graphitic phase formation at the interface results in 

microdiamond film with poor adhesion. The problem is further aggravated as the austenitic SS 

family has a large thermal mismatch with the diamond leading to film cracking after growth during 

the cooling down stage of deposition. The formation of an interlayer is the most effective approach 

for fabricating adherent diamond films on SS substrates [20]. The use of an interlayer reduces the 

thermal mismatch between the substrate and the diamond film but in the majority of the cases, it 
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does not provide nucleation sites for diamond growth resulting in an island type of non-uniform 

diamond growth [9]. This is because CVD needs existing seeds for diamond growth. 

The initial part of this thesis focuses on adherent and conformal diamond coatings on non-

diamond forming substrates primarily stainless steel and sapphire by utilizing Q-carbon film with 

embedded nanodiamonds in its structure as a growth template for subsequent CVD microdiamond 

film. The structure of Q-carbon is made up of randomly filled diamond tetrahedra. The Q-carbon 

film and the presence of ND seeds in its structure act as anchor points for the subsequent 

fabrication of microdiamond film. The Q-carbon interlayer in this study was synthesized by laser 

irradiating Ti-doped DLC with ~50% sp3 content. On, the other hand increasing the sp3 content 

resulted in higher undercooling leading to the formation of Q-carbon composites on SS 316. The 

dispersion of hard Q-carbon in soft α carbon matrix results in excellent toughness and wear 

properties. The Q-carbon, which forms due to the melting of DLC thin film gets nano welded to 

the substrate during its formation resulting in considerable adhesion between the substrate and Q-

carbon interlayer. The CVD microdiamond film that grew on the Q-carbon seed layer showed 

ballas type of structure due to the presence of nano twins indicative of high toughness. X-ray 

diffraction (XRD), and Raman analyses indicated 40% stress reduction in microdiamond film 

grown on Q-carbon interlayer as compared to that on bare SS substrate [21]. The diamonds 

fabricated on bare SS substrates showed the presence of ferromagnetic Fe atoms (5 x 1016/cm2) 

which enter into the diamonds by evaporation from the substrate  making them useful for advanced 

biomedical applications such as drug delivery to cancer tumors. The Fe atoms can form cementite 

(Fe3C) at a higher processing temperature as the Gibbs free energy for the formation of Fe3C 

becomes negative at 963o C. The Fe3C formation can further enhance the magnetic properties of 

the synthesized diamonds. The current ion implantation route for the fabrication of, ferromagnetic 
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diamonds by Fe doping involves a high thermal budget as the defect generated during ion 

implantation can only be removed by a two-step high-temperature annealing process which can 

also lead to increased graphitization [22]. Hence, CVD processing technique to generate 

ferromagnetic diamonds explored in this work is more efficient from processing point of view 

[23]. 

To further extend this study, the effect of scratching, and diamond seeding on the quality 

of synthesized microdiamond film on SS substrate was studied. The scratching increased the 

roughness of the substrate promoting diamond nucleation. The growth of microdiamonds on 

scratch was better quality than on Q-carbon interlayer exhibiting an FWHM of 8.25 cm-1 along 

with the presence of fivefold twins. The microdiamond film on scratch had predominant <110> 

out-of-plane orientation compared to the mixture of <111> and <110> out-of-plane orientation on 

bare SS substrate. This study proved that roughening the SS substrate is more beneficial for 

diamond nucleation than the use of seeding. Surface roughening increases the interfacial energy 

reducing the diamond barrier for diamond nucleation resulting in more uniform diamond 

nucleation and no graphitic contamination. The Quality factor of CVD microdiamond formed on 

scratch was higher than Q-carbon interlayer and bare SS substrate. However, compared to the 

scratching technique for obtaining continuous diamond film, the use of a Q-carbon interlayer is 

preferable as it is not possible to obtain reproducible surface scratches by using abrasives. The use 

of a Q-carbon interlayer makes it possible to obtain a smooth and clean interface between the 

diamond film and the substrate. 

The modern biomedical implant systems utilized for temporomandibular joint prostheses, 

and orthopedic screws possess complex shapes and intricate geometries, as a result the diamond 

film deposition on these systems is non-uniform. The diamond fabrication by laser-based 
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processing can be utilized to produce ND film with uniform coverage on such geometries as the 

sample/tool can be moved to the desired position using rastering equipment such that the desired 

region can be exposed to the laser beam. Here, the source for diamond synthesis can be cheaply 

available insulating polymers like PTFE as polymers like PTFE are available in form of tapes that 

can be put onto complex geometries. Hence, the conversion of PTFE to ND is of commercial 

significance. Polymers like PTFE have low absorption coefficients in the UV region hence, 

multiple laser shots are required to increase the absorption coefficient.  Multiple laser shots on 

PTFE mounted on c-sapphire substrate result in the formation of ND film. The NDs are high-

quality with an FWHM of 1.23 cm-1 with a non-diamond content of < 0.6%.  The ND film exhibited 

<110> out-of-plane orientation and this orientation results from unseeded crystallization. The 

Raman spectra provided evidence for the presence of C-F bonds after ND formation, we envisage 

that the presence of fluorine present passivates the dangling bonds present on the diamond surface. 

XRD indicated the formation of different Al2O3 phases on the sapphire surface which evidenced 

the temperature of the interface was >1000K and most probably led to melting of sapphire. The 

melting of amorphized PTFE was confirmed with COMSOL simulations and the results indicated 

a melt regrowth velocity of 5.6m/s consistent with the formation of ND. The ND size range was 

5-30 nm measured using XRD peak broadening. Furthermore, the ND seed layer was utilized as a 

growth template for the formation of continuous CVD microdiamond film [24].  

The microdiamonds synthesized on c-sapphire substrates by PLA technique without the 

use of HFCVD exhibited negligible strain as characterized by the minimum Raman spectra shift 

from 1332.8 cm-1. These obtained results were utilized to get a further insight into the temperature 

rise of a-C thin film during PLA. The thermal strain is estimated by 𝜀𝑇 = ∆𝛼 ∗ ∆𝑇 where, ∆𝛼 and 

∆T is the thermal expansion coefficient and temperature difference between diamond film and 
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sapphire substrate, respectively. The negligible thermal strain can be explained if carbon quenches 

from  𝑇𝑑𝑖𝑎𝑚𝑜𝑛𝑑 = 4000𝐾 , and sapphire cools down to 𝑇𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒 = 916 𝐾 assuming  ∆𝛼 = 5 ∗

10−6𝐾−1 ; the corresponding thermal strain is also negligible consistent with laser material 

interaction simulations [25]. Additionally, the adherent diamond film formed on sapphire substrate 

in the presence of Q-carbon interlayer is the result of surface melting phenomenon occurring after 

laser irradiation of a-C layer.  The 25 ns laser pulse is sufficient to melt a monolayer of Al2O3 at 

the interface. The formation of the melt layer was also confirmed with HRTEM imaging. The 

Gibbs free energy for the reaction of carbon with sapphire turns negative at very high temperatures 

(~2400 K). Notably, the reaction of liquid carbon with sapphire is more negative than that for solid 

carbon and sapphire. The fast quenching and structural incompatibility between Al4C3 

(rhombohedral structure) and Al2O3 (trigonal structure) result in the formation of an amorphous 

Al4C3 structure. Al2O3 has a characteristic EELS peak at 79.5 eV and no feature at 77.5 eV. 

However, The Al4C3 shows a shoulder at 77.5 eV. Hence, EELS confirmed a mixture of Al2O3 

and Al4C3 at the film-substrate interface. In general, the thicker the mixed layer at the interface the 

better adhesion between the substrate and the film should result. Further, an increase in the laser 

beam mixed layer (LBML) was achieved by bombarding the Q-carbon coated sapphire with Au 

ions. The Ion beam mixed layer thickness was found to be proportional to the ion dose utilized and 

was found to reach 10 nm at the 10 dpa dose. Interestingly, such a high dose did not induce 

significant damage to Q-carbon as well as the sapphire substrate [14]. 

The absence of bandgap in graphene makes its use in applications requiring switching like 

transistors redundant. The oxidation of graphene to form graphene oxide (GO) increases the 

bandgap making it suitable for biomedical devices and sensing-related applications. However, the 

reduction of GO is essential to achieve good conductivity and mobility. The thermal route for 
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reduction of GO is not commercially viable as the conventional furnace-based thermal reduction 

of GO exposes the whole substrate to high temperature leading to electrode degradation. The 

chemical routes make use of highly toxic and hazardous chemicals injecting unwanted chemical 

impurities which may adversely affect the catalytic properties [26]. Reduction of GO with laser 

can combat both these limitations and is referred to as ‘green route’. Notably, the non-equilibrium 

excimer laser-based GO reduction offers multiple advantages compared to the conventional 

reduction process [27]. Firstly, the adiabatic heat flow allows to selectively pattern GO while 

maintaining the substrate at ambient temperatures which is exciting as it can considerably reduce 

the number of fabrication steps necessary for device formation. Also, the defect densities obtained 

in the films can be modulated by varying laser energy density, photon energy, and the number of 

laser pulses.  

In the second part of this thesis, we irradiated thermally insulating polymers 

polybenzimidazole (PBI) in the form of nanofibers, and PTFE in the form of tape to synthesize 

rGO film. The process parameters such as energy density, number of shots were adjusted such that 

minimum ablation occurs. This process also leads to degassing of some unwanted elements from 

the polymers of interest.  Interestingly, PBI is inert under intense UV irradiation however, when it 

is present in the form of nanofibers its surface area and reactivity increase which makes its 

carbonization process under UV irradiation possible. The melting of polymers occurred after 

multiple laser shots. After the melting process, the regrowth velocity was <4 ms-1 resulting in the 

formation of rGO.  The rGO synthesized from PBI showed the presence of Raman 2D peaks at 

~2700 cm-1 with an Id/Ig ratio of 1.32 [28]. Notably, the Id/Ig ratio remained constant after further 

laser irradiation indication of high stability of such structures. Previous studies have also indicated, 
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the presence of pores in rGO formed with laser irradiation of polymers ideal for electrocatalytic 

applications.  

The most widely utilized polymer, Polyethylene (PE) and its derivatives suffer from 2 

major drawbacks viz. poor wear resistance and thermal conductivity limiting its biomedical 

applications. The use of PE derivatives in hip and knee implants presents serious clinical problems 

as their poor wear resistance cannot combat the cyclic nature of the contact stresses at the articular 

surface [29, 30]. Also, the miniaturization of flexible electronics leading to the use of thinner 

polymeric substrates can cause significant thermal heating in PE due to its low thermal 

conductivity limiting the lifetime of PE based flexible devices. Carbon-based coatings are ideal 

candidates for both these issues as the crystalline polymorph of carbon, graphene has excellent 

thermal and electrical properties. Graphene structures are also useful for biomedical applications 

(like promotion of neural induction of STEM cells or as a single multimodal material for MRI), 

energy conversion and storage devices, quantum dots, supercapacitor, electrochemistry, and 

amphiphobicity [31], whereas the Si-doped a-C films can be tailored for high toughness and wear 

resistance. Si doping stabilizes the sp3 bonding in DLC films leading to improved mechanical 

properties [8]. Recent studies have shown that Si-containing DLC films (Si-DLC) are chemically 

inert and demonstrate good biocompatibility ideal for biomedical implant coating application [32]. 

Initially, a systematic study to tailor the adhesion, hydrophobicity, and electrical conductivity of 

DLC thin films on high density polyethylene (HDPE) substrate by utilizing Si doping and the non-

equilibrium technique of PLD/Reactive ion etching (RIE) was performed. RIE opens up the 

surface bonds of HDPE making it more surface-active. Scratch test reveals a force of 8.79 mN for 

cracking of DLC film deposited on HDPE by PLD in conjunction with RIE. To further improve 

the adhesion and optical transparency of DLC films, Si-doped DLC films were deposited on HDPE 
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by Plasma enhanced chemical vapor deposition (PECVD). The critical load noted for the deposited 

films was 40 mN for cracking and coating removal. The TEM analysis also confirmed an interface 

with no porosity and excellent Si-DLC adhesion with the substrate. The laser patterned DLC and 

Si-DLC films were also characterized with X-ray diffraction, Raman spectroscopy, FTIR, SEM, 

and 4-probe sheet resistivity measurements. The contact angle for HDPE increased from 90o to 

110o when it was coated with Si-DLC. Further improvements in lubricity, hydrophobicity and 

electrical conductivity were achieved by pulsed laser annealing (PLA) the Si-DLC coating. The 

X-ray Photoelectron Spectroscopy indicated an increase in sp2 bonded carbon and surface SiOx 

concentration after PLA. In short, Laser annealing Si-DLC films at low energy densities led to 

improved electrical conductivity, hydrophobicity, and anti-microbial activity due to the presence 

of the SiOx surface layer making it an ideal candidate for drug delivery applications [33-36]. The 

Si-DLC films coated on PE substrates were characterized by a sheet resistivity greater than 700 

kΩ□-1. The UV-vis measurements revealed a high direct bandgap of 2.5 eV not ideal for wearable 

electronic applications. The laser annealing improved the sheet resistivity. Interestingly, laser 

annealed pristine a-C on flexible and optically transparent plastic substrates showed the formation 

of rGO with a low sheet resistivity of 0.6 kΩ/□ [26]. 

The existence of point defects, holes, and corrugations (macroscopic defects) induce high 

catalytic potential in graphene and its derivatives. The existence of point defects (microscopic 

defects) can activate graphene but deteriorate the electrical properties. A trade-off between the 

increased electrocatalytic activity and deterioration in electrical properties due to defect sites is 

necessary for a given sensing application [27]. The conventional Hummers method for GO 

reduction is time consuming (more than 2hrs), and results in release of toxic gases such as NOx 

and ClO2 into the environment. Reduction of GO with laser is referred to as the ‘green route’ as it 
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is environmentally safe. Studies comparing the properties of GO reduction using femtosecond, 

nanosecond (ns), and continuous-wave laser have shown that rGO obtained with ns laser pulses 

exhibits superior properties. Notably, the non-equilibrium excimer laser-based GO reduction 

offers multiple advantages compared to the conventional reduction process. Firstly, the adiabatic 

heat flow allows to selectively pattern GO while maintaining the substrate at ambient temperatures.  

It has a high degree of spatial and temporal control with scale-up capabilities for wafer scale 

integration. Previous reports have shown the presence of ferromagnetism [37], p to n-type change 

in behavior [38], and high mobility [39] in rGO synthesized by laser irradiation. All these 

properties arise from the defects induced by non-equilibrium laser irradiation. For superior 

electrochemical sensing, the use of holey graphene has gained traction. Moreover, the presence of 

holes results in enlargement of the contact between the electrode and the electrolyte leading to 

shortening of the distance for ion/mass transport. The exposed edges also improve the sensing 

performance owing to the electron distribution at the edge is different from that in basal plane, and 

the free electrons at the edge are often localized and unpaired, making them chemically more 

reactive. The rapid thermal annealing technique using a batch furnace to generate holey graphene 

results in a structure with uneven hole sizes. Hence, a need for a laser based scalable technique for 

holey graphene synthesis is required. 

The final chapter of this thesis deals with the structural optimization of rGO for Hydrogen 

peroxide (H2O2) sensing as H2O2 is the byproduct of several metabolic reactions in biological 

systems and is closely related to cell proliferation, oxidative stress, and physiological pathways in 

the human body and often regulates the overall basal metabolic rate [40–43]. The quantitative 

estimations of point defect densities are obtained using Raman spectroscopy and confirmed with 

electrochemical sensing measurements. Laser annealing at 0.6 Jcm-2 led to the formation of highly 
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reduced GO by liquid phase regrowth of molten carbon with the presence of dangling bonds 

(Carbon/Oxygen~5) making it catalytically active. The Hall-effect measurements indicated a 

resistivity of 10-4 Ω-cm. Further increased number of pulses at 0.6 Jcm-2 resulted in deoxygenation 

through the solid-state route leading to holey structure. The exposure of edge sites due to holes 

supported the formation of proximal diffusion layers, which led to facile mass transfer and 

improvement in detection limit from 25.4 mM to 7.7 nM for peroxide sensing. The ability of laser 

irradiation to synthesize holey graphene structures with controlled hole size holds a great potential 

for environmental applications, including the adsorption of toxic gases, environmental pollutants 

such as dyes, and heavy metal ions [44].  
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2. Background information 

2.1. Carbon phase diagram 

The advancement in technology has made it possible to achieve higher processing pressure 

and temperatures than previously thought possible. This has led to the discovery of novel carbon 

structures with extraordinary properties. The prospect of producing such structures by altering the 

pressure and temperature has fascinated researchers from time immemorial. To engineer such 

structures, a detailed investigation of the carbon phase diagram is necessary.  Previously 

researchers faced major experimental hurdles to establish the phase diagram of carbon due to the 

high melting temperature (Tm~5000K). Hence, a mix of both experimental and theoretical 

approaches have been utilized to investigate the phase diagram. Initially, Simon and Berman [1] 

were able to accurately predict the slope of the diamond-graphite separation line till 1200o K with 

the help of detailed theoretical calculations. The first well-known experimental study to investigate 

the phase diagram of carbon was carried out by Shaner and co-workers [2] confirming the presence 

of diamond in the range of 80 GPa, 1500 K to 140 GPa, 5500 K by measuring the velocity of sound 

in the specimen.  The detailed experimental verification of the complete carbon phase diagram was 

carried out by Bundy and co-workers [2]. The phase diagram proposed by them is the most 

accepted carbon phase diagram to date. This phase diagram was further modified by Narayan et.al 

[3] and is depicted in Figure 2.1.   
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Figure 2.1 Carbon phase diagram as proposed by Bundy et al with modification by Narayan et. al 

under non-equilibrium considerations [3]. 

The calculation of temperature at a given pressure or the pressure at a given temperature 

for graphite to diamond transformation requires information of thermodynamic constants for both 

graphite and diamond shown in Table 2.1. Where V is the molar volume of graphite, S is entropy, 

and α is the thermal expansion coefficient. 

Table 2.1 Values of thermodynamic constants of interest for graphite to diamond transformation 

[4]. 

 Graphite Diamond 

S0 (J mol-1 K-1) 5.74 2.38 

V (cm3 mol-1) 5.2982 3.417 

α (K-1) 1.05 x 10-5 7.50 x 10-6 

β (MPa-1) 3.08 x 10-5 2.27 x 10-5 

The Clausius-Clapeyron equation is given by:  

𝑑𝑃

𝑑𝑇
=
∆𝐻𝑉
𝑇∆𝑉

 
(2.1) 

Where ∆𝑉 is the change in volume from super undercooled carbon into diamond. 

Assuming, ∆𝑆 and ∆𝑉 independent of temperature we can extrapolate the diamond-graphite phase 

separation line 
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V=Vo (1-βΔP) where ΔP is the pressure difference  

The difference, in molar volume, is 1.6325 cc/mol. 

The pressure dependence for entropy is given by 

(
𝑑𝑠

𝑑𝑝
)
𝑇

= −𝛼∆𝑉 
(2.2) 

Effect of Pressure can be calculated using equation  

Sp=So + ∫ −𝛼𝑉𝑑𝑃
𝑃1

𝑃𝑟𝑒𝑓
 

Substituting Value of V, 

Sp=So + ∫ −𝛼Vo(1 − βP) 𝑑𝑃
𝑃1

𝑃𝑟𝑒𝑓
 

Sp=So -αVo[ΔP - 
𝛽

2
{𝑃1

2 − 𝑃𝑟𝑒𝑓
2 }] 

If Pref<< P1 

Sp=So -αVo[ΔP - 
𝛽

2
𝑃1
2] 

Sp (graphite)= 5.66 JK-1mol-1 

Sp (diamond)= 2.34 JK-1mol-1 

ΔS (1600 MPa)=-3.32 JK-1mol-1 

The Clapeyron slope is given by 
∆𝑆

∆𝑉
=2.035 JK-1cm-3 

The pressure for phase change at Temperature T is given by  

PT=P293+ΔT
ΔS

ΔV
 (2.3) 

Substituting value of ΔT =4975 K, 

PT (MPa) =1600+ (5000-25)∗ 2.035 

PT=11,720 MPa=11.72 GPa 

Under equilibrium considerations, 
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At 5000K, a pressure of ~12 GPa is needed for diamond synthesis. 

2.2. Effect of undercooling on the carbon phase diagram 

The majority of the techniques for carbon-based melting are equilibrium processes where 

the undercooling is negligible. The non-equilibrium method of melt-based laser annealing gained 

traction in 1986 when it was found that this technique is useful to produce shallow junction depths 

in CMOS devices with high dopant activation in Silicon after ion implantation.  However, 

annealing again gained traction once molten carbon was formed on laser annealing above the 

energy density threshold (Ed). The melting of carbon with ns pulsed laser heating was initially 

verified by Steinbeck [5]. The resistivity of liquid carbon measured was found to be close to that 

calculated by theoretical calculations of around 30 µΩ-cm confirming the occurrence of melting. 

Also, interestingly ns melt-based laser processing of these materials allows for the possibility of 

high undercooling. As discussed above, most of the experimental techniques make use of both 

high pressure and temperature to melt carbon making it a tedious and difficult to scale-up process. 

Notably, pulsed laser melting of carbon is a commercially scalable process. The presence of 

undercooling can significantly alter the equilibrium carbon phase diagram.  

dP

dt
= (
dP

dT
) ∗ (

dT

dt
) 

(2.4) 

Substituting equation (2.1) in (2.4), 

dP

dt
=
∆HV

T∆V
∗ (

dT

dt
)=
(−∆T∆Sm)

T∆V
∗ (

dT

dt
)=A∆T(

dT

dt
) (2.5) 

Where A is a constant. 

Simon equation is given by 

P=Po + a[(T/Tr)
c-1] (2.6) 
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Where Po is initial pressure, Tr is the phase transformation temperature, a and c are dimensionless 

constants. 

Differentiating Simon Equation: 

dP

dT
=
caTc−1

Tr
c−1   (2.7) 

The equation (2.5) suggests that the application of external pressure is equivalent to 

undercooling. Hence, the conversion of graphite to diamond can occur at lower pressures under 

high undercooling considerations, opening up new avenues for scalable diamond synthesi  

2.3. Domain matching epitaxy (DME) 

Epitaxy can be divided into 2 broad categories homo and heteroepitaxy. The concept of 

epitaxy is useful in vertical power devices, scaled CMOS, and III-V semiconductors.  Growth of 

thin film can take place in 3 ways: commensurate, strain-relaxed incommensurate, and 

pseudomorphic (the epilayer strains to match the substrate).  Below the critical thickness, the film 

can grow without the formation of dislocations. 

The mismatch strain is given by: 

𝜀 =
𝑎𝑓𝑖𝑙𝑚−𝑎𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑎𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
 (2.8) 

Domain matching takes into consideration matching of the planes rather than lattice 

constants, For perfect film and substrate matching [6]: 

mdf= nds (2.9) 

df and ds are planar spacing of the film and substrate. 

(m+α)df = (n+α)ds  (2.10) 

If matching is not perfect then the residual strain is given by: 

εr = (mdf − nds)/n  (2.11) 
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Epitaxial Diamond on c-sap should have <111> out-of-plane orientation as Al2O3 has a 

hexagonal crystal structure whereas diamond has a cubic structure. Hence, the matching can occur 

between the two on the planes with the highest packing density i.e <111>diamond // 

<0001>sapphire out of plane. The DME in-plane matching is (2d110) Diamond = 20 (𝑑2̅110) 

Sapphire [7]. 

Other epitaxial out of plane matching relations are as follows [8]: 

<110> Diamond // <2̅110 > Sapphire [r-plane sapphire] 

<112> Diamond // <101̅0 > Sapphire [a-plane sapphire] 

2.4. Laser /Ion Beam Mixing (IBM) 

A variety of material alterations are not possible through equilibrium processing that can 

be achieved through non-equilibrium ion and pulsed laser irradiation. The irradiation of thin-film 

(A) on the substrate (B) with laser or ion beam can result in the formation of the AxBy compound. 

The degree of mixing, and the compound formed depends upon the complex interactions of various 

mechanisms involved such as ion-solid interaction, rapid melting, diffusion in liquid, quenching 

rate, solute trapping, and so forth [9]. Ion beam and pulsed laser mixing are beneficial for achieving 

better film substrate adhesion, reducing the stress at the film substrate interface, and decreasing 

the film porosity [10]. 
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3.1. Abstract 

Nanodiamond (ND) synthesis by nanosecond laser irradiation has sparked tremendous 

scientific and technological interest. This review describes efforts to obtain cost-effective ND 

synthesis from polymers and carbon nanotubes (CNT) by the melting route. For polymers, 

ultraviolet (UV) irradiation triggers intricate photothermal and photochemical processes that result 

in photochemical degradation, subsequently generating an amorphous carbon film; this process is 

followed by melting and undercooling of the carbon film at rates exceeding 109 K/s. Multiple laser 

shots increase the absorption coefficient of PTFE, resulting in the growth of <110> oriented ND 

film. Multiple laser shots on CNTs result in pseudo topotactic diamond growth to form a diamond 

fiber. This technique is useful for fabricating 4-50 nm-sized NDs. These NDs can further be 

employed as seed materials that are used in bulk epitaxial growth of microdiamonds using 

chemical vapor deposition, particularly for use with non-lattice matched substrates that formerly 

did not form continuous and adherent films. We also provide insights into biocompatible 
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precursors for ND synthesis such as polybenzimidazole fiber. This innovative method of 

nanodiamond fabrication by UV irradiation of the polymer opens up a pathway for generating 

selective coatings of advanced polymer-diamond composites, doped nanodiamonds, and graphene 

composites for quantum computing and biomedical applications.  

3.2. Introduction and background 

The ability of carbon to exist in a variety of polymorphs and forms such as graphite 

(hexagonal), diamond (cubic), lonsdaleite (hexagonal), Q-carbon (amorphous) [1], graphene, and 

buckyballs makes it the most versatile element. The metastable allotrope of carbon is diamond 

which is highly appealing for a variety of scientific and technological purposes. Non-equilibrium 

laser processing creates diamond structures that can be used to grow larger size diamonds whereas 

equilibrium processing like CVD can only grow preexisting nuclei, therefore, seeding is critical in 

equilibrium processing. The equilibrium synthesis and processing of diamond requires very high 

temperature and pressure (5000K, 12 GPa) [2]. However rapid thermal processing (kinetics) can 

overcome equilibrium thermodynamics and reduce pressure and temperature significantly. The 

irradiation in the form of a laser can be utilized to fabricate diamonds within a fraction of a 

microsecond in the melting regime by pulsed laser annealing (PLA) [3]. The laser beam is a highly 

monochromatic, coherent, and directional source of energy. The wide-scale utilization of lasers in 

materials processing stems from the ease of controlling the spatial and temporal heat transfer 

through the material [4]. The diverse state-of-the-art applications of UV lasers for materials 

processing include solid-state annealing, rapid thermal processing, PLA, and pulsed laser 

deposition. Two basic types of operating lasers are pulsed laser and continuous-wave laser. The 

most extensively used pulsed lasers for materials processing are excimer lasers due to their unique 

ability to produce high-energy pulses in the PLA mode with reliable power output and repetition 
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rate. The pulse width of the excimer lasers is of the order of nanoseconds (ns); this attribute is ideal 

for material processing. The femtosecond (fs) pulsed laser is ideal for material ablation; 

microsecond pulses are appropriate for degradation. Nanosecond pulses can be used for ablation 

and transformation based on the material and laser parameters at play.  

Diamond (space group: Fd3̅m) can exist in micro-and nanocrystalline forms; these 

structures are Nanodiamonds (NDs) not only share some properties with bulk diamonds but also 

exhibit additional novel characteristics. Both NDs and microdiamonds are recognized for their 

high hardness [5], superior thermal conductivity [6], low electrical conductivity [7], chemical 

inertness [8], optical fluorescence [9], and biocompatibility [10]. As NDs possess a large surface-

area-to-volume ratio, surface structure functionalization and modification enable the processing of 

structures with enhanced functionality [11]. A variety of biomaterials can be attached to the surface 

of NDs; as such, NDs are suitable materials for use in drug delivery [12] and tissue engineering 

[13,14]. NDs also possess high magnetoresistivity [15], bright photoluminescence [16], and high 

photostability [17]. In electrochemistry, NDs with high resistivity exhibit redox activity [9].  The 

NDs synthesized with defects (color center) such as NV- and SiV0 centers enable the controlled 

manipulation of spin, which is useful for quantum computing and other device applications [18]. 

The more exciting 2D analog of graphite, graphene exhibits record mobility, surface area, and zero 

bandgap. However, limited progress has been achieved so far in terms of graphene-based devices, 

particularly transistors, due to the inability to achieve wafer-scale fabrication of graphene and 

graphene’s zero-band gap. Based on the current research and understanding, the most promising 

solution for bandgap increment seems to be the controlled reduction of graphene oxide. 

The transformation of carbon-containing materials to diamonds has been studied 

extensively. The transformation of carbon-containing materials to diamonds can either occur by 
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the solid-state route or the liquid-state route. The solid-state transformations occur through the 

formation of puckered graphitic sheets of carbon. The conversion of graphitic carbon into diamond 

can occur by buckling of the basal planes to the ‘chair’ conformation. The critical radius of the 

nuclei for homogenous nucleation of this transformation decreases progressively as a function of 

pressure. In the liquid state route, undercooling is equivalent to the absence of applied outside 

pressure. However, the undercooling of the melt reduces the free energy (∆𝐺𝑉) by the amount 

(
−∆𝐻𝑚

𝑇𝑚
∆𝑇𝑢), where ∆𝑇𝑢 is the undercooling and ∆𝐻𝑚 is the latent heat of melting.  Carbon-

containing materials, especially polymers, carbon nanotubes (CNT), and carbon nanofibers (CNF) 

are highly appealing for ND synthesis as they provide different configurations. The organic 

polymers contain a chain of carbon monomer units that are joined together by covalent bonds and 

synthesized by various polymerization reactions [19–21]. Previous efforts have demonstrated 

conversion of organic polymers like anthracene along with hexamethylenetetramine to graphite, 

and iron-doped anthracene along with paraffin wax to diamond by equilibrium-based high-

pressure high-temperature techniques [22]. Recently, the formation of diamond at very high 

pressure ~80 GPa in compression at room temperature was demonstrated [23]. However, this 

pressure is too high for practical applications due to limited yield in the form of grits. Even with 

such a high pressure, only 12% conversion to diamond was reported. Laser-solid interaction in 

polymers has gained tremendous interest over the years due to their ease in production and 

usability in microelectronics, biomedical, and optically active materials. A CNT can be considered 

as a sheet of graphene (a hexagonal lattice of carbon) that is rolled into a cylinder. Researchers 

have studied the conversion of CNFs to diamond by laser annealing [24], hydrogen plasma post-

treatment [25], chemical vapor deposition (CVD) by nanotube coating [26], shock wave treatment 
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[27], direct transformation under high pressure and high temperature [28] and spark plasma 

sintering (SPS) [29].    

Laser irradiation of polymer materials into diamond or graphene with tunability in laser 

parameters provides an exciting dimension to materials processing as then these carbon 

counterparts can be incorporated in the development of devices based on power electronics, 

biomarkers, membranes, and drug delivery.  Laser ablation of polymers was studied in the 1980s; 

however, there was no systematic study of the dynamics of melting and undercooling of the 

polymer melt [30]. However, the concept of undercooling and quenching was not developed. This 

review presents efforts to convert carbon-based materials into NDs by laser irradiation. In the first 

part of the review, we briefly discuss the effect of laser wavelength and pulse duration on damage 

generated in polymeric materials. The various degradation mechanisms (e.g., photochemical and 

photothermal) that a polymer undergoes after UV laser irradiation are discussed. Later, the 

thermodynamics and kinetics of undercooling liquid carbon to achieve either ND or graphene by 

controlling the undercooling have been illustrated along with the summary of experimental details 

of ND conversions carried out by researchers in the last five years. Finally, we highlight the details 

along with the mechanisms that occur during the conversion of PTFE as well as CNTs and CNFs 

into NDs. 

3.3. Characteristics of laser damage in polymeric materials  

(a) Effect of Pulse width 

At this time, the shortest available laser pulse duration is of the order of attoseconds (10-18 

s) [31]. Such a small pulse width can transfer energy to electrons and ions only inside the material 

long after the pulse is over, leading to non-linear absorption effects. At the ultrashort time scale, 

there is insufficient time for the transfer of the heat energy from the excited electrons into the 
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photons or the lattice of the material, which results in minimal thermal damage (Fig. 3.1). In PLA 

with an fs laser, the molten zone could be very thin as there is very little melting. There is no 

melting only if there is no energy transfer to phonons as the electron-phonon relaxation time is 

large. It has been shown by Yang. et al. that there is a possibility for polymer melting when the 

laser fluence is above a certain threshold for femtosecond optical laser annealing; however, there 

is minimum heat flux accumulation and small droplet size melting, which is too small to be 

observed [32].  In the case of ns lasers, the energy is rapidly transferred to the electrons and ions 

before the end of pulse width, resulting in an equilibrium between the lattice and the electrons and 

leading to a linear absorption coefficient (Fig. 3.2) [33]. Previous studies indicate that the ablation 

of polymers with long pulses leaves marks of molten materials and carbonization of the edges of 

the etched features [34]. 

(b) Effect of wavelength 

The bandgap of the material determines the ideal wavelength that is necessary to induce 

damage. Polymers exhibit strong optical absorption at UV wavelengths but tend to have weak 

photon absorption at infrared wavelengths [34]. After the absorption of the laser energy by 

material, the material might exhibit (a) non-thermal melting through an ultrafast phase transition, 

(b) thermal phase melting, or (c) ablation [33]. Excimer lasers have become popular for polymer 

processing due to the high absorption coefficient of polymers at excimer wavelengths and the ease 

with which the lasers can be focused onto the work surface using an aperture to achieve high 

energy densities [34]. Based on these parameters, the excimer lasers (UV wavelength, pulse width 

in ns) are ideal devices for polymer melting.  
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3.4. Effect of UV irradiation on polymers-Mechanisms of damage 

Two basic terms are used to broadly describe the type of damage to polymers when exposed 

to UV irradiation, the photochemical process and the photothermal process; these processes are 

also referred to as the pyrolytic process and the photolytic process, respectively. The 

photochemical process generally refers to the change in the chemical structure of the polymer from 

exposure to UV irradiation, and the photothermal process refers to heating of the polymer from 

exposure to UV irradiation [35]. In the majority of cases, these two processes take place 

concomitantly by multiphoton absorption. Figure 3.3 represents the schematic of the typical 

damage mechanisms taking place in laser-irradiated polymers leading up to ablation.  

Notably, the processes shown in the red rectangle are responsible for the melting and 

swelling of the polymer; these processes are also referred to as incubation or solid-state heating in 

this article. After the incubation period, UV ns laser irradiation with a high energy density and 

number of shots can result in the ejection of atoms, molecules, ions, and monomers, which causes 

ablation. The ease of ablation of polymers depends on thermal characteristics such as the 

absorption coefficient and thermal conductivity. The depth at which absorption should occur can 

be estimated by using Beer-Lambert law, which indicates that 𝐼 = 𝐼𝑜𝑒
𝛽𝑥. In this equation, x is the 

depth and 𝛽 is the absorption coefficient. However, this rule applies only to single-photon 

absorption [36]. For transparent materials (i.e., materials having weak absorption), the penetration 

depth can be computed by considering the inverse of the absorption coefficient. 

a. Factors influencing the optical absorption coefficient of polymers 

The most desirable material property to achieve amorphization and melting followed by 

high undercooling in a polymer is a small absorption depth, which corresponds to a high absorption 

coefficient coupled with low thermal conductivity. In general, materials having  𝛽 > 2 𝑥 105 are 
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considered to be strongly absorbing [37]. Another vital aspect to note is that polymers containing 

aromatic groups are weak absorbers of light, with an 𝛽 of the order of magnitude of 100 cm-1 [38]. 

Some chemicals such as methanol can aid with laser absorption [39]. Unlike at UV wavelengths, 

polymers do not display outstanding photon absorption at infrared wavelengths. Modifying PTFE 

with dopants such as polyimide above a specific concentration can increase the ablation tendency 

of the polymer compared to melting and swelling [40]. 

(i) Melting and undercooling of carbon melt by UV ns pulsed laser 

To attain pristine ND and graphene/reduced graphene oxide structure from polymers, it is 

essential to first break the individual monomer units and non-carbon bonds through photochemical 

processes that occur in the incubation period when the polymer is subjected to multiple laser 

pulses. After the bond breakage, only amorphous carbon, which has a melting point of ~4000 K, 

remains [41].  The subsequent laser pulse must have energy sufficient to heat the decomposed 

polymeric film (amorphous carbon) until the melting temperature is attained, after which 

undercooling will determine the phase that is formed. When a polymer is mounted or coated on a 

substrate and irradiated with a laser, the heat is lost by conduction through the substrate, 

convection, and radiation to the surrounding air. To achieve maximum undercooling, the heat flux 

has to be preserved at the substrate; this situation is only possible if the substrate has a very low 

thermal conductivity. As such, substrates like mica and sapphire are desirable for the formation of 

metastable phases of carbon [42]. 

Figure. 3.4 depicts the plot of change in Gibbs free energy (∆𝐺)  as a function of temperature, 

which acts as a useful guide for achieving equilibrium graphitic phase, non-equilibrium diamond, 

and Q-carbon phases from molten carbon. For the complete formation of non-equilibrium phases, 
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undercooling is necessary. The change in Gibbs free energy for melting (∆𝐺𝑚) and undercooling 

(∆𝐺𝑢) is given by equations (3.1) and (3.2), respectively. 

∆𝐺𝑚 = ∆𝐻 − 𝑇𝑚∆𝑆𝑚  (3.1) 

∆𝐺𝑇𝑢 = ∆𝐻 − 𝑇𝑇𝑢∆𝑆𝑢 (3.2) 

The total change in Gibbs free energy is given by: 

∆𝐺𝑇 = ∆𝐺𝑢 − ∆𝐺𝑚 = 𝑇𝑇𝑢∆𝑆𝑢 − 𝑇𝑚∆𝑆𝑚=
−∆𝐻𝑚

𝑇𝑚
∆𝑇𝑢 

Where undercooling (∆𝑇𝑢), the substance remaining liquid below equilibrium temperature is 

mathematically represented as  𝑇𝑚 − 𝑇𝑇𝑢~1000 𝐾 for the growth of amorphous carbon (Q-

carbon) [43]. Once the solid melts and starts solidifying, the regrowth velocity of the grown solid 

from the liquid determines the obtained phase.  It has been determined that graphite is formed 

under low melt regrowth velocities of <4 m/s. The nucleation of diamonds is observed around 4-6 

m/s; that of nanodiamonds with Q-carbon is observed for intermediate regrowth velocities of 6-16 

m/s. Phase pure Q-carbon occurs at regrowth velocities > 16m/s [44]. 

(ii) Threshold fluence for damage 

The melting threshold should be less than the ablation threshold for melting to occur (instead of 

ablation) [45]. The schematic of stepwise polymer degradation regimes is shown in Figure 3.5. 

The three distinct regimes that polymers undergo after excimer irradiation are incubation, melting, 

and ablation. A narrow melting time frame must be utilized to achieve an undercooled carbon melt. 

A high molecular weight polymer has a higher melting timeframe because this material forms a 

highly viscous molten material during ablation, which results in minor ablation of the polymer 

[46]. The incubation time is more extensive for polymers with a low absorption coefficient (e.g., 

PTFE). A high pulse repetition rate does not leave enough time for the plasma to disperse during 

vaporization, thus reducing the effectiveness of the pulses due to interference, resulting in less 
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ablation and more melting [34]. After the melt formation, under low undercooling the packing 

efficiency is low, resulting in –O– creeping into the molten carbon and forming rGO. The –O– 

injection is an implicit function of the melt lifetime [47]. 

3.5. Solid and liquid state conversion mechanism of graphitic carbon to ND 

Table 3.1 summarizes the techniques used by researchers in the last five years to synthesize 

NDs. The majority of techniques rely on high pressure and high temperature (HPHT) conditions 

such as detonation [48], hydrothermal synthesis from organic matter [49]. Other techniques 

include ion bombardment of microdiamonds to create NDs [50], PLA of diamond-like carbon 

(DLC) film, and chemical vapor deposition (CVD) with various energy sources such as hot 

filament, plasma, and microwave sources [51, 52].  The conversion of graphitic (sp2 bonded) 

carbon to ND can occur by solid and liquid state route. In a well-known in situ TEM experiment 

Banhart. et al [53] irradiated carbon nanotubes and nanoparticles with electron irradiation at a high 

intensity (200 Acm-2) and heated the particles to 700 oC under no applied external pressure. This 

study claimed that the spherical particles of carbon often referred to as ‘carbon onions’ act as 

nanoscopic pressure cells for diamond formation by solid-state route [53]. The carbon onions are 

concentric graphite-like shells (sp2 rich). This paper claims that an extreme amount of pressure in 

carbon onion nanoballs is generated by defects created by electron irradiation. They argue that this 

pressure at 700oC leads to the formation of diamond in the central regions. It is not clear how the 

defects (vacancies and interstitials) generated during electron irradiation will generate such 

extreme (50-100 GPa) pressures. Notably, researchers have synthesized fluorographene by 

performing PLA of PTFE in a controlled atmosphere and also hinted at the possibility of fluorine-

doped nanodiamonds through solid-state phase transformation [54]. These authors invoked the 

pressure-less transformation of “onion carbon” to the diamond as suggested by Ajayan et al. [53]. 
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However, “onion carbon,” which has a graphitic structure, can be converted into diamond only at 

a high pressure of >10 GPa [2]. This leaves the transformation mechanism of polymer to 

nanodiamond by the solid-state route under considerable doubt.   

The Liquid state transformation is however a direct conversion process from sp2 to sp3 

carbon attained due to ultrafast quenching of carbon melt. Hence, this type of transformation can 

be categorized as a non-equilibrium process.  No onion phase formation has been reported during 

the liquid phase transformation of graphitic carbon to ND. The atomically sharp interfaces 

observed after PLA of PTFE to ND conversion by excimer laser confirm the melt formation [55]. 

Liquid state transformation can occur without the application of external pressure as the diffusivity 

is high in the liquid state. The NDs generated by the HPHT (solid-state route) method exhibit a 

core-shell structure where the outer shell is graphitic; these materials are contaminated by metallic 

impurities and exhibit a random out-of-plane orientation. Studies have shown small graphitic 

flakes, five to seven-membered rings may be a part of the different surface terminations [56]. 

Therefore, the ND synthesized by the HPHT approach has to be further processed chemically to 

get rid of the graphitic shell. However, the ND film fabricated by PLA (liquid state route) does not 

contain unwanted metallic impurities; moreover, an outer graphic coating can be avoided. Here, 

PLA provides control over the out-of-plane orientation, which is necessary for quantum computing 

applications [57]. 

3.6. Case study materials for ND and graphene synthesis 

a. PTFE 

PTFE, which is commercially known as Teflon, has a wide range of applications due to its 

unique thermal stability, physical, dielectric, and chemical properties [58]. PTFE tape consists of 

both amorphous and crystalline regions. Ye et al. [54] claimed to convert PTFE into NDs via the 
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solid-state route using ~500 shots from a CO2 laser with an excitation wavelength in the infrared 

region. The PTFE has a minimum absorption coefficient at infrared wavelengths; hence CO2 laser 

is highly inefficient for degradation of PTFE as a large number of laser pulses are required to 

decompose PTFE; this approach seems plausible but not practical.  

The C-F bond energy is 5 eV [59] less than the photon energy generated by the ArF laser 

(6.4 eV). Hence, the ArF excimer laser is an ideal candidate to dissociate the C-F bonds and 

possibly get rid of fluorine by sublimation.  A recent study [55] on nanodiamond film formation 

in Teflon by laser annealing revealed a non-diamond content of 36%. Swelling and thermal 

degradation of Teflon begin at a fluence of ~1 J/cm2. As discussed earlier, photochemical 

decomposition has been noted for sub-threshold fluences. The threshold fluence for PTFE ablation 

is noted at 1.6 J/cm2. The presence of an incubation time makes it clear that the absorption 

coefficient of PTFE varies linearly with the number of shots at 193 nm. A minimum of 4±0.1 eV 

is the photon energy that is necessary for damage. It is unclear if the damage is related to 

photochemical decomposition or monomer breakage [60].  Our observations suggest that under 

SEM (scanning electron microscope) imaging at an electron energy of 100-300 KeV, Teflon starts 

to melt in its polymeric state instead of photochemical transformation to decompose into 

monomers; this process might also generate graphite by thermal degradation and bond 

rearrangement. To obtain diamond, the polymer needs to decompose to form amorphous carbon 

or some C-C bonds ultimately. PTFE exhibits an ideal structure for melting with an excimer laser 

to achieve high undercooling. 

Fig. 3.6 (a) shows the schematic of PTFE fiber composed of crystalline and amorphous 

regions [61]. Fiber is composed of individual ribbons of fibrils oriented along a particular direction 

highlighted with a red rectangle in Fig. 3.6(a). Ariawan et al. proposed that the randomly oriented 
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fibril-type regions in PTFE are formed by the unwinding of crystalline regions and can be 

considered amorphous [62]. The common method to determine the crystallinity of PTFE is by 

fitting a halo (amorphous) and a crystalline (sharp peak) to the (100) peak of PTFE obtained at 

2θ=18o. The FFT from the annealed region indicates the formation of a crystalline phase; the 

selective area diffraction pattern (Fig. 3.6(b)) confirms the formation of the nanodiamond. Fig. 

6(c) shows a low magnification image SEM image of NDs formed from PTFE after PLA. The 

average size of the NDs obtained from PLA was ~ 30 nm. Fig. 3.6(c) shows a high magnification 

image of NDs that was acquired after tilting the sample by 30o. The NDs are noted to be protruding 

from the sample. Fig. 6(d) shows a Raman spectrum after PTFE was subjected to 30 shots at a 

laser fluence 0.6-0.8 J/cm2. As discussed earlier, before PLA, the three peaks at 1215, 1298, and 

1379 cm-1 represent the weak stretching of the CF2 group and the splitting of the F2 symmetry line 

[63,64]. The 1379 cm-1 is assigned to the crystalline components of PTFE [63].  The elimination 

of this peak after the laser processing suggests the disordering of the crystal structure. As CF2 

bonds associated with the peak at 1379 cm-1 disappear; new peaks at 1152, 1437, and 1459 cm-1 

emerge, suggesting changes or rotation in the backbone or the end groups as they deform. The 

peak at 1152 cm-1 is associated with the rocking of CH3; the peaks at 1437 and 1459 cm-1
 are 

activated by the asymmetric bending of the CH3 group [65]. In short, for PLA with 30 shots, NDs 

are observed; however, the residual PTFE tape is still undergoing the amorphization and 

disintegration process [66, 67]. 

Table 3.2 describes the Raman vibrational modes observed after laser annealing of PTFE 

to confirm nanodiamond and graphene formation from PTFE. As-received PTFE shows three 

distinct Raman peaks at 1218, 1302 and 1382 cm-1 (Fig. 3.6(a)) [34]. The study notes that PLA of 

Teflon at 1 J/cm2 is sufficient to generate Raman spectroscopy results such as a nanodiamond peak 
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at ~1327 cm-1 and EELS results such as the 2nd bandgap peak of the diamond. If the PLA is carried 

out in an inert atmosphere such as argon with some partial pressure, then it can be conjectured that 

the fluorine will remain in the melt; as such, fluorinated nanodiamonds will form upon cooling. 

Fluorine-doped diamonds are useful for several biomedical applications [68]. It has been found 

that Teflon tends to ablate if the gas carrier is changed to H2 or O2.  The formation of fluorinated 

ND is confirmed with its characteristic diffraction pattern shown in Fig. 3.7(b) and its Raman 

spectra in 3.7(d). Fig. 3.7(c) shows the TEM image of fluorographene along with its characteristic 

lattice spacing distance of 0.34 nm when the laser annealing atmosphere was Argon [54]. 

b. Polybenzimidazole (PBI) 

PBI fibers are a class of materials that are formed from entirely aromatic polyamides [69]. 

The most popular PBI is the wholly aromatic PBI  poly[2,2-(m-phenylene) −5,5-bibenzimidazole]. 

This material, which is usually denoted as meta-PBI (m-PBI), was discovered by Vogel and 

Marvel in the 1960s [70]. It has a very high degradation temperature, high chemical resistance, 

film-forming ability, and excellent solubility. PBI is utilized for niche high-temperature 

applications such as firefighter uniforms as well as heat and chemical resistant filters [69]. PBI 

fibers can be formed by electrospinning [71]. A literature review suggests that only one KrF 

excimer laser irradiation study was performed on PBI polymers to this point. The study showed 

an improvement in the thermal conductivity of the polymer after multiple shots to the PBI fiber. 

The measured conductivity of the laser-irradiated PBI fiber increased from 1.5 x 10-13 ohm-1 cm-1 

to 0.1 ohm-1 cm-1 using 6000 shots with a very low energy density of 0.057 J/cm2; this result 

represented a 12-fold increase in magnitude [72]. The researchers indicated that the conductivity 

of laser-irradiated PBI was similar to that of graphite. Similar results were reported with polyimide. 

This result is attributed to photochemical degradation of PBI by UV irradiation. For PBI laser 
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annealing, it is recommended to use a lower number of shots and a higher energy density; the 

polymer bonds can be broken to generate free carbon, followed by the generation of molten carbon 

(through a photothermal reaction) and undercooling to obtain graphene and/or a ND film. The 

material properties of PBI and PTFE are highlighted in Table 3.3. 

c. CNT/CNF 

CNTs were rediscovered and brought to the attention of the research community by S. 

Iijima in 1991 [51]. A single-walled carbon nanotube (SWCNT) contains a single layer of carbon 

atoms. Carbon nanotubes exhibit high stiffness, strength, as well as exceptional electrical and 

thermal conductivity [52, 53]. For example, CNTs conduct electricity ~100 times greater than 

carbon. CNTs also show special photoluminescence in the near-infrared region, making them 

useful candidates for biological sensing. The conductivity of CNTs depends on their structure. The 

armchair configuration exhibits metallic conductivity; the zigzag configuration exhibits 

semiconducting behavior. Semiconducting SWCNTs show a small bandgap (<1eV). The thickness 

of CNTs also determines key material properties [53, 54]. A key structural factor that differentiates 

CNTs from CNFs is the fact that graphene layers are wrapped as hollow cylinders in CNTs; in 

CNFs, the graphene layers can be stacked as platelet, ribbon-like, or herringbone structures [73–

75]. 

The conversion of CNT/CNF to diamonds at reduced temperature and pressure has been 

reported by two methods namely SPS and PLA. Researchers have shown the conversion of 

MWCNTs to microdiamonds of size ~10 µm at 1500 oC and 80 MPa which is a considerable 

reduction from 5000 K and 5GPa [76,77]. Based on experimental evidence and theoretical models 

it is thought that the C-C bonds of the CNTs breakage occur after the absorption of energy 

generated high temperature in presence of plasma during SPS. This damages the tubular structure 
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and the broken carbon domains close from inside to outside leading to the formation of puckered 

sheets. These puckered sheets are further converted to diamonds due to the presence of high 

pressure during SPS. However, the formed diamond is always surrounded by an amorphous carbon 

overlayer and there is no control on the exact size of diamonds formed [76].   Wei et al. initially 

reported on the laser-induced transformation of CNF coated on cast iron to diamond using a CO2 

laser. This transformation was verified using Raman and SEM analysis. Bhaumik et al.[78] 

reported on the conversion of CNF to diamond by ns laser irradiation; this process was verified 

using TEM, SAED, EBSD, SEM, EELS, and Raman spectroscopy. The diamonds were mostly 

observed on double-walled CNT tips and bends. Some of the nanodiamonds formed also contained 

twins. In this study, the formation of CNFs to diamonds was shown to occur without the formation 

of an intermediate carbon onion phase.  When the laser hits the CNT fiber at the center of its length, 

the heat flow occurs in an up and down direction, which makes it difficult to achieve maximal 

undercooling. When it hits the top of the fiber, there is only one direction for heat loss. In another 

study [78] it was proved that CNFs having a radius less than 25 nm are fully converted into 

diamond. Simulations suggest the diamond growth velocities of ~ 2 ms-1. On laser annealing, the 

first pulse melts the tips of the carbon nanofibers and nanotubes; this process results in the 

formation of <110> diamond crystallites via unseeded crystallization. These <110> diamond seeds 

provide an epitaxial template for diamond growth with further pulses (Fig. 3.8(a, b)). The epitaxial 

relation between nanotube and diamond is (111) diamond // (002) CNT and <110>diamond //<100>CNT. 

Hence, this transformation can be labeled as pseudo topotactic [79]. The thin fibers are almost 

completely converted to nanodiamonds; the thick fibers have nanodiamond formation on the 

surface. The sp2 CNF is converted into sp3 rich amorphous carbon and then to NDs [80]. The size 

of NDs on CNT was found to be 3±1 nm. 
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3.7. Fabrication of an adherent CVD microdiamond film. 

PTFE and CNT- or CNF-based laser processing can lead to the selective deposition of 

adherent diamond films [81]. The converted nanodiamonds from polymers can be employed 

selectively as nucleation sites for the growth of continuous microdiamond films by post-synthesis 

methods such as CVD; this approach is useful for ND growth on substrates that do not form 

adherent diamond films like steels and sapphire. Ferrous substrates suffer from the formation of 

interposing graphitic layers; sapphire suffers from a lack of diamond nucleation. Both sapphire 

and steel also suffer from a significant thermal mismatch with diamond, resulting in diamond film 

cracking and delamination. Based on the same concept, Q-carbon (which is made up of filled 

diamond tetrahedra and nanodiamonds) was utilized to grow adherent diamond films on substrates 

such as austenitic stainless steels, tool steels, WC, and sapphire [78-81]. 

3.8. Conclusion and future perspectives 

In summary, we have broadly discussed the mechanism and process of transformation of 

PTFE, CNT, and CNF into NDs and reduced graphene oxide by first-order phase transformation. 

Until now, researchers have only contemplated the polymer ablation process due to commercial 

requirements and the inability to explore the melting stage due to the use of fs lasers. A previous 

study focused on the conversion of polymers into NDs; this study utilized a CO2 infrared laser by 

the solid-state route.  The solid-state route for the synthesis of NDs from PTFE without external 

pressure is not possible. Additionally, the utilization of infrared laser to irradiate polymers is highly 

inefficient as polymers exhibit low absorption coefficients in the infrared region. We identified the 

gaps in the literature to conclude that the excimer laser is the most efficient laser for the conversion 

of polymers and CNTs, or CNFs to NDs by the melting route. The approach discussed in this 

review focuses on the feasibility of photochemical decomposition (for bond breaking) to obtain 
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amorphous carbon films, followed by photothermal heating for melting and sufficient 

undercooling to obtain NDs and reduced graphene oxide. According to previous studies [55] and 

[72], the UV irradiation of low thermal conductivity polymers such as PTFE and PBI with 

moderate pulse widths results in high undercooling, which is necessary for the fabrication of non-

equilibrium carbon structures. 

Some of the key highlights from this review include the following considerations: 

 For a 1st order phase transformation of the polymer and subsequent undercooling, the 

polymer should possess minimum thermal conductivity, maximum absorption coefficient 

(which for many polymers is also a function of the number of shots), low heat capacity, 

and the melting threshold should be lower than the ablation threshold. 

 Polymers demonstrate maximal optical absorption in the UV region and minimal 

absorption in the infrared region. 

 The effect of UV irradiation on polymers can be separated into three distinct regimes: solid-

state heating, melting, and ablation.  

 The utilization of UV ultrafast femtosecond lasers for irradiating polymers generally results 

in direct ablation and minimal melting. The moderate pulse width lasers (i.e., lasers with 

microsecond-nanosecond pulses) can effectively degrade polymers to obtain amorphous 

carbon films. The amorphous carbon film, when melted by PLA and cooled at a rate that 

is necessary to achieve sufficient undercooling (~1000 K), can form the ND film. 

Few detailed studies have yet been performed to study if the NDs formed by annealing of 

polymers contain dopant atoms. During laser irradiation, the application of partial pressure may 

prevent the escape of dopants such as fluorine and nitrogen, resulting in the formation of doped 

NDs. Future research is needed to assess the feasibility of generating NV center NDs from 
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nitrogen-containing polymers such as polyaniline or polypyrrole. The PLA process of conversion 

of PTFE into nanodiamond is useful for selective deposition of nanodiamonds, which can be used 

as a seed layer to produce adherent diamond films by CVD. Nanodiamonds can also be harvested 

for quantum sensing, computing, communication, and drug delivery applications.  
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3.9. Figures 

 

Figure 3.1 Schematic comparison of damage to materials with ultrafast and moderate laser pulse 

widths. Reprinted from [33] with slight modifications (Graphics used with permission from Clark-

MXR, Inc.). 
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Figure 3.2 The timescale of vital processes occurring in materials after laser irradiation. Reprinted 

from: [33]. 
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Figure 3.3 Schematic of energy transfer from the excimer laser to polymer, which leads to 

ablation. Adapted from description based in [39].  
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Figure 3.4 ΔG vs. T for the formation of Q, D, and α-C phases from carbon melt-quenching. 

Reprinted from [82]. 

 

 

Figure 3.5 Three stages a typical polymer undergoes after UV ns laser irradiation. 

 



49 

 

 

 

Figure 3.6 (a) Schematic of amorphous (A) and crystalline (C) regions in PTFE; (b) HRTEM 

micrograph highlighting the annealed PTFE (II) and non-annealed PTFE (I); inset depicting the 

diffraction patterns from ND (bottom left) and amorphous PTFE (top right); (c) HRSEM of ND 

formed after laser annealing of PTFE; (d) Raman spectrum of laser annealed PTFE, revealing the 

formation of ND. 
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Figure 3.7 (a, c) HRTEM images of fluorinated ND and fluorinated graphene; (b) selected area 

diffraction from fluorinated nanodiamonds; (d) Raman spectrum of PTFE, fluorinated ND, and 

graphene. Reprinted from [54]. 
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Figure 3.8 SEM micrographs of: CNFs after 10 laser shots, showing the formation of diamond 

(a), after 20 laser shots (b), MWCNT after laser annealing (c), and TEM micrograph of diamond, 

which was obtained at the tip (d).Reproduced from: [79],[80],[44]. 
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Table 3.1 Summary of recent methods utilized by researchers to fabricate NDs.   

Synthesis method of 

nanodiamond (ND) 

Source of 

nanodiamond 

production 

Experimental parameters Development Year Ref

. 

Detonation of 

nanostructured 

explosives (nanosized 

explosive) 

Nanostructured octolite 

component ((octogen 

(HMX)/trinitrotoluene 

(TNT)) 

5 mbar and 160 °C from 40 bar Novel method of synthesizing 

NDs using nanostructured 

explosives 

2015 [83] 

Pulsed laser 

annealing 

Amorphous carbon Argon Fluoride Excimer laser 

(λ = 193 nm, pulse width = 20 

ns, and energy density= 0.8–

1.2 J cm−2) in ambient 

conditions 

Direct conversion of amorphous 

carbon into NDs through a melting 

route 

2015 [1] 

Pulsed laser ablation Pyrolytic graphite 

in water 

Ambient pressure and 

temperature, 

input: KrF excimer laser 

(λ=248 nm and pulse-length of 

20 ns with laser intensities of 

1–10 GW/cm2) 

Novel thermodynamic model 

describing the graphite 

transformation to ND 

2016 [84] 

Femtosecond laser 

irradiation of ethanol 

Ethanol Femtosecond laser 

(λ=1025nm, pulse width of 500 

fs, and laser intensities of 100 

μJ-680 μJ) 

Novel method for bottom-up ND 

synthesis based on ultrafast laser 

physics 

2016 [85] 

Microwave plasma 

chemical vapor 

deposition (CVD) 

Seeds of Diamondoids 

(molecular-sized 

diamonds) 

300 SCCM H2 and 0.5 SCCM 

CH4, stage temperature of 350 

°C and pressure of 23 Torr 

Vertically oriented 

substrate holder for rapid 

identification of optimal 

conditions to grow epitaxial 

nanodiamond 

2017 [86] 

High-energy ball 

milling  

Graphite powders Room temperature and 

atmospheric helium gas 

pressure 

Production of ultrafine 

nanodiamonds at ambient pressure 

and temperature. 

 

2017 [87] 
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Table 3.1 (continued). 

 

Microwave plasma 

chemical vapor 

deposition (CVD) 

Seeds of Diamondoids 

(molecular-sized 

diamonds) 

300 sccm H2 and 0.5 sccm CH4, 

stage temperature of 350 °C 

and pressure of 23 Torr 

Vertically oriented 

substrate holder for rapid 

identification of optimal 

conditions to grow epitaxial 

nanodiamond 

2017 [86] 

 

 

 

 

Nanocatalytic 

conversion of 

CO2 into 

nanodiamond 

 

Carbon dioxide Ambient pressure of air Diamond nucleation can happen 

in nanosystems without applying 

high pressure 

2017 [88] 

Polymerization of 

Poly(1-

vinyladamantane) 

Poly(1-

vinyladamantane) in a 

diamond anvil cell with 

TiCl4 initiator and 

trifluoro-

methanesulfonic acid 

(TfOH) 

Moderate temperature and high 

pressure 

Discovery of ND growth during 

polymerization process with a new 

initiator 

2018 [89] 

Laser ablation 

of graphite 

and diamond-like 

carbon 

Graphite and diamond-

like carbon in water 

Pulsed laser ablation (KrF 

excimer laser: λ= 248 nm, 

pulse width= 20 ns, and laser 

energy= 500–600 mJ) at 

ambient temperature and 

pressure 

ND synthesis at room temperature 

and standard pressure  

2018 [90] 

Moderate electron 

irradiation  

Amorphous carbon 

nanocapsules 

Electron irradiation of 10 -20 

A/cm2 under normal operating  

conditions 

ND synthesis at relatively low 

temperatures and understanding 

the transformation mechanism of 

carbon allotropes at relatively low 

temperatures 

2018 [91] 

Pulsed laser writing Polytetrafluoroethylene 

(PTFE or Teflon) 

Pulsed CO2 laser (9.3 μm with 

a laser power of 5.0 W) in 

argon at room temperature 

Direct conversion of PTFE into 

NDs through a solid route 

2018 [54] 
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Table 3.1 (continued). 

 

High-pressure, high-

temperature (HPHT) 

Adamantane (C10H16) 

carbonization 

 

Pressure of 9.4 GPa and 

temperatures of 1250-1330 °C 

in in titanium capsules 

Large-scale synthesis of nanoscale 

diamonds 

2018, 

2019 

[92,

93] 

Detonation Tetryl Based Ternary 

Mixtures (tetryl, TNT, 

and RDX) 

In a medium of 5% aqueous 

solution of urotropine 

Cost-effective method with high 

yield 

2019 [94] 

Plasma synthesis Ethanol Plasma is formed by 

femtosecond laser (λ=1025nm, 

pulse width: 500 fs,  laser 

energy: 360–550 μJ) 

filamentation in ethanol,  

Characterization of the plasma 

that affects ND formation 

2019 [95] 

Bottom-up 

(germanium iodide 

(GeI4) mediated 

synthesis of NDs) 

Adamantane molecular 

seed + tetracosane as 

carbon source 

Moderate high-pressure high-

temperature conditions 

 

New method for bottom-up ND 

synthesis at the molecular level 

2020 [96] 

Pulsed laser 

annealing 

PTFE or Teflon Argon Fluoride Excimer laser 

(λ = 193 nm, pulse width = 20 

ns, and energy density= 0.8–

1.2 J cm−2) in ambient 

conditions 

Direct conversion of PTFE into 

NDs through a melting route 

2020 [55] 

Chlorination of 

carbide 

Fe-introduction during 

chlorination of 

vanadium carbide (VC) 

Ambient pressure Catalytic synthesis of NDs under 

ambient pressure 

2020, 

2021 

[97,

98] 

Liquid-phase laser 

ablation 

 

Graphene powder 

dispersions 

 

Nd-YAG laser 

(λ=532 nm, pulse-width=8 ns, 

and  

2 W power) 

New one-pot method of 

synthesizing NDs by the 

irradiation of graphene through a 

melting route 

2021 [99] 
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Table 3.2 Variation in Raman vibrational modes before and after PLA of PTFE [67]. 

Material Raman peaks 

observed (cm-1) 

Interpretation 

[bond vibration] 

Ref 

As-received PTFE 1215,1298,1379 CF2, CC, CC  [100] 

PTFE after PLA at 0.6-0.8 J/cm2 

(Multiple shots:~50) 

1298, 1323.2, 1378 CC, ND T2g, CC [100][101] 

PTFE after PLA at 0.8-1 J/cm2 

(Multiple shots) 

1347, 1591 rGO; no PTFE bonds [102] 

 

Table 3.3 Key properties of PTFE and PBI fiber. Data compiled from [58],[70],[103]. 

Property PTFE PBI 

Melting Temperature (o C) 317-337 >400  

Absorption coefficient (cm-1) 15000 NA 

Band gap (eV) 6 3.13-3.25 

Thermal conductivity (W/mK) 0.25 at RT 0.41 

Structure 

 

 

Density (g/cm3) 2.2 1.3 
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4.1. Abstract 

Biosensors are employed in a variety of applications ranging from prosthetic devices to 

food quality monitoring. The exploration of carbon nanomaterials for biosensing applications has 

involved extensive efforts by the research community due to the unique biochemical and physical 

properties, including optical, structural, mechanical, and thermal properties, of these materials. By 

virtue of these properties, materials such as graphene oxide (GO), carbon nanotubes (CNT), 

graphite, NV center diamonds, ultrananocrystalline diamond (UNCD), glassy carbon electrode, 

and graphene quantum dots (GQDs) have been widely studied. This brief account provides a 

description of recent efforts involving the use of carbon-based materials for biosensing and related 

biomedical applications.    
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4.2. Introduction 

Leland Clark, Jr is known as the father of biosensors. He is credited with the development 

of the first oxygen biosensor in 1956. This sensor has played a pivotal role in making surgery safe 

and successful [1,2]. A biosensor can be defined as a device incorporating a biological sensing 

element. The biological sensing element is connected to a transducer. A transducer converts an 

observed physical or chemical change into a measurable signal (e.g., an electronic signal), whose 

magnitude is proportional to the concentration of a specific chemical or set of chemicals. The 

performance of biosensors relies on the materials utilized for their fabrication [3].  The 

physicochemical features of the materials used for the development of the transducer, the matrices 

used for enzyme immobilization, the stabilizers, and the mediators govern the performance of the 

biosensor [1,2]. The basic components of biosensors are depicted in Fig. 4.1. The carbon-based 

materials such as graphite paste, carbon nanotubes, and graphene oxide are used extensively as the 

supporting matrix for the construction of biosensors due to the simple construction procedures 

required, the low background current, the capability for surface regeneration, and the low cost [4]. 

These materials allow for straightforward biomolecular coupling on the surface; also, they possess 

reproducible electrochemical behavior and useful physical characteristics [5]. The high 

conductivity and porosity of some carbon materials are ideal for electrochemical signal 

transduction and adsorption of large molecules (e.g., polyelectrolyte/enzyme complexes) without 

the need for chemical modification of the enzyme [6].   

The advancement in the field of biosensor depends on the discovery of novel carbon 

nanomaterials. The search for new materials has been accelerated due to the recent COVID-19 

pandemic. This search is essential to prevent and control such pandemics in the future. This review 

highlights biosensors utilizing carbon based nanomaterials with their analytical figures of merits. 
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The motivation behind writing this article is to provide the latest update and crisp information of 

carbon material-based biosensors, characteristics and their types. In the first part of this review 

article, we briefly discuss the important characteristics of biosensor materials. Based on the 

literature survey, we present a birds-eye view on the promising carbon-based materials such as 

graphene, rGO, NV center diamonds, ultrananocrystalline diamond (UNCD), carbon nanotubes 

(CNT), graphite, glassy carbon electrode, graphene quantum dots (GQDs),  and diamond-like 

carbon (DLC) as transducers in biosensors. Later, we discuss the various types of biosensors and 

the applicability of the discussed carbon materials in different types of sensing mechanisms. 

Finally, the future directions necessary for accelerating the search of these novel materials and the 

obstacles in the synthesis of these materials have been discussed. 

4.3. Characteristics of biosensor materials 

Biosensors have immerged as an option for medical and biological analysis for 

environmental, biomedical, food security, and agriculture applications [3]. Conventional analytical 

techniques, including high-performance liquid chromatography (HPLC), gas chromatography 

integrated with mass spectra (GC-MS), and liquid chromatography-mass spectroscopy (LCMS), 

do not meet regulatory standards for monitoring the levels of analyte in various matrices. They are 

associated with low sample throughput and involve the use of solvents, pretreatment of samples, 

and large sample volumes. Platforms are needed in which detection of one or more analytes can 

be performed. Recently, lab-on-chip devices, wearable sensors, and high throughput assays have 

demonstrated rapid and accurate analysis as well as rapid operating times [7]. Small and portable 

biosensor devices are being used in defense, biomedical, agriculture, crime investigation, and 

screening of drugs at points of entry [8]. 
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4.4. Characteristics and analytical figures of merits required 

A biosensor should possess several characteristics to be useful for a given application. The 

performance criteria of a biosensor include specificity, selectivity, sensitivity, stability, response 

time, and throughput [9]. The development of a new biosensor should involve the assessment of 

analytical parameters such as the dynamic range, linearity, detection limits, limit of quantitation, 

and response time. These parameters are also known as the analytical figures of merit of a 

biosensor. In this review, several carbon-based biosensors have been demonstrated through the 

assessment of these parameters [10]. 

4.5. Allotropes of carbon and their biocompatible properties 

The ability of carbon to exist in a variety of polymorphs such as graphite (hexagonal), 

diamond (cubic), lonsdaleite (hexagonal), Q-carbon (amorphous) besides graphene and CNT 

(carbon nanotubes), which are graphitic polymorphs [12], makes it a versatile element for 

biosensing. Researchers are interested in discovering novel processing pathways to obtain these 

polymorphs. The specific surface area of graphene is 2630 m2 g-1 with a thermal conductivity of 

∼5000 W m-1 K-1[12]. The CNTs provide good conductivity and large relative surface area values 

as well as straightforward integration to biological species. The surface area of CNT is ~1000 m2/g-

1. For electrical conductivity, it can be as high as 106 to 107 S/m for pure CNT and 108 S/m for 

pure graphene [13]. The carbon-based biosensors can be deployed for detection of various 

environmental analytes such as gases, toxic vapors, nerve agents and peroxides. They can also be 

used for biomedical and security monitoring by detecting drugs, toxic protein, biomarkers, 

explosives and many others. 
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Morphological studies have shown that carbon materials, irrespective of structure and 

properties, behave in a similar manner. Flexible and solid carbon materials exhibit similar levels 

of biocompatibility with biological media [14]. 

Researchers have previously shown that amorphous carbon (a-C) films are biologically 

inert and display no toxic reactions [15,16]. Both short- and medium-term studies were used to 

assess the cytotoxicity of a-C films; enhanced cellular adhesion and proliferation/viability were 

observed on the a-C films, indicating the biocompatibility of these materials [17]. Studies have 

shown nanodiamonds exhibit antimicrobial properties. A study [19] was performed to assess the 

interaction of partially oxidized monocrystalline nanodiamonds with gram-positive 

Staphylococcus aureus ATCC 12600 and gram-negative Escherichia coli ATCC 8739; it showed 

that the presence of the nanodiamonds leads to a sharp reduction in the colony-forming ability of 

the organisms. Biocompatibility studies performed on graphite showed excellent chemical 

stability; minimal tissue response was reported following 1 and 2 years of implantation [20].  

4.6. Graphene  

Graphene was first synthesized from graphite by the ingenious use of scotch tape to induce 

micromechanical cleavage in graphite by Novoselov, Geim, and co-workers [21]. The term 

graphene refers to monolayer graphite, and sometimes bilayer graphite [20]. The structure of 

graphene consists of an sp2 packed sheet of carbon atoms in a honeycomb crystal lattice with 

thickness in the range of 0.35 nm to 1 nm [23]. The physical importance of the 2D structure of 

graphene can be understood from the fact that 0 D fullerenes, 1D carbon-nanotubes, and 3D 

graphite are all related to it [24]. The carbon atom in graphene is bonded to three other carbon 

atoms; however, the valency of carbon is four; hence, one of the electrons is free to move around 

in the sheet, leading to an exceptionally high carrier concentration in graphene [24]. The synthesis 
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method used to prepare graphene is crucial since the defects in graphene such as corrugations 

(wrinkles, ripples, or crumples), dislocations, adatoms, and Stone-Wales defects [26] determine 

its electrical behavior. 

4.6.1. Graphene in biosensing  

The use of CNTs for biosensing applications was previously a major research focus [27]; 

however, the use of graphene for biosensing applications has been a focus of the research 

community since graphene has been available for experimental studies through the work of 

Novoselov, Geim, and co-workers [28]. Graphene exhibits remarkable properties for biosensor 

applications such as one hundred times higher electron mobility than silicon [28], two times better 

heat conduction than diamond [27], thirteen times better electrical conductivity than copper[28], 

and two hundred times higher strength than steel. Generally, graphene-based biosensors rely on an 

electrochemical detection approach [29]. The four necessary components of the biosensor are the 

analyte, sensing element, signal transducer, and signal output device. Graphene specifically acts 

as a transducer in the biosensor. It converts the interaction between the receptor and target 

molecules into a detectable signal. Unmodified graphene lacks functional groups and therefore is 

not suitable for electrochemical applications. Therefore, it is necessary to modify it for use in 

electrochemical biosensing. Graphene possesses a high surface area, which is an ideal structure 

for the attachment of a variety of biological components such as antibodies, enzymes, DNA, cells, 

and proteins [27].   

Carboxylic and hydroxyl groups can be added covalently to the surface of graphene by 

treatment with oxidants and strong acids. These functional groups on the surface of graphene 

facilitate the attachment of molecules such as carbohydrates, DNA, proteins, aptamers, and 

polymers. The highly negative charge of graphene and its derivatives facilitates the electrostatic 
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absorption of positively charged molecules. Other noncovalent interactions such as π-π stacking, 

van der Waals interactions, and hydrophobic interactions contribute to the process of physical 

absorption. DNA and aptamers are biomolecules that can easily be attached to graphene using this 

approach. Limited progress has been achieved so far in terms of graphene-based devices, 

particularly transistors, due to the inability to achieve wafer-scale fabrication of graphene and 

graphene with zero-band gap [28]. 

4.6.1.1. Graphene oxide 

GO has oxygen-containing functional groups, which make it possible to disperse GO in 

organic and aqueous solvents. This capability allows graphene to be combined with other 

compounds such as polymers and ceramics [30]. The major drawback of graphene oxide and doped 

graphene is reduced electron mobility due to significant electron scattering. To restore the 

electrical conductivity of these materials, it is essential to recover the hexagonal honeycomb lattice 

of graphene again by reduction of GO to rGO. Graphene oxide demonstrates characteristic Raman 

peaks at 1340 cm-1 and 1540 cm-1. In the context of graphene oxide production from diamond-like 

carbon (DLC) films by pulsed laser annealing, the annealing atmosphere plays a critical role. 

Annealing in an ambient atmosphere produces graphene oxide with an oxygen content that varies 

based on the number of laser pulses.  A recent study [31] has shown that the electron mobility of 

graphene oxide synthesized by PLA can be brought up from 26 cm2/V-s to >210 cm2/V-s by 

increasing the melt lifetime. In terms of biomedical applications, In this study, researchers checked 

the applicability of a multiplexed fluorescence energy transfer (FRET) aptasensor with 

magnetically controlled graphene oxide/Fe3O4 acting as energy acceptors. The detection of 

mycotoxins was successfully realized in peanut samples, indicating the successful application of 

this new FRET system for various future targets [32]. 
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4.6.2.2. Graphene quantum dot (GQD) 

In an idealized scenario, graphene with infinite length would exhibit zero bandgap value 

[33]. However, the bandgap can increase with reduced size. In general, any graphene confined 

within a diameter of less than 100 nm is considered as a graphene quantum dot. A quantum dot is 

defined as a particle that exhibits quantum confinement in all the 3 dimensions [34]. So, graphene 

quantum dot is a quantum dot with hexagonal crystalline arrangement. However, when the particle 

is completely amorphous carbon then it is referred to as a carbon dot. All these differences are 

made clear in Fig. 4.2 Ye et.al [35] discovered that the bandgap of GQD is a function of quantum 

dot size; their findings suggest a bandgap of 2.05 eV at 70 nm and 2.4 eV at ~4-5 nm. In short, 

The GQDs emit light from blue-green (2.9 eV) to orange-red (2.05 eV), depending on size, 

functionalities, and defects. These findings open up the large scale production of GQD with the 

desired bandgap. Various studies have focused on developing safe and straightforward “one-pot” 

synthesis methods, utilizing a few simple precursor molecules and readily available equipment 

such as a household microwave. These accomplishments present GQDs as accessible and suitable 

systems for applications in nanomedicine. Recently, Qian et.al [36] utilized carbon dots as nano-

donors for aptasensing.  

4.6.2.3. Graphene nanoribbons (GNR) 

GNR are one-dimensional lengthened graphene strips characterized by a high length to 

width ratio. In general, GNRs exhibit widths less than 50 nm. To open the bandgap, various 

approaches have been tried by the researchers. Substrate-induced bandgap opening was the first 

demonstrated method to open graphene’s bandgap. The formation of graphene nano-ribbons opens 

the bandgap without reducing carrier mobility.  GNRs are divided into two categories based on 

their end pattern, armchair configuration (AGNR), and zigzag configuration (ZGNR) depicted in 



  76 

 

Fig. 4.3. AGNRs electrical behavior resembles that of a semiconductor and their bandgap can be 

decreased by increasing ribbon width [37,38]. However, controlled synthesis of GNRs in large 

quantities with narrow length and width distribution is challenging at the moment [39]. As the 

discovery of GNRs is relatively new its long-term impact on the environment and human health is 

still unclear. The toxicity of GNRs is poorly studied. The toxicity of GNRs can be altered by 

surface functionalization. Graphene-oxide nanoribbons (GONRs), the oxygenated derivative of 

GNRs, offer more possibilities in biomedicine due to their amphiphilic nature. The surface 

functionalization of GNR is described in detail in reference [40]. 

4.7. Diamond 

Anchoring of proteins, cells, or DNA on the surface of diamond coatings may facilitate the 

use of these materials as bio-interfaces and in biosensors [41].  It is the only material that is 

compatible with the processes applied in micro-electronics that does not show any degradation in 

electrolytes, even at reasonably high potentials. Since the free energy of the formation of 

fullerenes, carbon nanotubes, and diamond differ only by 1-3 kilocalories as compared to 

graphene, the formation of these materials is dominated by the kinetic aspects [42]. Various forms 

of diamond are discussed in the following sections. 

4.7.1. NV center nanodiamond  

The crystal structure of the diamond is depicted in Fig 4.4(a). The number of atoms in the 

diamond cubic lattice is eight. A nitrogen-vacancy (NV) center is a point defect with C3v symmetry 

(120o symmetrical rotation along with the N and V bond axis), consisting of a substitutional 

nitrogen atom and vacancy pair along <111> directions [43] as shown in Fig 4.4(b). As soon as 

the substitutional N atom couples with a vacancy, three electrons of the N atom link with the three 

neighboring C atoms to form covalent bonds; the remaining two electrons form a lone pair. The 
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NV center has a general tendency to trap an additional electron from the negatively charged center, 

which is denoted as NV (−). It is a six‐electron system: 1 e− from each of the three carbons, two e− 

from N, and one e− associated with the vacancy.  

The electron spins in N-V center diamonds can be observed by photons emitted from 

microwave and laser irradiation. These centers can be driven thermally, electronically, and 

photonically. NV center-based sensors is may allow highly sensitive sensing with nanometer-scale 

resolution. Although imaging of single-cell activity remains a challenging endeavor, this 

technology can be used for electromagnetic measurements in brain slices or cardiac tissues [44]. 

Synthesis: CVD, ion implantation, and PLA 

The application of color centers in diamond relies on progress in quality control of the 

diamond material and the ability to precisely generate defects. There are various approaches to 

synthesize NV center diamond; the most practical and well-known approach, ion implantation, 

suffers from the limitation of the high thermal budget during annealing. In addition, many Frenkel 

pairs are generated during ion implantation; being a quasi-equilibrium technique, the number of 

nitrogen atoms that can be doped is limited by thermodynamic solubility limit. Since nitrogen 

doping in CVD is controlled by the thermodynamic solubility limit, the number density of NV 

centers per unit volume is quite limited. The technique of pulsed laser annealing seems most 

promising as a higher number of nitrogen atoms can be doped in the diamond. This technique also 

seems to be scalable as the quenching rate can be controlled. However, limited research has been 

carried out on the processing of diamond using this approach. 

4.7.2. Ultra-nanocrystalline diamond (UNCD) and diamond-like carbon 

In contrast to polycrystalline diamond films, which are grown in an H-rich environment, 

UNCD is synthesized in an argon-rich atmosphere. This atmosphere leads to continuous re-
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nucleation during synthesis, resulting in the formation of small grains. UNCD films exhibit less 

optical transparency compared to NCD. Additionally, UNCD shows metallic conductivity that is 

governed by the grain boundaries at the surface. The above-discussed properties of UNCD could 

create some difficulties for use in biosensor applications [45,46]. UNCD exhibits a stable 

biological surface such that surface biomolecules remain active for over six months at refrigeration 

temperature or over two weeks at body temperature. Additionally, UNCD exhibits low fouling, 

high selectivity, and the capability of being reused multiple times [47].    

Amorphous carbon films do not possess long-range order. These materials contain a 

mixture of sp3- and sp2-hybridized carbon atoms. The properties of these films are intermediate 

between those of graphite and diamond. The term ‘‘diamond-like’’ is also used for some 

amorphous carbon films, which signifies that the chemical and mechanical properties of this 

material are similar to those of diamond. DLC exhibits atomic number densities greater than 3.19 

g atom/cm3; in comparison, graphite exhibits a density of 2.26 g/cm3[48]. DLC is considered a 

promising electrode material due to its remarkable corrosion resistance, a wide potential window, 

and low background current. DLC electrodes with a significant sp2 content are useful for 

electrochemical reactions; the oxide formed on the surface of the DLC film is useful for the 

immobilization of biological species at an electrode surface through the covalent coupling. 

Significant numbers of sp2 bonding sites on the DLC surfaces are necessary for biological species 

immobilization since surface sp2-bonded carbon readily reacts with oxygen; surface sp3-bonded 

carbon does not. Desirable film properties for biosensing can be obtained by optimizing DLC 

deposition process parameters; for example, the use of DLC films for glucose sensing has been 

demonstrated [49]. 
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4.8. Carbon nanotube  

CNTs were rediscovered and brought into limelight by S. Iijima in 1991 [50]. A single-

walled carbon nanotube (SWCNT) has a single layer of carbon atoms. Carbon nanotubes have 

high stiffness, strength, and exceptional electrical and thermal conductivities [51,52]. CNTs 

conduct electricity ~100 times greater than carbon. CNTs show special photoluminescence in the 

near-infrared region making them useful candidates for biological sensing. The conductivity of 

CNT depends on its structure. The armchair configuration exhibits metallic conductivity and the 

zigzag exhibits semiconducting behavior. Semiconducting SWCNT has a small bandgap (<1eV). 

The thickness of CNT also controls key material properties [52,53]. CNTs have high surface 

energy and hydrophobicity. Hence, the functionalization of CNTs is crucial for utilizing them in 

biomedical applications. Either it can be functionalized covalently or non-covalently. However, 

covalent functionalization doesn’t assure structural homogeneity [54].  

4.9. Various types of biosensors 

4.9.1. Electrochemical biosensors  

The integration of carbon-based nanomaterials with various bio recognition elements, such 

as enzymes, antibodies, and nucleic acids in electrochemical sensors has been very successful for 

environmental, biomedical, and food applications [55-58]. The advantage of carbon-based 

nanomaterials over glassy carbon electrodes [59] is the ability of these materials to be incorporated 

as printed electrodes on various substrates such as textiles, tattoos [60], and polyethylene 

terephthalate (PET) [61]. Carbon-based materials have been utilized to detect nerve agents [62], 

glucose [63], drugs [64],  and L-dopa (for Parkinson’s disease management) [65]. Carbon materials 

(e.g., formulations using graphite and mineral oil, CNT, and graphene) are employed in various 

compositions within biofuel cell-based self-powered sensors, self-healing sensors [66], and 
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wearable sensors [67]. These novel sensing materials may also allow sensors to be flexible and 

stretchable. Qian et.al [68] demonstrated the utility of polyoxometalate coated magnetic 

Fe3O4/reduced graphene oxide (POM@mrGO) composite in detecting Nicotinamide adenine 

dinucleotide (NADH). Excellent performance of the electrochemiluminescence biosensor has been 

achieved including a wide linear range extended from 5x10-9M to 5x10-4M and an extremely low 

detection limit of 0.4 nM. 

4.9.2. Field-effect transistor (FET) based sensors 

A field-effect transistor (FET) based biosensor is gated by changes in the surface potential 

that are induced by the binding of molecules. Recently, FET based antibody-based biosensor was 

proposed for the detection of the COVID-19 virus in human nasopharyngeal swabs. The biosensor 

was developed through a coating of graphene with a specific antibody against SARS-CoV-2 spike 

protein and obtained an impressive detection level of 1.6 × 101 pfu/mL [69]. A straightforward and 

sensitive method was described for glucose sensing with a CNT-based FET biosensor. The CNT 

network was formed with functional connectivity among CNTs, which subsequently increased 

electron transfer within the network. The enzyme was coupled with the CNTs to create effective 

and sensitive CNT networks as the FET channel. The enzyme-substrate interaction rivals the gate 

potential of the FET channel and the electronic response of the sensor was recorded in real-time 

with a detection limit of 0.01 mM [70]. 

High concentrations of reactive oxygen species (ROS) may harm various biological 

molecules through oxidative stress; these molecules play significant roles in the pathogenesis of 

several medical disorders. FET based sensors are being employed to detect ROS (e.g., hydrogen 

peroxide) levels using cytochrome C (Cyt C)-integrated graphene-based sensors. A Cyt C and 
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graphene-based FET sensor was proposed, which enabled high-efficiency charge transfer between 

the redox center of Cyt c and the graphene interface [71]. 

4.9.3. Optical biosensors  

Carbon nanomaterials are being used in biosensors either independently or in an integrated 

manner on the transducer surface. A chemiluminescence-based biosensor was demonstrated for 

the detection of lysozyme on an aptamers/DNAzyme-graphene quantum dots-carbon fiber 

composite. Human urine samples were used as a matrix to detect lysozyme concentrations [72]. In 

another study, a fluorescence aptasensor was used for the detection of the recombinant protective 

antigen domain 4 of Bacillus anthracis, which is associated with anthrax disease. For this aptamer-

based sensor design, the aptamer was tagged with Gel Green and coupled with carbon nanotubes. 

On adsorption of the labeled aptamer on the carbon nanotube, the fluorescence intensity was 

quenched. This phenomenon was used to detect antigen domain 4 with a sensitivity of 20 ng/ml 

[73]. Detection of the dengue virus using optical biosensors containing cadmium sulfide quantum 

dots and amine-functionalized graphene oxide was also demonstrated. Antibodies were used to 

detect the target E protein of the dengue virus with a detection level of 1 pM [74]. 

4.9.4. Thermal and piezoelectric biosensors 

Thermal (calorimetric) biosensors measure the heat energy released or absorbed in a 

biochemical reaction. The total heat evolution or absorption is proportional to both the molar 

enthalpy and the number of mole- cules generated by the biochemical reaction [75]. In contrast, a 

piezoelectric biosensor is a device that uses the piezoelectric effect to measure changes in pressure, 

acceleration, temperature, strain, or force by converting mechanical strain to an electrical charge 

[76]. Piezoelectric sensors can be used for various analytes such as toxins, antibiotics, and other 

biologically relevant agents [77]. 
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4.10. Conclusions and future perspectives 

The unusual optical, bioelectrochemical, and electrical properties of carbon-based 

materials make them attractive for biosensing. Moreover, these materials exhibit versatile 

properties related to their surface, shape, and size. The inorganic semiconducting properties and 

organic π–π stacking characteristics of carbon-based nanomaterials also have potential use in 

biosensing.  Carbon nanomaterials are being deployed for biomedical applications, security and 

food analysis, and drug delivery applications. Current efforts involve utilizing these materials for 

e-skin, wearable sensing, point of need devices, and other biosensing applications. Glassy carbon 

electrodes are widely used for biosensor applications [59]. These materials are compact, stable, 

and capable of providing a low background current over a wide potential range. Newly formulated 

carbon materials such as carbon nanotubes, graphene oxide, fullerenes, graphene-based quantum 

dots, and graphite have been used for sensor applications due to their exceptional structural, 

electrical, and mechanical properties with the added advantages of high strength and flexibility 

[78]. Graphene is considered an attractive transducer material since straightforward approaches 

may be used to impart functional groups to the surface of graphene for selective and specific 

detection of biological species. Graphene-based quantum dots exhibit superior biocompatibility 

and resistance to photo-bleaching compared to other fluorescent dye or semiconductor quantum 

dots; moreover, these materials exhibit large relative surface area values and good conductivity. 

CNTs provide good conductivity and large relative surface area values as well as straightforward 

integration to biological species [79].   

Though carbon nanomaterials are ideal for biosensing applications the hurdles in the 

fabrication of NDs, rGO, GNRs, CNTs still exist. Most of the fabrication methods require multiple 

steps majorly the later steps are for purification. Although some processing methods exist for 
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purification of these nanomaterials after their fabrication this adds up to the cost of processing 

making the current processes unattractive. The NDs generated by the HPHT method exhibit a core-

shell structure where the outer shell is graphitic; contaminated by metallic impurities and exhibits 

random out of plane orientation. Therefore, the ND synthesized by the HPHT method is made to 

undergo an additional chemical treatment to get rid of the graphitic shell. However, the ND film 

fabricated by PLA does not contain unwanted metallic impurities and the outer graphic coating 

can be avoided with control on out of plane orientation ideal for biomedical and quantum 

computing applications. Similarly, It is very difficult to control the size of CNTs and difficult to 

make high purity and cost-efficient. After recent discovery of graphene, a lot of research is 

underway to study GQDs and GNRs. There still don’t exist accurate characterization techniques 

for GQDs leading to discrepancies in physicochemical and optical properties reported by 

researchers more detailed effort to understand the unique properties of GQDs will lead to the 

development of medical applications for these materials [33]. After this bottlenecks are taken care 

of the possibility for growth of biosensor applications is boundless. 
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4.11. Figures 

 

Figure 4.1 Schematic representation of a biosensor device, which illustrates various biosensor 

components (Adapted from [80]). 
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Figure 4.2 Schematic of structural differences between graphene, GO, GQD and carbon quantum 

dots (Adapted from [33]). 

 

 

Figure 4.3 Structure of AGNR and ZGNR configuration in GNRs (Adapted from [37]). 
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Figure 4.4 Structure of (a) diamond cubic lattice and (b) N-V center diamond. 
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5. Experimental techniques 

5.1 Polishing and cleaning 

The metallic austenitic stainless steel 304, 316 substrates were hand polished on the 

Kempad lapping disc (Allied High Tech Products). In order to start polishing, the disc was sprayed 

with a single grade of diamond in water colloidal suspension in order of 9 μm, 6 μm, 3 μm, and 

1 μm. After polishing at each grade, the samples were washed with deionized water and cleaned 

with acetone and methanol before switching to a finer grade on a new lapping disc. The silicon 

and Al2O3 substrates used in this work were pre-polished on one side. All the polished samples 

(SS 304, 316, Silicon, sapphire) were cleaned using acetone to remove the polar contaminants such 

as grease and later with methanol to remove acetone. The cleaning was carried out in an ultrasonic 

cleaning bath for 10 min at room temperature. After polishing and cleaning, the samples were 

handled with nonmagnetic tweezers manufactured by DuPont. For etching of SiO2 oxide top layer 

on Si substrates, the Si substrates were dipped in 99.9% pure HF acid using a plastic tweezer for 

30 sec.  

5.1.1. Reactive ion etch 

The RIE equipment consists of a vacuum chamber equipped with two electrodes to 

generate an electric field, to accelerate the reactive ions of interest toward the substrate surface. 

The energetic ions bombard the surface of the substrate resulting in surface etching. The most 

commonly used gases are oxygen, Ar, and CHF. RIE is used to etch a wide variety of materials 

such as polymers, metals, and silicon-based materials.  The RF power, pressure, and gas flow rates 

are the variables that can be altered to achieve suitable etching rates. In this thesis, RIE was utilized 

to modify polymer surface with reactive fluorine ions.  
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5.2 Thin film preparation 

5.2.1. Equilibrium techniques 

a) Chemical vapor deposition (CVD): In the semiconductor fabrication industry, CVD is 

the preferred method for deposition of dielectric films, polysilicon, and metal thin films.  The main 

advantage of CVD is its ability to produce thin films with conformal and step coverage. Notably, 

most of the CVD processes can operate under low vacuum conditions as compared to other 

pressure vapor deposition (PVD) methods. In brief, CVD involves precursor gases flown into the 

chamber and chemical reactions take place near the substrate surface which is at a high temperature 

(thermal CVD). The chemical reactions lead to the formation of desired products and some 

byproducts which can be expelled out of the chamber. Usually, deposition of DLC or diamond thin 

films necessitates a need for a non-equilibrium component.  

5.2.2. Non-equilibrium components/techniques 

a) Hot Filament: The hot filament when used with CVD, the system is referred to as hot 

filament chemical vapor deposition (HFCVD). The filaments are generally fabricated with high 

melting point metals like Tungsten, Tantalum, or Rhenium. They generally are utilized to 

dissociate the gas molecules.  

b) Plasma: Plasma can be defined as a mixture of negatively and positively charged ions, 

electrons along with the presence of metastable and neutral atoms obtained by ionizing the gas 

under high voltage and temperature.  The schematic of a PECVD reactor for deposition of Si-DLC 

film is shown in Fig. 5.1. 

c) Pulsed laser annealing (PLA): The technique of excimer laser annealing originated 

specifically for annealing out the ion implantation damage in semiconductor processing. Ion 

implantation for p-n junction formation generates defects and an amorphous surface layer. 
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Interestingly, the time required to anneal out defect clusters drops as the temperature rises and 

reaches microseconds at 1000oC making nanosecond excimer laser annealing the perfect method 

for defect annealing. PLA involves adiabatic heat flow i.e. there is not enough time for absorbed 

energy to leave the energy absorption region during the heating pulse. The laser provides localized 

heating around the scanning beam.  During PLA of a thin film mounted on a substrate, the 

conductive heat dissipation through the lower temperature substrate is several orders of magnitude 

faster than radiation heat loss or convection cooling through surfaces. The use of high energy 

density can also induce melting in silicon. Melting is advantageous because the liquid-phase 

dopant diffusivities are typically much higher in the liquid phase as compared to the solid phase. 

As a result, dopants diffuse and distribute uniformly even within the nanosecond time frame. This 

approach, therefore, offers enhanced possibilities for abrupt, box-like dopant profiles that are 

beneficial for device behavior. During the subsequent epitaxial crystal regrowth, dopants become 

activated by entering into substitutional lattice sites. In a nutshell, laser thermal processing 

enhances dopant solubility without significant diffusion. The schematic of in tandem PLD and 

PLA system is shown in Fig. 5.2. 

d) Pulsed laser deposition (PLD): Pulsed laser deposition is a non-equilibrium technique 

of thin film deposition. The irradiated target atoms possess an energy of around 20 eV which is ~ 

(1000)*KbT. Most of the energy is absorbed near the target surface (10-20 nm) and the exact value 

depends on the laser utilized. The two most commonly used excimer lasers are the ArF and KrF 

lasers.  The stoichiometry of the compound is preserved during deposition. Hence, this technique 

is ideal for depositing superconducting oxides such as YBCO3. The rate of deposition of thin-film 

during PLD is 4-5 ms-1. By the law of conservation of energy, the energy from the laser pulse 

utilized in PLD is divided into 4 distinct components. First is the heat of sublimation of the target 

https://www.sciencedirect.com/topics/physics-and-astronomy/diffusivity
https://www.sciencedirect.com/topics/materials-science/doping-additives
https://www.sciencedirect.com/topics/engineering/nanosecond-time
https://www.sciencedirect.com/topics/engineering/lattice-site


  100 

 

material, the kinetic energy of the evaporants, Radiation loss, and the heat conduction loss. The 

utilization of pulsed laser minimizes the conduction losses which are significantly high in 

continuous wave lasers [1].  

5.3. Optical microscopy 

The initial investigation of carbon nanostructures after laser irradiation was carried out with 

optical microscopy. The current state-of-the-art optical microscopes are capable of reaching 1500x 

magnification. Interestingly, microdiamonds fabricated with HFCVD, and nanodiamonds with 

PLA appeared as tiny blackish spots when imaged under dark-field imaging mode.  

5.4. Scanning electron Microscopy (SEM), and Electron backscattered diffraction (EBSD) 

The resolution of optical microscopy is limited to 1 µm as the resolution limit of an 

instrument is proportional to the wavelength of light used.  The smaller the wavelength used the 

better the resolution. Electrons accelerated with a high voltage in Vacuum generate a very tiny 

wavelength < 10 pm. Hence, the resolution of high-end SEM systems can reach as low as 0.5 nm. 

This resolution is ideal to image surface features of carbon nanomaterials like graphene, nano-

diamonds, and Q-carbon. In the case of insulating samples, charging is a major issue for obtaining 

high-quality imaging. The insulating substrates such as sapphire, polyethylene, and 

polytetrafluoroethylene possess low electrical conductivity and are prone to charging. The effect 

of charging can be minimized by applying a bias voltage, use of conductive carbon or copper tape 

on the edges of the sample to form a conducting path for electrons, tilting the sample. Tilting the 

sample is also useful to get an insight into the rod-like nanodiamond growth. The secondary 

electron mode is ideal for obtaining surface morphology. The mathematical concept of the Hough 

transform has revolutionized the process of automatic Kikuchi band identification by accelerating 

the band detections. Notably, the high resolution (1-3nm) of EBSD makes it the most appropriate 
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technique for nanodiamond identification. The general information about the EBSD setup 

integrated with SEM can be found elsewhere. The sample has to be tilted at a 70o angle with the 

horizontal so that detector can receive the signals.  

5.5. Raman spectroscopy 

The principle of Raman spectroscopy was discovered by Sir C. V Raman in 1928 [2].  The 

instrument utilized for Raman spectroscopy consists of a monochromatic laser excitation source, 

different sized gratings, filters, and a detector for measuring the wavelength of scattered light. The 

laser of a characteristic wavelength having energy Eo is incident on a sample consisting of various 

molecules. Three possibilities arise after the laser hits the molecule. Its energy remains the same 

after scattering (E=Eo) termed as Rayleigh scattered light.  Alternatively, the energy either 

increases (E>Eo) or decreases (E<Eo) termed as Raman scattered light. The Raman scattered light 

constitutes only 10-8 times the overall scattered light. This technique has gained popularity with 

nanomaterial structure characterization due to its ability to provide results without contact. This 

technique is non-destructive, rapid, and capable of providing 2D spatial maps. Notably, The 

material quality, size, stress, number of layers in 2D materials can be gauged by characteristic peak 

shifts and occurrence of new peaks. Reportedly, the height of the peak corresponds to 

concentration, peak width to the crystallinity of the material. The ability to decipher the sp2/sp3 

content of carbon materials by utilizing different laser source wavelengths has brought this 

technique to the forefront for carbon nanomaterials characterization.  Carbon nanomaterials exhibit 

well-known Raman signature peaks. Stress free microdiamond exhibits a T2g peak at around 1332 

cm-1 there is a significant downshift in this peak in nanodiamonds due to phonon confinement 

effects. Defect-free graphene and Graphite exhibit a sharp G peak at ~1570 cm-1 with the presence 
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of weak or no D peak [3]. At higher wavenumbers, Graphene exhibits a 2D peak at 2740 cm-1, 

D+G peak at 2940 cm-1, D+D’, and 2D’ breathing modes [4]. 

5.6. X-ray Diffraction (XRD) 

The out of plane orientation of crystalline carbon materials can be found out out using 

XRD. This technique utilizes the constructive interference occurring at specific crystallographic 

planes depending on the crystal structure.  

Bragg’s law is given by 

2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝑛𝜆 (5.1) 

The structure factor for diamond cubic lattice is given by: 

SDCC = SFCC*[1+exp {(iπ)*(
ℎ+𝑘+𝑙

2
)}] 

SDCC will be zero if 
ℎ+𝑘+𝑙

2
 is odd i.e. h+k+l=2*odd integer. 

Hence, planes like (200), (222) are not observed in the XRD of the diamond. 

Notably, (200) plane can be observed in electron diffraction of the diamond as it arises from double 

diffraction of (11̅1) and (111̅) planes. 

The structure factor for hcp crystal is given by: 

SHCP = S*[1+exp {(iπ)*(
(ℎ+2𝑘+𝑙)

3/2
)}] 

For simplicity, we will consider the square of the structure factor as it corresponds to observed 

intensity in the XRD pattern. 

S2
HCP = 4S2*[cos(𝜋 ∗ (

ℎ+2𝑘

3
+
𝑙

2
))2] 

The intensity in XRD will be zero if ℎ + 2𝑘 = 3 ∗ 𝑖𝑛𝑡𝑒𝑔𝑒𝑟, and  𝑙 is odd 

Hence, planes such as (001), (111) are absent from the hcp XRD pattern. 
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5.7. X-ray photoelectron spectroscopy (XPS) 

This technique gives the chemical composition of the top 5-10 nm surface layer. This 

technique makes use of the photoelectric effect. The electrons present within the sample are struck 

by photons of a particular energy. The kinetic energy of photons needed to remove the electrons 

from the material also termed as binding energy gives information on the electronic states of atoms 

and molecules present on the surface of the sample.  XPS is an ideal technique to quantify the 

sp2/sp3 ratio of carbon thin films. 

5.8. Electron energy loss spectroscopy (EELS) 

The electrons are made to pass through a thin sample. The interaction of electrons in atoms 

results in either elastic or inelastic scattering. In case of inelastic scattering, the energy lost by the 

electron is results in the excitation of tightly bound core electrons in the sample.  These excited 

electrons can occupy the empty states above the fermi level. The sudden turn on of the scattering 

makes it possible to detect the atom type and electronic states with EELS. It can give the oxidation 

state of an atom, ratio of elements present, sp2/sp3 ratio of carbon materials.  The basic peaks in 

EELS are the zero-loss peak (ZLP), Plasmon peaks, and ionization edges. The ZLP represents the 

electrons which haven’t undergone the inelastic scattering thus the width of ZLP gives an estimate 

of the energy distribution of the electron source.  The FWHM of ZLP is typically between 0.2-2 

eV but can be as low as 10 meV in case of EELS with a monochromator [1].  The thickness of the 

sample can be calculated by taking the ratio of zero loss peaks (ZLP) to the residual energy loss.  

5.9. Contact angle testing  

The contact angle is an important property used to get an estimate of solid and liquid 

surface energies.  The angle measured between the surface of the liquid with the outline of the 

contact surface is the characteristic contact angle for the given solid-liquid system. If the contact 
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angle value is less than 90o, then the surface can be termed as hydrophilic and when it’s greater 

than 90 it is termed as hydrophobic. Hydrophilic surfaces are considered wettable.  

cos 𝜃 =
𝛾𝑠𝑣 − 𝛾𝑙𝑠
𝛾𝑙𝑣

 
(5.2) 

The surface is hydrophilic if γsv > γls (high surface-energy solid (such as a metal), or a low surface-

tension liquid). The surface is hydrophobic if γsv < γls (low surface-energy solid, or a high surface-

tension liquid) 

5.10. Hall Effect 

When an electric current flows through a material, the electrons move along a straight line. 

However, when the material is placed in a magnetic field, a force acts on the electrons. This causes 

the electrons to deviate from their straight-line path and bend. With more electrons on one side 

than the other, there will be a difference in potential between the two sides. The magnitude of this 

voltage is directly proportional to the strength of applied electric currents and magnetic fields.  The 

Hall voltage induced is given by: 

𝑉𝐻 =
𝐵𝐼

𝑛𝑒𝑡
 

(5.3) 

Where, 𝑉𝐻 is the hall voltage, 𝐵 is the applied magnetic field, I is the electric current (𝐼), 𝑒 is the 

electron charge, and 𝑡 is the conductors’ thickness. 

The charge carrier mobility is given by: 

 𝜇 =
𝜎

𝑛𝑒
 (5.4) 

Where 𝜇 represents charge carrier mobility, 𝜎 is the electrical conductivity, and 𝑛 is the 

carrier density. The schematic of Hall Effect working principle is depicted in Fig. 5.3. 
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5.11. Ultraviolet–visible spectroscopy (UV-vis) 

The light that passes through the material (I) is the difference between the incident (Io) and the 

reflected radiation. The transmission can be calculated using: 

T=
𝐼

𝐼𝑜
  (5.5) 

UV-vis can be employed to get a variety of information from solid as well as liquid samples. For 

solid amorphous carbon thin films, the bandgap can be computed using UV-vis absorbance plot. 

The Tauc plot is a plot of (αhυ)1/n on the y-axis and the photon energy (hυ) on the x-axis. where a: 

is the optical absorption coefficient, which can be calculated from absorbance (A=1-T), and 

thickness of the sample (t) using: (a=2.303A/t); and (hυ) can be calculated form wavelength using: 

(hv = 1240/wavelength); The power factor (n) takes the values of (0.5, 2, 1.5, and 3) for allowed 

direct, allowed indirect, forbidden direct and forbidden indirect transitions. Extrapolating the 

straight line portion of the curve on the x-axis, gives the energy band gap value.  

5.12. Electrical measurements 

The sheet resistivity of the thin film is computed using 4-probe setup using kelvin sensing 

as shown in Fig. 5.4. The voltage is applied in between two terminals and current is measured 

between the outer 2 terminals. The sheet resistivity is a critical parameter to compare the 

crystallinity of 2D materials like graphene. The sheet resistivity is denoted by Rs with units of Ω 

□-1. 

Sheet resistivity=  
𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑟𝑒𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦

𝑓𝑖𝑙𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
 (5.6) 

The specific resistivity derived from this formula can be cross-verified with resistivity obtained 

from Hall Effect measurements. To further access the electrical stability of carbon thin films on 

flexible substrates the coated flexible substrates were connected with crocodile clips. The crocodile 
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clips were connected to keithley power source. The I-V measurements were performed using a 

custom-made software installed on the computer connected to keithley using GPIB cable.  

5.13. Nano scratch testing 

The adhesion of thin film on the flexible polymeric substrate is a topic of significant 

interest. Various methods such as scotch tape test and nano/micro scratch tests are commonly used 

for qualitative, and quantitative descriptions of adhesion. Nanoindentation and scratch are 

complementary tests for a coated material, but one cannot replace the other. Nanoindentation does 

not provide the coating adhesion data directly. It can be used to get data of other properties such 

as hardness, modulus, viscoelastic properties (creep, storage, and loss moduli), stress, fracture 

toughness, etc. These properties affect how well a coating might adhere, but none of them measure 

coating adhesion. Scratch testing can measure coating adhesion based on a critical load, or a 

normal force at which the coating begins to fail. These critical loads are based on established 

coating failure tables as established by ASTM C-1624 standard and complemented with the 

manufacturer or user's judgment on what is acceptable wear for their application. The current 

advancement in instrumentation for scratch testing makes it possible to have precise control over 

the testing parameters and achieve very reproducible results. Micro scratch testing is the most 

commonly employed technique in the industry however if higher resolution of forces and other 

signals is required nano-scratch is preferred. Notably, one of the disadvantages of scratch testing 

is the tip size dependency of the critical loads. The dependency can be minimized by moving away 

from critical loads and towards lower shear stress values.  Nano scratch testing has also been used 

for the measurement of adhesion and scratch-resistance of metallic layers deposited on printed 

(organic) layer on flexible polymer substrates [5]. 
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5.14. Laser solid melt simulations 

The simulations were performed using the simulation of laser interaction with materials 

software developed by Singh and Narayan [1].  This program makes use of finite element 

modelling and energy conservation principle.  

The velocity of melting also termed as melt-in velocity can be computed using: 

V=
∆𝑇𝐾1

𝐿∆𝑥
 (5.7) 

Where, L is the latent heat in Jcm-3, 𝐾1 is thermal conductivity at the liquid interface 

The melt depth can be compute using: 

Δx=M*(E-Eth) (5.8) 

Where, M is a constant. Interestingly, the regrowth velocity also termed as solidification velocity 

can be differentiating the melt depth with respect to time after the pulse termination. The regrowth 

velocity can also be computed using the classical thermodynamic equation described by Narayan 

et. al [6]. 

V ~ 
𝐷𝛼𝑓

𝜆𝑓𝐷
(1 − exp (

−Δ𝐺𝑇

𝐾𝐵𝑇
) (5.9) 

Where, Δ𝐺𝑇=𝑇𝑢Δ𝑆𝑢 − 𝑇𝑚Δ𝑆𝑚 
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5.15. Figures 

 

Figure 5.1 Schematic of PECVD system designed for deposition of Si containing DLC films.  
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Figure 5.2 Schematic demonstrating the PLD and PLA technique for synthesis and subsequent 

laser irradiation of a-C thin films. 

 

Figure 5.3 Schematic demonstrating the PLD and PLA technique for synthesis and subsequent 

laser irradiation of a-C thin films. 
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Figure 5.4 Schematic of Kelvin four terminal measurement of resistance. Current is supplied via 

force connections 1 and 4. 

 

 

 

 

 

 

 

 

 

 

 



  111 

 

5.16. References 

[1] R. Singh, J.Narayan, A novel method for simulating laser-solid interactions in 

semiconductors and layered structures, Elsevier. (1989). https://doi.org/10.1016/0921-

5107(89)90014-7 (accessed February 18, 2022). 

[2] History of Raman spectroscopy | Nanophoton, (2004). https://www.nanophoton.net/lecture-

room/raman-spectroscopy/lesson-1-4 (accessed February 7, 2022). 

[3] R.K. Siddarth, M. Manopriya, G. Swathi, G. Vijayvenkataraman, K.R. Aranganayagam, 

One Step Synthesis of Reduced and Moringa oleifera Treated Graphene Oxide: 

Characterization and Antibacterial Studies, (2019) 54–62. https://doi.org/10.1007/978-3-

030-25135-2_6 

[4] A. Eckmann, A. Felten, A. Mishchenko, L. Britnell, R. Krupke, K.S. Novoselov, C. 

Casiraghi, Probing the nature of defects in graphene by Raman spectroscopy, Nano Lett. 12 

(2012) 3925–3930. https://doi.org/10.1021/nl300901a 

 

[5] Applications of scratch testing in polymer industry :: Anton-Paar.com, . https://www.anton-

paar.com/corp-en/services-support/document-finder/application-reports/applications-of-

scratch-testing-in-polymer-industry/ (accessed February 7, 2022). 

 [6]   J. Narayan, Interface structures during solid-phase-epitaxial growth in ion implanted 

semiconductors and a crystallization model, J. Appl. Phys. 53 (1982) 8607–8614. 

https://doi.org/10.1063/1.330457. 

 

 

 

 

 



  112 

 

6. Fabrication of ultrahard Q-carbon nanocoatings on AISI 304 and 316 stainless steels and 

subsequent formation of high-quality diamond films 

Pratik Joshi1, Siddharth Gupta1, Ariful Haque1, and Jagdish Narayan1 

1Department of Materials Science and Engineering, North Carolina State University, Raleigh, 

NC 27695-7907, United States of America 

Keywords: Nonequilibrium; Laser annealing; Stainless steel; CVD; Q-carbon; Diamond. 

6.1. Abstract 

Ideal coatings require three critical elements: hardness, toughness, and adhesion. Coatings 

of diamond related materials are appealing owing to their high hardness but exhibit inadequate 

adhesion and toughness, especially on stainless steel substrates. Q-carbon, a newly discovered 

allotrope of carbon has potential to improve hardness, toughness and adhesion. The Q-carbon is 

formed on melting and quenching from super undercooled melt state. The homogeneous dispersion 

of ultrahard Q-carbon in moderately hard α-carbon matrix results in the formation of Q-carbon 

nanocomposites. By laser annealing amorphous carbon film on finite nanosecond laser pulse above 

melt threshold (Ed) formation of robust Q-carbon was achieved on austenitic stainless steel. 

Maximum melt regrowth velocity of 13 m/s was obtained by Laser solid simulations. 

Subsequently, the Q-carbon was used as seed layer to grow microdiamonds by HFCVD (hot 

filament chemical vapor deposition). The Q-carbon seed layer helped growing better quality 

diamonds (50% less graphitic) with FWHM of 11.5 cm-1 and demonstrated higher nucleation 

density compared to that on amorphous carbon coated and bare 316 SS substrate. Diamonds grown 

on Q-carbon displayed ballas type of microstructure indicative of high toughness. This study on 

Q-carbon coatings provides a new pathway to fabricate ultra-hard carbon-based coatings on 

stainless steel for biomedical and tribocorrosive applications. 
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6.2. Introduction 

Corrosion resistant stainless steels are used in a wide range of applications which include 

chemical, petrochemical, food processing and biomedical industries [1]. The high corrosion 

resistance of stainless steels is due to the presence of protective chromium oxide layer formed on 

stainless steels surface. However, due to the low wear resistance of stainless steels, the 

passivating chromium oxide layer can peel off when stainless steels are subjected to wear [2]. The 

loss of protective layer by wear makes stainless steels susceptible to corrosion and hence hinders 

their use in tribocorrosive applications [3]. To improve the tribological properties of stainless 

steels, the application of coating exhibiting high toughness, adhesion, and hardness is essential. 

Carbon-based coatings, predominantly diamond-like carbon (DLC) and diamond are traditionally 

used to coat stainless steels. The  DLC coatings are not as hard as diamond typically exhibiting 

<50% the hardness of diamond but go down very well because of properties such as low coefficient 

of friction, inert behavior, bio-compatibility, high electrical resistivity, infrared-transparency, high 

refractive index, and smoothness. However, the high residual compressive stress and low bonding 

affinity of DLC films lead to poor adhesion of DLC coatings on steels [4]. Additionally, the DLC 

coatings exhibit lower toughness due to lack of dislocation generation during crack propagation 

[5].  

In the case of biomedical tools fabricated with austenitic stainless steels, one of the major 

concerns is the release of toxic ions such as Fe, Cr, and Ni when stainless steels are subjected to 

pitting and crevice corrosion attacks [6]. Gurappa [7] evaluated the corrosion rate of 316L stainless 

steel in de-aerated Hank’s solution (ideal fluid to simulate fluid body environment) at 37°C to be 

0.17 mils/yr which is ~25 times higher than that observed on Ti–6Al–4V [7]. Diamond coatings 

on biomedical tools fabricated with stainless steels help to prevent the contact of bare steel surface 

https://www.sciencedirect.com/topics/engineering/oxide-layer
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with body fluids thereby protecting stainless steel from corrosion. The corrosion behavior of 

diamond like coatings on steels has been studied extensively [8–11]. Researchers deposited DLC 

films on 316L SS with different deposition methods and studied the effect of corrosion 

mechanisms on these films in Phosphate-buffered saline solution. The best corrosion resistance 

was displayed by the films with good adhesion and lower internal stress [10]. Furthermore, 

addition of Cu in DLC has also shown to enhance the corrosion resistance of the DLC film [8,9]. 

Diamond coatings on metallic substrates are generally applied by chemical vapor 

deposition process (CVD). The production of high-quality diamond coating on stainless steels 

involves many challenges most important being poor adhesion of diamonds with the steel 

substrate. There are two major reasons for poor adhesion of microdiamonds deposited on steel by 

CVD [12,13]. Firstly, ferrous substrates have a partially filled 3-d shell; the atoms in partially filled 

3-d shells steal electrons from diamond nuclei (sp3 bonded carbon) and turn into sp2 bonded 

graphitic layers [5]. Diamond nucleation on steel starts after the surface is fully saturated with 

carbon [14]. Secondly, at room temperature, the coefficient of thermal expansion of steel is ~16 

times higher than that of the diamond, which creates compressive stress in the diamond film, 

causing delamination. HFCVD process is carried out at high temperature the interposing graphitic 

layers diffuse inside stainless steel, and formation of chromium carbide deteriorates mechanical 

properties of stainless steels [15]. Additionally, faceted diamonds exhibit poor toughness and are 

prone to chipping and fracture [16].  

The Q-carbon quenched from the metallic carbon melt is a new state of solid carbon with 

a higher mass density than amorphous carbon and a mixture of mostly fourfold sp3 (75%–85%) 

with the rest being threefold sp2 bonded carbon at the boundaries of sp3 regions (with distinct 

entropy) [17]. It has been shown previously [18] that amorphous Q-carbon is harder than diamond, 
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and provides increased toughness due to its amorphous structure. Its formation at 4000 K results 

in nano-welded regions with the substrate giving rise to superior adhesion between the film and 

the substrate [19]. Q-carbon can exist together with α-carbon or nanodiamonds. Q-carbon 

composite coatings, the combination of homogenously dispersed moderately hard α-carbon and 

ultra-hard Q-carbon on stainless steel substrates, are expected to provide better lubrication and 

wear properties compared to traditional DLC coatings. As Q-carbon structure has randomly-

packed dense tetrahedral bonding, the nucleation of the diamond is favored[20],[21], making it 

possible to grow high-quality diamond films with uniform coverage at lower temperature and 

growth time compared to conventional CVD processing. Over the last decade, many studies have 

been directed towards the deposition of diamond coatings on steel substrates using different kinds 

of interlayer systems such as Ti, TiC, SiC, Ni, Cr, CrN, B, W, Si to solve the adhesion issue [22–

24]. However, very few studies have been carried out addressing diamond deposition on austenitic 

stainless steels as diamond deposition on tool steels (ferritic) is more promising as austenitic steels 

have higher thermal expansion coefficients compared to ferritic steels[24–26] resulting in poorer 

adhesion and stronger delamination of the formed diamond films on austenitic stainless steel. The 

use of CrN interlayers has not shown any promising adhesion results whereas borided interlayer 

has on austenitic stainless steels [27]. 

The Q-carbon interlayer has been shown to be effective in producing high-quality adherent 

diamond films on sapphire and tool steels [16,21,28]. Hence, it’s important to study the effect of 

Q-carbon interlayer on the CVD diamond growth of austenitic stainless steels. The current paper 

addresses the formation of Q-carbon and Q-carbon- α-carbon composites on AISI 304 and 316 

stainless steel substrates using non-equilibrium techniques such as pulsed laser deposition and 

pulsed laser annealing. The formation of Q-carbon nanocomposites on stainless steel substrates is 
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expected to improve their tribological properties. Furthermore, microdiamonds with higher 

adhesion were deposited on stainless steel substrates using Hot Filament Chemical Vapor 

deposition (HFCVD) technique where Q-carbon thin-film acted as an anchoring seed layer for 

diamond nucleation helping to grow better quality diamond films thus solving the issue of poor 

adhesion providing a breakthrough solution for the use of stainless steel in biomedical and 

tribocorrosive applications. 

6.3. Experimental Details 

The DLC target was ablated using the KrF excimer laser having a wavelength (λ) of 248 

nm and pulse width (τ) of 25 ns onto 304 SS and 316 SS substrates. Chemical composition of 304 

and 316 SS is given in Table 6.1. The major difference is the presence of Mo in SS 316 as 

compared to 304, making SS 316 more corrosion resistant compared to SS 304. The depositions 

were carried out in a high vacuum of ~1 x 10−7 Torr at room temperature. This low pressure was 

achieved with the help of an oil-free tri scroll pump and turbo-molecular pump. Before deposition, 

Stainless steel substrates were mirror polished and sonicated in a glass beaker with Acetone 

followed by Methanol for 5 minutes each and dried using nitrogen gas. As discussed earlier, DLC 

coatings exhibit poor adhesion especially on steel. However, a small amount of metal addition to 

DLC film such as Ti reduce the residual stresses present in the film and hence Ti-doped DLC show 

better adhesion on steel substrates[29]. The Ti doping was achieved by covering a fraction of the 

laser-irradiated DLC target circle with Ti target (~4-5% areal coverage) during KrF deposition. 

The thickness of the deposited Ti-doped DLC films was in the range of 300-400 nm. The laser 

frequency used during deposition was 10 Hz and the laser energy density of the nanosecond laser 

was in the range of 3.0–4.5 J cm−2, respectively. The sp3 content of the as-deposited DLC film was 

tailored by controlling the laser energy density and plume shape. After pulsed laser deposition, the 
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as-deposited Ti-doped DLC film was subjected to pulsed laser annealing (PLA) by using 

nanosecond ArF excimer laser having λ = 193 nm (corresponds to 6eV photon energy) and τ = 20 

ns in a range of energy densities from 0.6-1.4 Jcm−2, measured using the Energy MAX400 

(Molectron) meter. Later, SS 316 substrate on which uniform Q-carbon was formed on half of the 

substrate (after PLA of 0.7 Jcm-2 ) and half of which was covered with Ti-doped DLC (non-PLA 

region) was subjected to Hot Filament Chemical Vapor deposition (HFCVD) at 700 oC for 3 hrs. 

The tungsten filament was gradually heated to a high-temperature of ∼2000 °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. The schematic of whole experimental procedure is depicted in Fig 6.1. 

The characterization of the Q-carbon, α-carbon, and diamond was performed by using 

optical, High-resolution scanning electron microscopy (HRSEM), Raman spectroscopy, X-ray 

diffraction (XRD) and Atomic Force microscopy (AFM). The HRSEM was conducted in the 

emission mode (having a sub-nanometer resolution) by using FEI Verios 460L SEM. The XRD 

2θ scans were performed using a Rigaku SmartLab X-ray diffractometer in Bragg-Brentano in 

reflection geometry operating mode. WITec confocal Raman microscope system (Alpha 300M) 

was utilized (532 nm source) to characterize the Raman-active vibrational modes in as-deposited 

and laser annealed samples. The Raman intensities were calibrated using single-crystal silicon with 

a characteristic Raman peak at 520.6 cm−1 and by making sure zero-loss peak is accurately 

observed at zero. The sp3 content of the as-deposited films was calculated by fitting the as-acquired 

Raman spectra. The as-acquired spectra were fitted with a Gaussian profile with peak positions 

fixed at 1140 cm−1 (T peak), 1340 cm−1 (D peak), and 1580 cm−1 (G peak), respectively; standard 

for carbon-based materials. Atomic force microscopy (AFM) images were acquired using an 

Asylum atomic force microscope (Asylum MFP-3D, Asylum Research). The microscope was 
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operated in a tapping mode under ambient conditions (T = 21 °C, 45% relative humidity), using 

silicon cantilevers (Budget Sensors, Tap300Al) with resonance frequencies of ~ 300 kHz, force 

constants of ∼40 N m−1 , and tip radii of less than 10 nm. 

6.4. Results and Discussion 

Formation of Q-carbon/Q-carbon nanocomposites on SS 316/304. After deposition of 

Ti-doped DLC film on 304/316 SS and subsequent PLA with sufficient energy, density to melt the 

DLC film, liquid metallic carbon melt forms (typically in melt state for ~100 ns). During 

solidification there is a competition between formation of graphite, diamond, or Q-carbon, which 

is determined by extent of undercooling and regrowth velocities of melt-front. It is known that the 

rate of cooling has a considerable effect on the undercooling [30]. The quenching rates produced 

by PLA range from 109-1011K/s sufficient enough to increase the undercooling by up to ~1000 K 

[17]. The thermal conductivity of the substrate defines overall quenching rate thereby playing a 

crucial role in obtaining control over undercooling [31]. The thermal conductivity of the DLC film 

scales linearly with its sp3 content [32].  Hence, the sp3 content of the as-deposited film plays a 

critical role in controlling the undercooling of molten carbon. Glassy carbon target is a micro zonal 

mixture exhibiting combination of sp2 and sp3 bonding states [33].  Hence, during deposition of 

carbon films, it was necessary to optimize the parameters such as energy density, plume shape, 

etc. to obtain films with required sp2/sp3 content. Through detailed analysis (Fig. 6.2(c)) it was 

established that the high energy density and forward directed plume are necessary to achieve higher 

sp3 content whereas broadening the plume and lowering the energy density results in film with 

lower sp3 content [34]. It is important to note that the films which have high sp3 content are under 

high compressive stress leading to film delamination [35].  
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Fig. 6.2(a) shows the SEM micrograph of large area Q-carbon composite formed on 304 

SS along with an inset depicting a high-resolution image of Q-carbon in these composites. The Q-

carbon is formed near the substrate interface, followed by α-carbon. The tensile stress in α-carbon 

causes cracking to expose Q-carbon which appears as filamentary structure. These composites 

were obtained after PLA of (75%) Ti-doped DLC film at 0.6-0.8 J/cm2. These Q carbon and α-

carbon phases exhibit submicron dispersion. The Q-carbon (phase which relatively looks brighter) 

formed in these composites was found to exhibit almost negligible porosity (Fig 6.2(a) inset), as 

reported by Gupta et al [36]. The nanostructured α-carbon formed in these nanocomposites are 

discontinuous as a result of super undercooling and phase segregation. A sharp phase boundary 

between α and Q-carbon is observed clearly, pointing out to the fact that no or minimum inter-

diffusion from one phase into another has occurred. This microstructure exhibits non-planar 

growth, which can be attributed to interfacial instability [37]. Q-carbon has high sp3 content (~80% 

sp3), whereas α-carbon has low sp3 content (~42% sp3) calculated from Raman fitting as shown in 

Fig 6.2(d). Interesting to note that these composites were covered with thin graphite flakes (formed 

due to lower undercooling available at film surface), which were flaked off using nitrogen gas. The 

hardness of Q-carbon nanocomposites is ~ 67 GPa in which hardness of α-carbon is ~ 18 GPa 

while Q-carbon hardness is greater than 40% the hardness of diamond [17]. The moderately hard 

α-carbon is desirable to get excellent lubrication properties, whereas ultra-hard Q-carbon is 

essential to get excellent wear resistance [17]. Further, by tweaking the amount of undercooling, 

dispersion of Q-carbon and α-carbon phases can be tailored to obtain the desired properties for any 

given application. After reducing the sp3 content of the as-deposited DLC film from 75% to 60%, 

the undercooling was reduced leading to formation of Q-carbon on SS 304. Fig 2(b) shows SEM 
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image of Q-carbon (sp3 rich) covered with α-carbon (sp2 rich) over-layer. The Q-carbon is visible 

through the cracks formed in the α-carbon.  

Fig 6(a) shows the acquired SEM image of Q-carbon on 316 SS after PLA of Ti-doped 

DLC 50% sp3 film at an energy density of 0.7 J/cm2.  The Q-carbon thin film is formed beneath 

cracked α-carbon over-layer. Since Q-carbon is densely packed, its formation near the film-

substrate interface generates compressive stresses inducing tensile strain in α-carbon over-layer. 

This results in cracking of α-carbon over-layer [16]. The cracks formed in α-carbon are about 200-

500 nm wide. It is interesting to note that a higher distance between cracks leads to wider cracks 

as seen in Fig 6.3(b). The variation in observed crack widths might be due to the shadowing effect 

or uneven tensile strain experienced by α-carbon over-layer.  Fig 6.3(d) shows the Raman Spectra 

of nanodiamonds embedded in Q-carbon on SS 316 after PLA of Ti-doped DLC 30% sp3 film at 

energy density of 0.7 J/cm2. A sharp peak at ~1326 cm-1 confirms the presence of nanodiamonds 

in Q-carbon. Fig 6.3(b) inset shows the SEM image of these diamonds growing from Q-carbon 

seen through cracked α-carbon over-layer. The size of these nanodiamonds is < 100 nm. It is 

expected that after second PLA shot, the number density of these formed nanodiamonds should 

increase. From nucleation theory, the diamond nuclei become stable only when the diamond 

embryo becomes equal to or bigger than the critical radius (r*). The value of this r* is inversely 

proportional to the undercooling. Hence, higher undercooling makes stable diamond nucleation 

more probable. Nanodiamonds obtained by PLA have <110> orientation [38]. Highly stressed 

regions such as cracks formed on α-carbon or crack triple points promote diamond nucleation. 

Hence, probability of finding nanodiamonds close to or inside the cracks is pretty high.  

On 304 SS substrate, the absence of Ti doping in high sp3 DLC film was found to produce 

delamination and cracks after PLA, as shown in Fig 6.4(a). The compressive stress in the undoped 
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DLC film was calculated measuring the shift in Raman spectra and was found to be as high as 10 

GPa. For PLA energy densities >1 J/cm2 on 75% sp3 film deposited on 304 SS, just graphite flakes 

were observed.  Insufficient undercooling and low regrowth velocities lead to formation of 

graphite, as shown in Fig 6.4(b) along with its Raman spectra on 304 SS at PLA energy density 

of ~1.2 J/cm2. The observed graphite flakes had ID/IG ratio of ~0.8. Fig 6.4(d) shows Raman 

spectra for as-deposited DLC thin film containing high (75% sp3). After PLA, The melt regrowth 

velocity (V) and undercooling controls the resulting phase. As shown by Gupta and Narayan [17], 

graphite is obtained at low regrowth velocities of 1-2 m/s. Q-carbon is formed at regrowth velocity 

of ~16 m/s. Above this regrowth velocities formation of Q carbon composites is favored. Nano-

diamond nucleation occurs at regrowth velocities of about 4-6 m/s. At intermediate velocities, Q-

carbon with nanodiamonds should occur which was the case on SS 316 in this study.  

Growth of HFCVD microdiamonds on Q-carbon seeded SS 316. As discussed earlier, the 

interposing graphitic layer on steel during CVD results in poor adhesion between diamond film 

and steel. This has been confirmed in our experiments, as well. Fig 6.5(a) shows the diamonds 

grown on bare 316 SS substrate, and these diamonds show presence of significant graphitic soot 

on and below them, which is also confirmed by Raman Spectra showing diamond peak at 1334.2 

cm-1 and peak at ~1570 cm-1 shows presence of graphite. The considerable compressive stress in 

diamond can be quantified from the upshift observed in diamond peak from 1332.5 to 1334.2 cm-

1. The FWHM of this diamond peak was found to be 26 cm-1. This large value yet again confirms 

the poor quality of diamonds formed. Numerous attempts have been made by researchers to 

overcome the issue of poor adhesion, yet to date, no satisfactory solution has been obtained. 

Previous studies of diamond growth on 316 SS coated with Si interlayer by Buijnsters et al [24] 

have reported presence of graphitic soot above and below diamonds formed at CVD substrate 
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temperature of and below 700 oC. Similar graphitic soot was observed in the diamonds deposited 

on bare substrate in the present study. Buijnsters et al [24] performed diamond growth at substrate 

temperatures ranging from 475-750 oC and concluded that quality of diamonds improved with 

increasing substrate temperature. However, in our research, substrate temperatures over 700 oC 

were avoided especially for stainless steel as formation of brittle carbides is easier at higher 

temperatures. 

In our novel approach, we have used Q-carbon grown on 316 SS discussed in the previous 

section as a seed for diamond growth on 316 SS. Since 316 SS has Mo (carbide forming element) 

as additional alloying element compared to 304 SS it should assist in diamond nucleation; more 

microdiamonds would be expected on 316 SS than 304 SS under similar conditions. Previously, 

Sachan et al [21] have demonstrated strong adhesion of the diamonds grown on Q-carbon using 

tape test on sapphire substrate. The objective is to compare the growth and nucleation rate of 

diamonds on laser annealed Q-carbon, Ti-doped DLC film and bare substrate to confirm the 

effectiveness of Q-carbon as a seed layer for diamond nucleation. The DCL unit cell consists of 2 

tetrahedra. One tetrahedron is more densely packed than the other tetrahedron. Q-carbon structure 

consists of randomly packed diamond tetrahedron, in turn, making Q carbon more densely packed 

than diamond [39]. In addition, these tetrahedral create diamond nuclei for HFCVD growth. 

During diamond deposition on 316 SS, sp1, sp2 and sp3 bonded carbon species coexist on the 

substrate surface and the etching of the sp1 and sp2 bonded carbon is ten times faster than etching 

of the stable sp3 bonded carbon, which assists the growth of sp3 phase[40]. Hence, Q-carbon (sp3 

rich) phase should etch at the minimum possible rate, whereas DLC, which had high sp2 is expected 

to etch faster. Fig 6.6(b) shows the etching of sp2 rich DLC film. However, no such etching was 

observed on diamonds grown on Q-carbon seed layer. 
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Fig 6.5(c) depicts the SEM image of diamonds grown on Q-carbon (top-left) and as-

deposited DLC film (bottom right). To see the transition of diamond nucleation from PLA to non-

PLA region 2D-Raman scan was performed. Fig 6.5(d) shows the Raman mapping of diamonds 

grown on Q-carbon (right) and diamonds grown on Ti-doped DLC (left), clearly illustrating that 

more diamonds are nucleated on Q-carbon layer than on DLC. However, the transition in 

nucleation sites from PLA to non-PLA part is gradual due to absence of shadow mask during PLA. 

The average growth rate of diamond was found to be ~1um/hr. Another observation is the 

formation of black inclusions in diamonds grown on both Q-carbon layer and DLC, similar to that 

reported by Buijnsters et al [24]. Interestingly, the diamonds grown on Q-carbon (Fig 6.6(c)) 

showed fewer inclusions as compared to that seen on diamonds grown on DLC (Fig 6.6(a)). The 

Raman peak of diamonds grown on Q-carbon showed presence of both micro and nanodiamonds 

with Raman peak at 1321 and 1332 cm-1, respectively. The 1332 cm-1 diamond peak indicated no 

or minimal residual stresses in grown diamond. However, the downshift from 1332 to 1321 cm-1 

indicates presence of nanodiamonds where this downshift can be explained by phonon 

confinement effects within nanodiamonds [41]. Additionally, these diamonds didn’t demonstrate 

clear faceting and were found to be cauliflower (ballas) shaped. These ballas microstructure itself 

is formed by combination of many nanodiamonds explaining the Raman peaks obtained at 1321 

cm-1. These ballas diamonds typically exhibit high amount of micro-twins making these tough, 

wear-resistant, and, therefore industrially important [14]. The ballas type of diamonds have 

previously been observed on Iron substrates due to the high vapor pressure of iron. Ballas is formed 

at methane concentrations as low as 0.4% [42].  

Fig 6.7 shows the XRD plots of SS 316 SS in four different conditions: as-received after 

3hr CVD, DLC coated + CVD, and CVD on with Q-carbon interlayer from 2θ of 30-60o. The 
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diamond (111) peaks are observed after CVD (Fig 6.7(b-d)). XRD was also carried out from 2θ 

of 70-100o (Fig 6.7(b) inset) and peaks observed at ~75 o and 91o were identified to be diamond 

(220) and (311) peaks respectively which unambiguously confirmed the presence of diamond. The 

chromium carbide peak is found to be present after CVD on as-received SS 316 while it’s 

absent/very diffuse on CVD coated SS 316 with DLC/Q-carbon interlayer present. As, chromium 

carbide is a brittle phase the CVD coated SS 316 with presence of DLC/Q-carbon interlayer is 

expected to preserve toughness at the substrate-coating interface. 

Laser-solid melt interactions. The simulations were performed using SLIM software 

developed by Singh and Narayan [43,44] to get an estimate of undercooling and nanodiamond 

regrowth velocity, taking into account the thermal properties of the film and substrate. The 

property values used for DLC film with an initial thickness of 500 nm with laser annealing energy 

density: 0.6 J/cm2, and laser pulse width: 20 ns were as follows: carbon melting temperature: 3823 

K, evaporation temperature: 5000 K, latent heat of melting: 8750  kJ/kg, thermal conductivity of 

solid: 0.1 W/mK, thermal conductivity of molten carbon: 2.9 W/cm K, absorption coefficient in 

solid state: 8 x 105, absorption coefficient in liquid state: 1 x 106, reflectivity in solid state: 0.3 J/cc 

K and reflectivity in liquid state: 0.6 J/cc K [45]. The property values used for 304 SS substrate 

are: melting temperature: 1673 K, evaporation temperature: 3375 K, latent heat of melting: 260 

kJ/kg; absorption coefficient in solid state: 8.24 x 105, temperature-dependent nature of thermal 

conductivity (k) was captured using k = (0.081) + (1.618x10-4)T in solid region and k = 0.1229 + 

(3.248x10-5)T in liquid region and for 316 SS  k = (0.092) + (1.571x10-4 )T in solid region and k 

= 0.1241 + (3.279x10-5 )T in the liquid region respectively [46]. 

Formation of Q-carbon was first reported on a thermally insulating sapphire substrate at 

PLA energy density of 0.6 J/cm2 very close to the value obtained in the current experimental study 
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on 304 and 316 stainless steels. At room temperature, the thermal conductivity of sapphire is ~23.1 

W/(m. K)  whereas conductivity of pure iron is 80.2 W/(m .K) which drops to 42.6 W/(m. K)  and 

44.5 W/(m. K) for 4145 and 4330 tool steels because of electron scattering due to alloying 

elements3,[47]. It reaches a low value of ~16 W/ (m. K) for 304 and 316 stainless steels [46]. The 

fact that thermal conductivity values of sapphire and 304/316 SS are pretty close might be the 

reason for obtaining Q-carbon at similar energy densities in both the substrates. SS 304/316 exhibit 

almost similar thermal property values. Hence, only results for SS 316 have been shown/discussed. 

Fig 8 (a) depicts the plot of the surface temperature of the film as a function of time. After 

the film is subjected to the laser pulse within 5 ns the temperature of the film surface reaches the 

maximum value of 3823 K sufficient to melt the DLC film. The maximum surface temperature 

persists till ~ 150 ns after which cooling starts. As discussed earlier, the values of undercooling 

and the solid regrowth velocities achieved during cooling will decide the phase that will be formed. 

The value of thermal conductivity similar to sapphire makes stainless steel ideal materials to 

achieve high undercooling and regrowth velocities. Fig 6.8 (a) inset depicts a plot of melt depth 

as a function of time. As soon as the laser pulse ends (~20 ns) maximum melt depth is obtained. 

The derivative of melt depth verses time plot gives the melt and solidification velocities Fig 6.8(b). 

Maximum melting velocity is found to reach as high as 50 m/s. The maximum regrowth velocity 

achieved was -13 m/s. The negative sign indicates that solid is growing from the liquid and not 

vice versa. The obtained regrowth velocity corresponds to the formation of nanodiamonds and Q-

carbon composites which agree pretty well with experiments (Fig 6.3 (a))    

To gain a qualitative understanding of the variation in undercooling. The SLIM 

simulation(s) for 304 and 316 SS substrates with fixed thickness and varying sp3 content were 

performed. The critical energy density (ED) for surface melting was calculated using 𝐸𝐷 =
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(𝐾𝑇𝑚τ
0.5)

(1−𝑅𝐿)𝐷0.5
 as 0.45 J cm-2 [36]. Here, K is the thermal conductivity of amorphous carbon, Tm denotes 

the difference between the substrate temperature and melting temperature of amorphous carbon, 

RL denotes the reflectivity of the amorphous carbon at 193 nm (=0.3), and D is diffusivity of 

amorphous carbon at room temperature. Increasing the sp3 content in as-deposited films was found 

to increase the quenching rate. Clearly illustrating the fact that higher undercooling is possible in 

high sp3 films. Hence, high sp3 films on PLA at 0.6-0.8 J/cm2 tend to produce Q-carbon 

composites, while films with moderate sp3 content produce Q-carbon devoid of diamond and low 

sp3 films produce Q-carbon with nanodiamonds in agreement with experimental results.  

Discussion. This study demonstrates that the non-equilibrium based techniques for 

synthesis of carbon films open up the possibility to discover allotropes more metastable and exotic 

than diamond such as quenched carbon (Q-carbon). Even though diamond is hardest naturally 

occurring material in nature, diamond has Atomic Packing Factor (APF) of only 34%. Hence, 

materials harder than diamond can be produced by increasing the number density of atoms per unit 

volume (Nd) as 

H=α B (
1−2𝜈

1+𝜈
) Nd 

1.17 

Where H is the hardness, α is a constant having value between 0.2-0.3, B is Bulk Modulus, and  

𝜈 is the Poisson’s ratio. 

6.5. Summary 

We have demonstrated the formation of metastable allotrope of carbon (Q-carbon) and Q-

carbon composites on practical austenitic stainless steel substrates AISI 304 SS and 316 SS. Q-

carbon composite coatings on stainless steel are extremely desirable for tribocorrosive 

applications. The laser solid simulations showed 0.45 J/cm2 as the critical energy necessary to 

initiate melting in the film. The simulation also suggests that growth of nanodiamonds and Q 
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carbon occurred at high regrowth velocities of 13 m/s during solidification. Furthermore, it has 

been shown that Q-carbon embedded with nanodiamonds acts as homogenous nucleation sites for 

further growth of diamond during HFCVD. The presence of Q-carbon interfacial layer gave better 

quality diamonds (50% less graphitic) with FWHM of 11.5 cm-1 compared to 26.5 cm-1 on bare 

steel substrate.  Diamonds grown on Q-carbon showed 50% reduction in graphitic content 

compared to those grown on bare SS 316 substrate as well as absence of brittle chromium carbide 

phase at the interface. The microdiamonds formed on Q-carbon exhibited globular shape (ballas) 

formed by combination of many nanodiamonds. The ballas type of diamonds exhibit high amount 

of crystallographic twins and hence possess high toughness and wear resistance making them 

pertinent for industrial applications.  
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6.6. Figures 

 
Figure 6.1 Schematic of a) PLA of Ti-doped DLC film, b) Nucleation of nanodiamonds from Q-

carbon and c) Growth of HFCVD diamonds on nanodiamonds nucleated from Q-carbon on 

stainless steel substrate. 
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Figure 6.2 (a) SEM micrograph demonstrating the formation of Q-carbon nanocomposite on 304 

SS, (inset) showcases high resolution image of the Q-carbon in these composites, (b) SEM image 

of Q-carbon, (c) correlation between sp3 content of the as-deposited DLC film as a function of  

laser energy density used during deposition (d) Raman spectra of Q and α-carbon. 
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Figure 6.3  (a) SEM micrograph demonstrating the formation of Q-carbon on 316 SS substrates 

by PLA processing at 0.6 J/cm2 (Inset) illustrating SEM micrograph showing the nanodiamond 

inside Q-carbon (b) SEM micrograph illustrating variation of crack width in α-carbon layer, (c) 

High resolution image of Q-carbon visible through the  crack, (d) Raman spectrum of DLC film 

with low sp3, (e) Raman spectrum of DLC film with moderate sp3, and (f) Raman spectrum of Q-

carbon with nanodiamonds. 
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Figure 6.4 (a) SEM micrograph showing the formation of crack in undoped DLC film after PLA. 

(b) SEM micrograph of graphitic flake formed on SS 304 after PLA at 1.2 J/cm2, (c) Raman spectra 

of as-deposited Ti-doped DLC film with 75% sp3 and (d) Raman spectra of Graphitic flake formed 

on 304 SS. 
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Figure 6.5 a) Diamonds grown on bare SS 316 substrate, b) Raman spectra of diamonds shown in 

(a), (c) SEM image depicting the transition in diamond nucleation from Q-carbon (top left) to DLC 

(bottom right), (d) Raman mapping of diamonds in the transition region from Q-carbon to DLC 

interlayer the range for mapping was considered from 1320-1335 cm-1.   
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Figure 6.6 a) SEM image of twinned diamonds formed on DLC, b) SEM image showing etching 

of diamonds formed on DLC, c) Ballas type diamonds grown on Q-carbon, (d) Raman spectrum 

of microdiamonds observed on Q-carbon after CVD, and d) Raman spectra of nanodiamond 

observed on Q-carbon seed layer.  
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Figure 6.7 XRD plots of (a) as-received 316 SS, (b) 316 SS after 3hr CVD, (c) DLC coated 316 

SS after CVD, and (d) CVD on 316 SS with Q-carbon interlayer. 
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Figure 6.8 SLIM simulation of (a) Surface Temperature vs time, Melt depth as a function of time 

(inset) and (b) Regrowth velocity as a function of time depicting maximum regrowth velocity of 

13 m/s. 

 

(a) 

(b) 
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Table 6.1 Chemical composition of SS 304 and 316 in wt.%, the balance wt.% is Fe[24,48,49] 

Substrate % C % Cr % Ni % Mo % Mn % Si % N 

SS 304 0.08 (max) 18-20 8-10.5 - 2 (max) 0.75 0.1 (max) 

SS 316 0.08 (max) 16-18 10-14 2-3 2 (max) 0.75 0.1 (max) 
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7.1. Abstract 

We report on the synthesis of multifunctional microdiamonds by chemical vapor deposition 

(CVD) on 304/316 austenitic stainless steel (SS) substrates. The increase in wettability achieved 

by surface scratching and the structure of ultra-dense Q-carbon achieved high nucleation density 

and minimized strains in diamond films. Notably, these diamond films exhibit a high amount of 

twinning, leading to the formation of five-fold microdiamonds. The diamonds on scratched SS 

substrate and Q-carbon interlayer exhibit a full width at half maximum of 8.25 cm-1 and 11.5 cm-

1, compared to 26 cm-1 on bare SS substrate. The diamond films grown on bare SS substrate 

exhibited cracking due to high tensile stress of 2.3 GPa, ascribed to thermal mismatch between SS 

and diamond. The electron backscattered diffraction investigations reveal iron inclusions in 

diamonds synthesized on bare SS substrates, which may impart ferromagnetism in these diamonds. 

This route, compared to the ion beam implantation method using ferromagnetic ions, yields better 

mailto:narayan@ncsu.edu
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samples. At 800oC, 1012 Fe atoms/cm2s are transferred from the SS substrate into the diamonds. 

The dominant growth orientation for these CVD diamonds was determined to be <110> out of 

plane. These multifunctional microdiamonds are useful for biomedical, electronic, and tribological 

applications. 

7.2. Introduction 

Diamond possesses highly useful properties such as high thermal conductivity, high 

refractive index, high bandgap, high hardness, and excellent biocompatibility [1, 2]. Majority of 

the diamonds: both natural and artificial are diamagnetic. Future electronic and biomedical 

applications involving targeted drug delivery to a specific site, magnetic semiconductors for 

electronic applications (by controlling the quantum state of the electron spin) are possible by 

utilizing ferromagnetic diamonds [3-5]. Diamonds can be rendered ferromagnetic by incorporating 

inclusions in them. Magnetic inclusions like iron oxides and sulfides render naturally occurring 

diamonds magnetic [6]. Iron carbide inclusions can also make diamonds ferromagnetic [7]. Iron 

carbide (Fe3C), also known as cementite, crystallizes in the orthorhombic crystal structure; it has 

ferromagnetic nature with a Curie temperature of approximately 187oC [8]. There is a consensus 

that synthetic diamonds fabricated by CVD are diamagnetic if there is no contamination by 

ferromagnetic impurities. However, recent studies have reported the growth of magnetic CVD 

diamonds with a saturation magnetization of 0.3 emu/g on stainless steel (SS) foil, suggesting that 

the magnetic nature of CVD diamonds is highly dependent on the substrate on which they are 

fabricated. The magnetism of diamonds fabrication on SS foil has been attributed to the presence 

of iron, chromium, and nickel in diamonds that were picked up from the SS substrate [5, 9]. The 

incorporation of these species from the substrate into diamond is not well understood, making it 

necessary to perform more studies on the phenomenon of ferromagnetism in CVD diamonds 
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synthesized on austenitic SS substrates. Studies have also been performed to inject Fe ions by 

using ion implantation in nanodiamonds to make them magnetic [10]. However, the defects 

generated can only be removed by 2 step high-temperature annealing process which can lead to 

graphitization. Hence, CVD processing to generate ferromagnetic diamonds compared to ion 

implantation is convenient from processing point of view. 

The phenomenon of diamond film cracking and delamination as a function of the substrate 

has been studied in great detail. Lattice mismatch strain and thermal mismatch strain are two 

significant contributors to diamond film cracking. To minimize thermal strain (εT) between the 

diamond film and the substrate, there should be minimal difference in the thermal expansion 

coefficient (α) between the substrate and the coating as εT=ΔαΔT. Previously, it has been observed 

that the formation of graphite is catalyzed on transition metals which have incompletely filled 3d 

shells [11]. Ferrous substrates predominantly exhibit diamond thin film delamination due to the 

formation of interposing graphitic layers at substrate temperatures of 900oC [11, 12]. Notably, the 

thermal expansion coefficient (TEC) of steels varies from 9 x 10-6/oC to 1.8 x 10-5/oC in comparison 

with 1.0 x 10-6/oC for the diamond at 300 K [13]. In the whole steel family, austenitic SS has the 

highest TEC value resulting in a maximum thermal mismatch between the SS substrate and the 

deposited diamond coating on it. It causes cracking and delamination of the coating. The thermal 

stress as a function of thermal strain can be calculated using 𝜎𝑇 =
2𝜇(1+𝜗)

(1−𝜗)
ε𝑇. The terms 𝜇 and 𝜗 

are shear modulus and Poison’s ratio of diamond, respectively. This yields a high value of 6–8 

GPa generated in a diamond film on steel substrates [14]. However, biomedical and tribological 

applications necessitate high-quality diamond coatings on SS. Nevertheless, due to the myriad of 

issues discussed above, only a limited number of studies have been carried out to investigate 

diamond deposition on austenitic SS.   
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Researchers have contemplated various methods to improve the quality of diamond film 

synthesized on ferrous substrates. The most popular concept has been the use of interlayer, which 

acts as a barrier for diffusion, preventing the reaction between the substrate and the gases used to 

synthesize diamond during CVD. It can, in some cases, assist in reducing the TEC mismatch. 

Interestingly, the interlayer may also promote diamond nucleation by providing diamond 

nucleation sites, if the interlayer is a carbide former with an atomic structure similar to the diamond 

cubic. The metastable allotrope of carbon (Q-carbon), which has a higher mass density than 

diamond, can provide diamond nucleation sites as well as minimize thermal stress, because of 

similar TEC as that of diamond. The Q-carbon forms when liquid carbon is quenched at rates 

exceeding 109 K/s [15, 16], Q-carbon interlayer has shown promising results to obtain a continuous 

diamond film on metallic [17], and sapphire [18-20] substrates. The formation of Q-carbon at 4000 

K results in nano-welded regions with the substrate giving rise to superior adhesion between the 

film and the substrate [21]. In the case of sapphire, it has been surmised that the liquid carbon can 

react with Al2O3 and form Al4C3, making it possible to synthesize diamond film with improved 

adhesion and containing a higher number density of diamonds [22]. Previously, pulsed laser 

annealing (PLA) substrate prior to CVD has been shown to be effective in producing high-quality 

diamonds at lower CVD substrate temperatures than usually necessary [14, 23]. Furthermore, 

additional adhesion improvement is possible by diamond seeding the substrate followed by PLA 

to melt the substrate to embed the diamond seeds into the substrate [24-26]. 

The purpose of this study is two-fold, first to shed light on the formation of possibly 

ferromagnetic CVD diamonds on paramagnetic austenitic 304 SS and 316 SS, and second, to 

compare the effectiveness of surface scratching and Q-carbon interlayer in producing high-quality 

CVD diamonds on austenitic SS. The surface morphologies and structure of these diamonds have 
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been investigated systematically. The inclusions responsible for inducing ferromagnetism in CVD 

diamonds have been characterized, and their formation rationalized using Gibbs free energy 

analysis. We have quantified the difference in the quality and residual stresses in the diamond film 

on austenitic SS due to the presence of surface scratches and the Q-carbon interlayer using Raman 

spectroscopy, electron backscattered diffraction (EBSD), high-resolution scanning electron 

microscopy (HRSEM), and x-ray diffraction (XRD). Scratching is a common method to increase 

diamond nucleation [27]. However, the novelty aspect of this work is to compare the quality of 

CVD grown diamond on surface scratch and Q-carbon interlayer. 

7.3. Experimental methods 

a) Hot Filament Chemical Vapor deposition (HFCVD) 

HFCVD was carried out at a substrate temperature of 775±25oC for a growth duration of 

3 and 6 hrs in a steel chamber with a water-cooling facility. Four filaments of tungsten with a 

diameter of 508 µm each were utilized.  A voltage of 9±0.1 V was applied across the filaments, 

and a current of 90 ± 10 A was passed through the filament(s). This resulted in the tungsten 

filaments getting heated to a high-temperature of ∼2000°C. The distance between the filament and 

the substrate was measured using Vernier caliper and maintained at ∼4-6 mm. The Carburization 

process was carried out before the beginning of the growth process for ~30 min at a flow rate of 

50 sccm (standard cubic centimeter per minute) for CH4 and 10 sccm for H2 gas at a chamber 

pressure of 10 Torr. The CVD growth was carried under a flow rate of 2 sccm for CH4 and 100 

sccm for H2 at a chamber pressure of 20 Torr. The gas flow rates were measured using mass flow 

controllers (MKS Instruments, Inc). The samples were placed on a heat resistant Molybdenum 

heater block. The filament temperature was measured with a two-color pyrometer, and the 

substrate temperature was measured by a contactless optical pyrometer through a glass lens present 
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in the chamber.  After the deposition, substrate was cooled at a constant cooling rate of 10 °C/min 

to minimize the thermal shock effect.  

b) Substrate pretreatment, cleaning procedure, and seeding process 

Austenitic SS substrates 304 and 316 were polished using Kempad lapping disc 

manufactured by Allied High Tech Products. The disc was sprayed with diamond in water colloidal 

suspension in order of 9 µm, 6 µm, 3 µm, and 1 µm grade. After polishing at each grade, the 

samples were washed with deionized water and cleaned with acetone and methanol before 

switching to a finer grade on a new lapping disc. All the polished samples (SS 304, 316, Silicon, 

sapphire) were cleaned using acetone and methanol in an ultrasonic cleaning bath for 5 min each 

at room temperature. The samples were handled with nonmagnetic tweezers manufactured by 

DuPont. The stainless-steel substrate surface was scratched by utilizing a diamond scriber. For just 

seeding purposes 50 nm diamond in colloidal water suspension was sprayed on the samples. Before 

performing CVD, all the samples were cleaned with a high velocity N2 gas jet. 

c) Formation of Q-carbon interlayer  

The technique of pulsed laser deposition (PLD) was used to coat austenitic SS 304/316 

with a 200-400 nm thick corresponding to 2000 laser shots on Ti-doped Ti-doped glassy carbon 

target. The optimum amount of Ti doping was utilized such that there was no film delamination as 

well as minimum TiC formation [28]. This layer was further subjected to PLA at an optimized 

energy density of 0.7±0.1 J/cm2 necessary for the formation of Q-carbon [29]. PLD and PLA were 

carried out by utilizing state-of-the-art excimer lasers KrF (25 ns pulse duration) and ArF (20 ns 

pulse duration) having photon energies of 5 eV and 6.42 eV, respectively 
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d) Characterization 

An FEI Verios 460L SEM was employed for performing the HRSEM. The FIB Quanta 

SEM was employed to tilt the sample for better visualization of diamond growth and performing 

EBSD. The EBSD on diamond coating was performed by tilting the sample at 70o. The dynamic 

tilt correction feature was used to compensate for the scaling error due to tilt. The Kikuchi patterns 

obtained were compared with the database of Kikuchi bands of Fe, Cr, Ni, graphite, and Fe3C. The 

XRD 2θ scans were performed using a Rigaku SmartLab X-ray diffractometer (𝜆 = 1.54 Å) in 

Bragg-Brentano in reflection geometry operating mode using a Cu Kα radiation source from a 

sealed tube operating at a voltage and current of 40 kV and 25 mA, respectively, and state of the 

art LENXEYE XE detector.  A WITec confocal Raman microscope system (Alpha 300M-532 nm 

laser source) with a grating size of 1800 I/mm was utilized to characterize the Raman-active 

vibrational modes in as-deposited and laser annealed samples. The Raman intensities were 

calibrated by making sure that the zero-loss peak was accurately observed at zero and Si peak at 

520 cm-1. The laser power of 30±20  mW was utilized, and care was taken to prevent any 

unnecessary sample heating during the spectrum acquisition.   

7.4. Results and discussions 

7.4.1. Study of diamond growth on SS substrate utilizing surface pretreatment and Q-carbon 

interlayer 

7.4.1.1. Utilization of surface scratching for enhanced diamond nucleation on SS 304/316 

Figure 7.1 depicts the ideal mechanism of diamond nucleation and growth on the SS 

substrate with and without surface scratch. In agreement with the observations on various 

substrates, scratching SS with a diamond scriber results in higher diamond nuclei spaced both 

closely and uniformly. However, on an unscratched SS substrate, the formation of diamond nuclei 
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with a critical radius, r*, requires some incubation time, iron carbide/graphite interlayer also forms 

along with it on the substrate. The diamonds nucleate either in the interior or above this interlayer. 

The literature review indicates that this iron carbide/graphitic interlayer can be as large as 25 µm 

[30,31]. 

Fig. 7.2 illustrates the SEM images of selective diamond nucleation on the surface 

scratched region compared to the unscratched region on 304 and 316 SS substrates. The SS 

substrates were scratched with diamond scriber, which introduced surface roughness (Fig. 7.2(a-

e)). Fig. 7.2(a) depicts the preferential diamond nucleation and growth on surface scratched SS 

304. Similar effect was observed in the case of SS 316 shown in Fig. 7.2(b). Fig. 7.2(c) is an image 

of SS 304 at high magnification close to the sample edge emphasizing the selective diamond 

nucleation on the surface scratch. Fig. 7.2(d) illustrates an image of CVD diamonds formed on 

diamond seeded SS and also surface scratched with a diamond scriber which as previously 

mentioned would introduce surface roughness. To investigate the improvement in the quality of 

microdiamonds formed on the surface scratch, the Raman spectra in the vicinity and inside the 

scratch region were acquired (Fig. 7.2 (f)). The diamond peak was noted at 1332.8 cm-1, sufficient 

to adduce the stress-free nature of the diamonds grown on these surface scratches [18]. It is 

interesting to note that the graphitic peak is absent even though Raman scattering occurs at higher 

efficiency (532 nm laser) for sp2 bonded carbon (50-250 times) compared to sp3 bonded carbon 

[32, 33]. 

7.4.1.2.CVD diamond growth on silicon, sapphire in comparison with SS 

The substrate-dependent growth of diamonds on different substrates (c-sapphire, silicon, 

and 304/316 austenitic SS) is shown in Fig. 7.3. The CVD diamond deposition conditions were 

the same for all of the substrates; all of the substrates were placed on the Mo plate and inserted at 
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the same time in the CVD chamber. It is important to note that these substrates were not seeded 

with diamond nanoparticles prior to performing CVD. The number density of diamonds on the c-

sapphire substrate shown in Fig. 7.3(a) was found to be very low 106-107 /cm2. The number density 

of diamonds on the silicon substrate was comparatively higher than that on c-sapphire Fig. 7.3(b). 

Diamonds grown on sapphire and silicon exhibited clear faceting with no traces of graphite. Figure 

7.3(c) shows the diamonds formed on 304 SS, small traces of graphite can be observed on the 

diamonds. The diamonds formed on 316 SS have been depicted in Fig. 7.2(d). Polycrystalline 

diamonds and higher graphitic content were found on SS 316 compared to SS 304. The large 

diamond nucleation and higher graphitic content on 316 SS may be attributed to the presence of 

Mo, which is a carbide former, assisting in nucleation of both graphite and diamond. Previously, 

researchers have established that the substrate temperature in the range of 750-800oC is optimum 

for austenitic SS in order to produce diamonds with minimum graphitic content and Fe3C interlayer 

thickness [31]. Not to mention the fact that the minimum graphitic content is still pretty significant 

in the case of steels. The diamonds we synthesized on austenitic SS under above-discussed 

conditions exhibited a polycrystalline nature along with a discernible amount of graphitic content.  

7.4.1.3.Mechanism of enhanced nucleation due to surface roughening 

The surface roughness increases the effective surface area, which may reduce the energy 

per unit area. This phenomenon, in turn, leads to the stabilization of smaller size diamond nuclei, 

i.e., the minimum critical radius (r*) for diamond nucleation is reduced. Another mechanism 

involved in the nucleation on rough surfaces during CVD is the nucleation by entrapment of 

diamond species, where metastable smaller nuclei are entrapped and grow. It is also possible that 

both these mechanisms may work concurrently and enhance diamond nucleation in scratched 

surfaces.  It should be mentioned that similar enhancement is observed after roughening with PLA, 



  151 

 

which confirms the roughness as the primary cause of enhanced nucleation not any debris/impurity 

introduced by the diamond scriber [24].   

For a metastable phase, such as diamond, the critical radius of nucleation (r*) under 

homogenous nucleation can be found by setting 
𝑑𝐺𝑇

𝑑𝑟
= 0, where, ∆𝐺𝑇 is the total Gibbs free energy, 

∆𝐺∗ Gibbs free energy per unit radius for transformation, and 𝛾s is the surface energy. The 

calculated value of r* from equation (7.1) was 4.8 nm. 

𝑟∗ =
2𝛾𝑠
∆𝐺∗

 
(7.1) 

Figure 7.2(d) illustrates the SEM micrograph of the SS 304 substrate, which was polished 

with diamond paste and scratched with a diamond scriber. This sample showed uniform diamond 

nucleation throughout the sample, even in the non-scratched region, which illustrates the fact that 

the higher diamond nucleation is due to the presence of diamond seeds. However, the quality of 

diamonds formed on surface scratch was better than that on the surface seeded with diamond 

attributed to additional strains. Surface free energy of the substrate (𝜎𝑠) and film (𝜎𝑓) and the 

interfacial energy (𝜎𝑠𝑓) determine the growth mode of the system [34]. 

𝜎𝑠 < 𝜎𝑓 + 𝜎𝑠𝑓  (7.2) 

For 3D growth to transpire, the substrate and the film surface energy should be low, and 

the surface energy of the substrate film interface should be high. The substrate roughening 

promotes 3-D growth as it influences the surface energies. It decreases surface energy but increases 

interfacial energy. The roughened substrate is also thought to provide more nucleation sites.  
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2.1.1.  CVD diamond on Q-carbon interlayer  

To produce a superior quality diamond film on austenitic SS, our second approach was to 

utilize a Q-carbon interlayer. The advantage of the Q-carbon interlayer is its resemblance to the 

diamond crystal structure favoring the nucleation of the diamond. The Q-carbon structure consists 

of randomly packed diamond tetrahedra to generate higher number density of atoms than the 

diamond cubic crystal structure [15][20]. The unit cell of the diamond cubic structure has eight 

atoms, whereas Q-carbon can accommodate as many as 12 atoms in the same unit cell dimensions 

[35].  

Figure 7.4(a) shows the glowing Q-carbon thin film through the cracked black α-carbon 

regions. The mechanism of cracking of α-carbon due to the formation of highly dense Q-carbon 

underneath it has been described elsewhere [36]. Etching of graphite (sp2 rich) by hydrogen is a 

crucial step in obtaining high-quality CVD diamond. The literature on the mechanism of etching 

during CVD diamond growth suggests that the etching of the sp1 and sp2 bonded carbon is ten 

times faster than the etching of the sp3 bonded carbon, which assists the growth of the sp3 phase 

[37]. As has been previously reported in the literature [17, 29, 38, 39],Q-carbon is sp3 rich (~80% 

sp3 and rest sp2), its Raman spectrum is depicted in Fig 7.4(c). We have observed that Q-carbon 

etches at the minimum rate, whereas as-deposited sp2 rich DLC etches at a faster rate, which has 

been demonstrated in previous studies [19][18]. Figure 7.4(d) shows the etching of the sp2 rich 

DLC film. On the other hand, no such etching was observed on diamonds grown on the Q-carbon 

interlayer. Also, this figure qualitatively displays the less diamond nucleation on DLC interlayer 

compared to Q-carbon interlayer. In short, α-carbon is etched off, exposing Q-carbon, which 

provides nanodiamond seeds which further foster its growth during CVD to form microdiamonds. 

The microdiamonds formed on Q-carbon interlayer (Fig. 7.4(b)) contain fewer inclusions as 
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compared to diamonds grown on bare SS substrate, as seen in Fig. 7.6(d). The diamond film grown 

on Q-carbon interlayer showed a sharp Raman signal at 1321 and at   cm-1 (depicted in Fig. 7.5(c)), 

which is associated with nanodiamonds. The diamond peak at 1332 cm-1 (Fig. 7.5(d)) is ascribed 

to the presence of the T2g vibrations [40], and this peak also signifies minimal residual stress in the 

grown diamond.  The stress in diamond film on Q-carbon interlayer from Raman shift is given by 

[18]: 

∆𝜈[𝑐𝑚−1] = 𝜈𝑠 − 𝜈𝑜 = −1.62𝜎 [𝐺𝑃𝑎]    (7.3) 

The average Raman shift of diamond film grown on Q-carbon interlayer from equilibrium 

position of stress-free diamond is 0.8 cm-1. Using this data, a stress of 1.3 GPa has been obtained. 

The blue shift of the peak from 1332 to 1321 cm-1 is caused by the presence of nanodiamonds and 

is a result of phonon confinement effects [41]. Therefore, interestingly the diamond film 

synthesized on the Q-carbon interlayer is an amalgamation of both nanosized and micro-sized 

diamonds. The diamond surface shape is influential in determining its mechanical properties. The 

faceted diamonds exhibit poor toughness and are prone to chipping and fracture. However, the 

diamonds grown on the Q-carbon interlayer did not demonstrate any clear faceting and were found 

to be cauliflower (ballas) shaped as a result of copious nucleation. The ballas microstructure is 

formed by a grouping of many nanodiamonds, justifying the Raman peaks obtained at 1321 cm-1. 

The ballas diamonds are obtained for higher carbon to hydrogen ratio (i.e., CH4/H2 ratio for 

enhanced nucleation. The higher nucleation can be envisaged to be coming from Q-carbon 

interlayer. It has been shown that the nanotwins in these nanodiamonds do not follow the inverse 

Hall-Petch equation, i.e., the strengthening does not decrease below a definite twin size [42][43]. 

Twin boundaries are supposed to toughen the material by deflecting the cracks during crack 

initiation and propagation [44]. Twinning in diamond changes the crystal structure from face-
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centered cubic ABCABC stacking to hexagonal ABAB stacking. The twins, if present in 

alternating planes, can cause the formation of the hexagonal diamond phase, which has only three 

independent slip systems. Thus, reduction in slip systems is responsible for dislocation pile up and 

enhanced hardening. The extraordinary toughness and wear-resistance of ballas diamonds are 

attributed to the high amount of nanotwins, making them industrially relevant [45]. The diamond 

phase purity can be quantified by using the theory of Quality factor (Q) defined as [42] 

Q = 
𝑠𝑝3

𝑠𝑝2
=

𝐼𝑑𝑖𝑎𝑚𝑜𝑛𝑑

𝐼𝑑𝑖𝑎𝑚𝑜𝑛𝑑 +
𝐼𝑎−𝑐𝑎𝑟𝑏𝑜𝑛

233

 (7.4) 

Where Ia-carbon is the sum of Raman intensities of the observed non-diamond lines [46], the 

Raman spectra of diamonds obtained on scratch, Q-carbon interlayer, and bare SS substrate have 

been portrayed in Fig. 7.5. The quality factor of each was calculated to compare them for different 

conditions, Q1>Q2>Q3 was noted. The subscripts 1, 2 and 3 correspond to microdiamond on 

scratch, Q-carbon interlayer, and bare SS substrate. 

The XRD plots in Fig. 7.7 shows various important structural characteristics of diamond 

films deposited on the SS substrate with and without the presence of Q-carbon and DLC interlayer. 

Figure. 7.7(a) illustrates the XRD plot of the bare SS substrate. This plot was helpful in 

deciphering the peaks that did not originate from the substrate. The broad diffraction peak 

exhibited by Q-carbon (Fig. 7.5(b)) helped to validate its amorphous structure [29].  The sharp 

CVD diamond {111} peak was observed for diamond films synthesized using 3 hrs CVD on bare 

SS substrate (Fig. 7.7(c)) and also on SS with Q-carbon interlayer shown in Fig. 7.7(d). The XRD 

spectral acquisition was also carried out in the 2θ range of 70-100o illustrated in Fig 7.7(e) and Fig 

7.7(f).The peaks observed at ~75o and 91o were identified to be diamond (220) and (311) peaks, 

respectively, which unambiguously confirmed the presence of diamond. Notably, the chromium 

carbide peak is found to be existent after CVD on as-received SS 316, while it is absent/very 
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diffuse on CVD coated SS 316 with Q-carbon interlayer present. As the chromium carbide is 

thought to be a brittle phase, the CVD coated SS 316 with the presence of a Q-carbon interlayer is 

expected to preserve toughness at the substrate-coating interface. By taking into consideration the 

Fe3C intensity as a function of θ and variation of intensity of diamond (
𝐼111

𝐼220
) as 2.83, the ratio of 

number density (N) (
𝑁111

𝑁220
) for the diamond was found to be 0.53 for 6 hrs CVD for both 304 and 

316 SS (Fig. 7.7 (e, f)).  

The diamond thin film on Q-carbon interlayer can safely be assumed plane stress condition 

(σzz=0; εzz≠0). The θ-2θ X-ray diffraction scan (Fig. 7.5(d)) was utilized to measure the strain (εzz) 

around (110) peak.   

𝜎 = 2𝜀𝑥𝑥𝜇(1 + 𝜈)/(1 − 𝜈) (7.5) 

Where, ν is the Poisson’s ratio = 0.2; 𝜀𝑥𝑥 = 1𝑥10
−3; 𝜇 = 455 𝐺𝑃𝑎 [35]; 

𝜎 = 1365𝜀𝑥𝑥 𝐺𝑃𝑎= 1.365 GPa 

Based on the above discussion, it can be presumed that Q-carbon can be used as a very 

effective interlayer to nucleate and produce diamond coatings with higher hardness, toughness, 

and adhesion.  We found that both scratching and Q-carbon interlayer is beneficial for obtaining 

high-quality CVD diamonds. However, scratching produces better quality diamonds compared to 

the Q-carbon interlayer FWHM of 8.25 cm-1 compared to 13 cm-1. For some specific applications, 

a smooth and clean interface between diamond film and the substrate is essential. For very hard 

substrates, it is not possible to obtain reproducible surface scratches by using abrasives. Hence, 

the Q-carbon interlayer is ideal for those cases. 

7.4.2. Diamonds formed on bare SS substrate (diamonds with Fe inclusions) 

7.4.2.1. Formation of magnetic diamonds 
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The diamond nuclei entrenched in the graphitic interlayer may trap some iron particles 

diffusing from SS in them during its growth resulting in diamonds with iron inclusions, as shown 

previously [9]. The EBSD pattern taken on a continuous diamond film is displayed in Fig.7.6 (a). 

Figure 7.6 (c) demonstrates the presence of iron inclusions characterized using EBSD mapping 

(inset) on the diamonds grown on 304 SS. The characterized diamond showed <110> out of plane 

growth orientation, and the EBSD was taken along the <111> facet. Based on XRD and EBSD 

data, there were regions where diamonds grew along <110> orientation; however, in between these 

regions, diamonds with <111> out of plane orientation were also observed. The generation of iron 

carbide from iron is possible if iron from the substrate combines with amorphous carbon on the 

diamond surface. At 800o C, the Fe cannot react with the diamond to form Fe3C due to positive 

Gibbs free energy of the formation of iron carbide. In the temperature range of 400–800 oC, the 

diamond–Fe interaction is significantly lower [46]. The free energy for the formation of cementite 

becomes negative above ~963 oC, making the formation of cementite possible by extracting carbon 

present in the diamond and combining it with Fe [47]. 

Fe + 3C (Diamond)  Fe3C        Δ𝐺𝑜 = 2.23 kJ mol−1@800 oC  (7.6) 

In the proximity of 800o C, the vapor pressure (P) of pure iron is 3.2 x 10-9 Torr [48]. The 

flux of iron particles can be calculated using equation (7.7): 

𝜙𝐹𝑒 (
#

𝑐𝑚2𝑠
) = 3.513 x 1022

𝑃 (𝑇𝑜𝑟𝑟)

√𝑀𝑇
 

(7.7) 

The SS (M=56) substrates were square-shaped with a surface area of 1 cm2 resulting in a 

value of 𝜙𝐹𝑒 = 4.6 x 1011 iron atoms/cm2 s. This flux of Fe atoms ends up inside or above the 

diamond film. Based on SEM analysis, the average radius of the iron nanoparticle ~5 nm 

corresponding to a volume of 523.6 nm3. In the case of bare unscratched SS substrate, the 

formation of diamond nuclei with critical radius r* requires some incubation time, along with the 
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formation of diamond nuclei, iron carbide/graphite interlayer forms on the substrate. The diamonds 

nucleate inside or over this interlayer (Fig. 7.1). During the diamond growth process, the iron 

atoms manage to evaporate from the substrate and enter into the diamonds. These iron atoms (~5 

x1016/cm2 for 6 hrs CVD) are sufficient to make these microdiamonds ferromagnetic, as shown in 

the past studies [9]. The atomic moment of Fe is 2.22 
𝜇𝐵

𝑎𝑡𝑜𝑚
  [49–51]. One atom of Fe weights 

9.27×10-23 g. So, the observed saturation magnetization of 0.3 emu corresponds to 1.35 mg of Fe. 

1.35 mg of Fe corresponds to 1.45 x 1019 Fe atoms. Based on our experimental observations and 

calculations, 𝜙𝐹𝑒 = 4.6 x 1011 iron atoms/cm2 s. For 6 hrs CVD, the total flux is 5 x1016/cm2; the 

thickness of the diamond film is 6 µm, this results in 3 x1019 Fe atoms. The flux of Fe atoms 

obtained in this study agrees pretty well with the flux of Fe atoms used to make diamond 

ferromagnetic by ion implantation [10]. These magnetic CVD diamonds may be mechanically 

converted to the powder form for applications such as MRI contrast agents, drug delivery to 

tumors, and SAW filters. 

7.4.2.2. Cracking of the diamond film: Calculation of film stress  

In the case of SS 304 surface scratch after 6 hrs CVD growth, the number of diamond 

grains has increased sharply, and they coalesce to form an excellent continuous diamond film, 

which is not possible without scratching. For a diamond thin film with uniform coverage, a high 

density of five-fold twins was observed (Fig. 7.6(a)). The twin boundaries in the diamond are 

coherent with the absence of dislocations. High-resolution transmission electron microscopy 

investigations on twins in diamond have indicated that the angles between the {111} planes vary 

from 70o-74°. Interestingly, this substantial distortion is accommodated by elastic strains [52]. 

Fundamental characteristic properties of thin-films depend on the strains present in them. At 25o 

C, the CTE of austenitic SS is ~16 times that of the diamond [11]. The formed diamond film on 
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austenitic SS 316 surface without the scratch was highly stressed, resulting in cracking (Fig. 

7.6(d)). Cracking in the diamond film occurs when the diamond film is under tensile stress, which 

is evident from the Raman spectrum depicted in Fig. 7.6(d) inset. This Raman peak is shifted from 

its equilibrium stress-free position by 3.5 cm-1. 

7.4.2.3 Surface features and morphology of diamonds observed on austenitic SS 304 

The morphology of diamonds fabricated by CVD can be manipulated by varying the 

substrate temperature and CH4/H2 ratio during deposition. The diamond shape is dictated by the 

growth rate in various directions. In general, for diamonds synthesized by CVD, if we compare 

the growth rate along <111>, <100> and <110>; <111> has the slowest growth velocity (𝑣111), 

whereas <110> has relatively moderate growth velocity (𝑣110), and <100> has the fastest growth 

velocity (𝑣100) [53]. 

𝛽 = √3
𝑣100
𝑣111

 
(7.8) 

The higher the value of 𝛽, the higher the fraction of the {111} faces dominating the shape of the 

diamond.  As shown in Fig. 7.8, diverse diamond morphologies were achieved on the SS 304 

substrate after 3 hrs HFCVD deposition. The different shapes can be explained by equation (7.8) 

[6]. Diamond (cuboctahedron with <100> added faces) morphology shown in Fig. 7.8 (a) is 

obtained when the value of 𝛽 varies in the range of 1.5-2. This morphology was observed at the 

sample edges. From the literature, this value of 𝛽  corresponds to the methane concentration of 

0.5-1% lower than the required value of 2%, which is possible at the very edge of the sample. 

Diamonds in the central region of the substrate showed morphology corresponding to the methane 

concentration of 2-2.5% (Fig. 7.8(b)). 
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7.5. Conclusions 

In conclusion, to synthesize diamonds without any inclusions/graphitic content, we 

investigated the role of Q-carbon interlayer and surface scratching pre-treatment on austenitic SS. 

Both approaches were effective in producing a higher density of diamonds with minimal stress 

and graphitic content. In the case of Q-carbon, there are pre-existing nucleation sites that foster 

diamond growth. Whereas substrate roughening affects the surface and interfacial energy, assisting 

in both 3D diamond growth and generation of more nucleation sites. Notably, diamonds 

synthesized on Q-carbon interlayer are expected to be stronger and tougher compared to usually 

faceted diamonds as they were ballas type (indicating higher twin concentration). The utilization 

of a Q-carbon interlayer to grow high-quality diamond coatings is industrially scalable.  

Furthermore, CVD diamonds synthesized on bare austenitic SS 304/316 substrates show presence 

of Fe inclusions characterized by using EBSD. The Fe atoms evaporate from the substrate into the 

diamond as a result of high substrate temperature (>750 oC). From the free energy estimations, we 

establish that the formation of Fe3C is more favorable than Fe at substrate temperatures over 960 

oC. The possibility for the formation of Fe3C inclusions opens up new prospects for imparting 

more robust ferromagnetism in diamonds. This study provides a general roadway for tailoring the 

properties of CVD diamonds on austenitic stainless-steel substrate handy for uses in MRI, drug 

delivery to tumors, SAW filters, and magnetic semiconductors for electronic applications. 
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7.6. Figures 

 

Figure 7.1 Schematics of different diamond nucleation mechanisms on SS substrate on scratch, 

and unscratched region. 
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Figure 7.2  SEM images of diamond growth on scratch: (a) SS 304; (b) SS 316; (c) SS 304 at low 

magnification close to substrate edge (inset) shows higher magnification image; (d) SS304 with 

diamond seeds; (e) Optical image on SS 304; (f) Raman spectra along the arrow shown in (e). 
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Figure 7.3 HFCVD diamond growth on (a) c-sapphire; (b) Silicon; (c) SS 304; and (d) SS 316 

after 6 hrs. 
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Figure 7.4 (a) SEM micrograph of Q-carbon (white) below α-carbon on 316 SS substrates by PLA 

processing at 0.6 J/cm2; (b) Continuous ballas type diamond film grown on Q-carbon interlayer 

after 3 hrs of HFCVD; (c) Q-carbon Raman spectrum; and (d) SEM image showing etching of 

DLC layer and less diamond nucleation compared to on Q-carbon interlayer after 3 hrs of HFCVD.   
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Figure 7.5 Raman spectrum of (a) diamonds grown on bare SS 316 substrate; (b) diamonds grown 

on scratch; (c) microdiamonds grown on Q-carbon after CVD; and (d) nanodiamonds grown on 

Q-carbon seed layer. 
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Figure 7.6 SEM image of (a) continuous diamond film formed on SS 304 on scratch along with its 

EBSD from the dotted red-circled region showing <110> out of plane orientation of the diamond 

cubic crystal; (b) 3 hrs CVD growth on SS 316 showing the absence of a continuous diamond film; 

(c) Diamond with high graphitic content with iron inclusions as detected by EBSD; and (d) 

cracking in a continuous diamond film present on SS 316 with its Raman spectrum in the inset 

depicting the high stress present in the diamond film. 
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Figure 7.7 XRD plots of (a) as-received 316 SS; (b) Q-carbon interlayer on 316 SS; (c) CVD on 

bare 316 SS; (d) CVD on 316 SS with the presence of Q-carbon interlayer; (e) 6 hrs CVD on bare 

316 SS; and (f) 6 hrs CVD on bare 304 SS. 
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Figure 7.8 SEM images of different diamond morphologies found on SS 304 at (a) 𝛃~𝟏. 𝟓 − 𝟐; 

(b) 𝛃~𝟐. 𝟓 − 𝟑; (c) diamond exhibiting many twins; and (d) tilted SEM highlighting the <110> 

growth of diamonds. 
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8.1. Abstract 

Formation of continuous and adherent diamond films on practical substrates presents a 

formidable challenge due to lack of diamond nucleation sites needed for diamond growth. This 

problem has been solved through the formation of interfacial Q-carbon layers by nanosecond laser 

melting of carbon layers in a highly undercooled state and subsequent quenching. The Q-carbon 

layer provides ready nucleation sites for epitaxial films on planar matching substrates such as 

sapphire, and polycrystalline films on amorphous substrates such as glass. Each laser pulse 

converts about a one-cm-square area, which can be repeated with a 100-200 Hz laser to produce 

potentially 100-200 cm2s-1 of diamond films. This is essentially a low-temperature processing, 

where substrate stays close to ambient temperature, because the total heat input is quite small. The 

Q-carbon layer is also responsible for improved adhesion of diamond films on sapphire and glass 

substrates. It is also argued that the formation of Q-carbon layer is also responsible for efficient 

diamond nucleation during negatively biased MPCVD diamond depositions. 
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8.1. Introduction 

Efficient nucleation is critical for the growth of continuous diamond thin films needed for 

next-generation solid-state systems ranging from cutting tools to high-power and high-frequency 

devices to biosensing applications [1-3]. Both under hot-filament CVD (HFCVD) and microwave 

plasma CVD (MPCVD), diamond nucleation can be enhanced by external nanodiamond seeding, 

scratching, interposing layers, laser treating, and ion implantation with some success [1, 2, 4]. 

However, uniform nucleation of diamond still presents a formidable challenge to efficient growth 

and formation of heterostructures with continuous diamond films.  Our recent breakthrough 

showed that new phase of Q-carbon formed by nanosecond laser processing can provide very 

uniform and efficient nuclei for diamond growth both under laser processing and subsequent hot-

filament CVD (HFCVD) [5]. In the presence of a plasma, such as MPCVD, negative biasing prior 

to a subsequent growth cycle was shown to be quite efficient on Si(100) substrates, where diamond 

nuclei were found to be random [6]. Subsequently detailed studies on bias-enhanced nucleation 

(BEN) on Si(100) showed that the formation of an amorphous carbon layer played a critical role 

in enhancing the diamond nucleation density by over five orders of magnitude [7]. This amorphous 

carbon layer formed on the top of an amorphous SiC layer, but SiC layer by itself was found to be 

ineffective in enhancing the diamond nucleation density. As a result of amorphous nature of 

interposing SiC layer, these diamond films were polycrystalline with a random texture. The BEN 

processing generated considerable more excitement when Sawabe and colleagues reported that 

diamond thin films on Ir(100) substrate can be highly textured, close to epitaxial despite a 7.1% 

lattice misfit with diamond [8]. This promise of BEN for wafer-scale diamond epitaxy intrigued 

many researchers and led to studies on the underlying mechanism of diamond nucleation and 

epitaxy. Since BEN involved amorphous carbon layer in the diamond nucleation on Ir(100), the 
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source for diamond epitaxy was not clear. Schreck et al. reported domain formation during BEN 

on Ir(001) surfaces in the form of bright areas of several microns in diameter [9]. When MPCVD 

growth step was applied after BEN, epitaxially oriented diamond islands grew only within the 

domains. Outside the domains the nucleation density was found to be orders of magnitude lower 

and the diamond crystallites were found to be completely random. Despite this observation, the 

mechanisms of domain formation and nucleation enhancement remained elusive. Recently, 

Schreck et al. introduced ion-bombardment induced lateral growth of these domains, where they 

argued that this ion-bombardment-induced layer can provide nuclei which subsequently grow 

under unbiased growth conditions [10]. This layer contained domains which grew in circles and 

these domains contained a high sp3 fraction with some diamond structures, formed by ion 

bombardment, as revealed by X-ray photoelectron diffraction. However, this layer could not be 

characterized by HRTEM and did not show any crystalline diamond features either by imaging or 

electron diffraction, and the layer was too thin for Raman studies. In this model, the growth rates 

needed to account for observed domain sizes of the order of a few microns required excessive 

displacement damage [10]. The formation of circular domains regions has been also observed 

recently on Si(100) substrates after BEN  using MPCVD [11].    

The purpose of this paper is to show that these circular domains, formed under low-energy 

ion bombardment in solid state, are similar to circular Q-carbon regions formed during pulsed laser 

melting with high undercooling and quenching [12-14]. These Q-carbon regions represent a 

separate phase of carbon with distinct structure and entropy. It is shown that the Q-carbon phase 

consists of a high-density of tetrahedra that are packed randomly in an amorphous structure with 

high (>80%) sp3 content, as determined by electron diffraction and electron-energy-loss 

spectroscopy. Under laser processing, the resulting Q-carbon phase has been found to provide a 
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higher nucleation density for diamond, particularly near the substrate interface due to higher 

undercooling and lower Gibbs free energy. These Q-carbon nucleation sites can be used to achieve 

wafer-scale integration of epitaxial diamond films by introducing a laser processing treatment prior 

to HFCVD or MPCVD. If the diamond nucleation originates at the interface, then the diamond 

film can grow epitaxially, despite the large lattice misfit, following the principles of domain 

matching epitaxy [15], similar to diamond epitaxy on (001) iridium that involves a 7.1% tensile 

misfit. On amorphous substrates, such as glass, Q-carbon provides efficient nucleation for the 

formation of polycrystalline continuous diamond films. 

8.2. Experimental 

To form Q-carbon, we start with pulsed laser deposition of amorphous carbon (~500 nm) 

on c-sapphire substrates near room temperature. The operating pressure of the vacuum chamber 

was 1.0×10-6 to 5.0×10-7 Torr. Nanosecond laser pulses of KrF excimer laser (λ=248 nm, τ=25 ns) 

were used to ablate the amorphous carbon target mounted in the PLD chamber. The repetition rate 

and the range of laser energy density of the nanosecond laser were 10 Hz and 3.0-3.5 Jcm-2, 

respectively. The ratio of sp2 to sp3 bonded carbon in the as-deposited amorphous carbon thin films 

was controlled by selection of laser and substrate variables, including substrate temperature, pulse 

energy density, and laser plume characteristics. Following the PLD process, the amorphous carbon 

films were laser annealed using a nanosecond ArF excimer laser (λ=193 nm, τ=20 ns). The laser 

energy density used during the pulsed laser annealing (PLA) ranged from 0.6-1.0 Jcm-2, and the 

laser pulse repetition rate varied from 10-200Hz. The PLA technique melted the amorphous carbon 

into a highly undercooled state of molten carbon and subsequently quenched the melt to form 

either Q-carbon, diamond, or α-carbon depending on the degree of undercooling. The Q-carbon is 

formed at the highest undercooling when a laser energy density ranging from 0.6-0.7 Jcm-2 was 
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used.  Diamonds and α-carbon were formed after the PLA of amorphous carbon with laser energy 

densities in the range of 0.7-1.0 Jcm-2. With the increase in the laser energy density, there was a 

decrease in the degree of undercooling, which facilitated the formation of the diamond (from 

amorphous carbon). When laser energy densities exceeded 1.0 Jcm-2 graphene formation was 

observed. It should also be noted that the degree of undercooling was dependent on the laser 

parameters and thermal conductivity of the substrate and the as-deposited thin film. Therefore, the 

laser parameters for the formation of Q-carbon and diamond differed for different substrates. 

Nucleation and growth rates determined the formation of nano- and micro-structures of diamond. 

The characterization of the Q-carbon and diamonds were performed by using high-resolution 

scanning electron microscopy (HRSEM), (scanning) transmission electron microscopy (STEM 

and TEM), core-loss EELS, electron dispersive X-ray spectroscopy (EDS), Raman spectroscopy, 

and electron backscatter diffraction (EBSD). The HRSEM was performed in the emission mode 

(having a sub-nanometer resolution) using FEI Verios 460L SEM. The Raman measurements were 

made using the Alfa300 R superior confocal Raman spectroscope (lateral resolution < 200 nm) 

with a 532 nm excitation source. The Raman spectrometer was calibrated using a standard 

crystalline Si sample, which had a vibrational mode (Raman peak) at 520.6 cm-1. The EBSD 

measurements were performed in the FEI Quanta 3D FEG microscope using an EBSD HKL 

Nordlys detector. The lateral resolution of the EBSD detector (< 10 nm) enabled the Kikuchi 

mapping of microdiamonds, which provided the details of structure and relative orientation of the 

film with respect to the substrate. 

8.3. Results and discussions 

Amorphous carbon layers can be melted into a super undercooled state by using 

nanosecond laser pulses, and then converted upon quenching into diamond-like amorphous carbon 
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with ~60% sp3 bonding (α-carbon), pure diamond, or a new phase of Q-carbon (with >80% sp3 

bonding). The formation of these phases depends upon the degree of undercooling, where the 

undercooling increases from α-carbon to diamond to Q-carbon [12-14]. Fig. 8.S1 shows 

schematically the formation of diamond, Q-carbon + α-carbon, and Q-carbon + diamond. The Q-

carbon is formed near the sapphire substrate, where the undercooling is the highest and is followed 

by the formation of diamond and α-carbon layers with decreasing undercooling. Thus, amorphous 

carbon can be converted into diamond or Q-carbon followed by diamond or α-carbon. 

Figure 8.1 illustrates the Gibbs free energy (ΔG) versus temperature (T), where free energy 

curves for graphite (equilibrium phase) and non-equilibrium phases (α-carbon, diamond, and Q-

carbon) are intersected by molten carbon which has a higher entropy. The formation of different 

phases occurs at the free-energy intersections, where the degree of undercooling is taken to be the 

difference between the melting point of graphite (~5000K) and the melting points of the different 

phases. When a thin layer of amorphous carbon (a-carbon) is melted in a super undercooled state, 

it can lead to the formation of either 1) nanodiamonds in α-carbon and Q-carbon by homogeneous 

nucleation, 2) microdiamonds on sapphire substrate by heterogeneous nucleation, and 3) 

microdiamonds with Q-carbon near the sapphire interface, as shown schematically in Fig. 8.2 (a). 

Fig. 8.2(b) shows experimental results, where nanodiamonds are formed by homogeneous 

nucleation in α-carbon (R1), and microdiamonds by heterogeneous nucleation at the sapphire 

interface (R2). The formation of microdiamonds associated with Q-carbon is shown at R3, where 

the number density is much higher than that at R2. These microdiamonds formed with sapphire 

template grow epitaxially via domain matching epitaxy [15].  From the EBSD pattern (in the inset 

in Fig 8.2(b)), the epitaxial relation on sapphire (0001) was determined to be <111> diamond 

//<0001> sapphire out of plane, and <110> diamond // <-2110> sapphire in-plane direction. Fig. 
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8.2(c) shows a direct comparison of diamond nucleation in α-carbon and Q-carbon. The Q-carbon 

provides easy nucleation sites for diamond growth, the details of which will be discussed later in 

the paper. It is interesting to note that microdiamonds grew directly on sapphire substrates without 

Q-carbon (at R2) show a brighter contrast as a result of charge accumulation and enhanced electron 

emission during SEM imaging, compared to those grown with Q-carbon (at R3).  This is because 

Q-carbon is more conducting than sapphire [12]. It should be noted that the formation of circular 

Q-carbon regions (marked as R3 in Fig 2(c)) of 2.5µm radius promotes the rapid growth of large 

<111> epitaxial diamond (2.0 µm) with an estimated growth velocity of over 5.0ms-1. Similar 

growth of defect-free silicon with velocities over 1.0-2.0ms-1 and dopant incorporation beyond the 

thermodynamic solubility limit via pulsed laser annealing as demonstrated in our earlier studies 

[16].  

Fig. 8.2(d) shows the formation of individual and cluster microdiamonds on the sapphire 

(0001) interface by heterogeneous nucleation (R1). It is interesting to note that there is a 

considerable shrinkage around diamond crystallites because the number density of carbon atoms 

in diamond is considerably higher than that in amorphous carbon. From the ratio surface areas (at 

(R1), the density of diamond is estimated to be 50% higher than that of a-carbon. This is consistent 

with HAADF (STEM-Z) contrast ratio measurements, which is directly proportional to the atomic 

number density [13, 14]. In the presence of Q-carbon, the number density of microdiamonds is 

considerably higher due to an increase in the nucleation density of diamond. 

The nucleation of diamonds occurs readily in the presence of Q-carbon, leading to the 

formation of a high density of microdiamonds, as demonstrated in Fig. 3. The experimental results 

in Fig. 8.3(a) clearly show the formation of nanodiamonds by homogeneous nucleation at R1, 

microdiamonds by heterogeneous nucleation at R2, and a much higher density of macrodiamonds 
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in the presence of Q-carbon at R3.  Again the microdiamonds, which grow around Q-carbon, 

clearly show a darker contrast compared to those directly formed on sapphire (0001) due to the 

greater charge accumulation on the diamond in direct contact with insulating sapphire (0001) 

substrate. Fig 3(b) shows the formation of the continuous diamond film in the presence of Q-

carbon and a comparison in the absence of Q-carbon. The sharp boundary clearly illustrates the 

role of Q-carbon in enhancing the number density of microdiamonds that coalesce to form a 

continuous diamond film. Fig. 8.3(c) shows the formation of continuous diamond over the entire 

substrate surface in the presence of a Q-carbon interposing layer. Preliminary scotch-tape and 

scratch tests showed that these films are highly adherent presumably due to the presence of the 

interposing layer of Q-carbon, as shown in Fig. 3(c) [17]. 

The details of epitaxial growth of diamond is illustrated in Fig. 4, where <111> and <100> 

diamond epitaxy is shown at R5 and R6, respectively. The epitaxial growth is confirmed by 

corresponding EBSD patterns for <111> and <100> growth in the insets of Fig. 8.4. By comparing 

with sapphire (0001) EBSD, the epitaxial relations for <111> diamond growth are <111> diamond 

// <0001> Sapphire out of the plane, and   <110> diamond // <2̅110> Sapphire in the plane. The 

epitaxial relations for <100> diamond growth are <100> diamond // <0001> Sapphire out of the 

plane, and <110> diamond // <2̅110> Sapphire in one direction, and <11̅0> diamond // <101̅0> 

Sapphire in the other direction of the plane. The relative fraction of <111> and <100> oriented 

diamond crystallites can be controlled through crystallization kinetics by optimizing the laser 

parameters. 

The effectiveness of Q-carbon layer in providing nucleation sites for diamond growth by 

HFCVD is illustrated in Fig. 8.5.  The SEM micrograph in Fig. 5(a) shows the formation of a 

continuous <100> textured diamond film on the Q-carbon coated sapphire substrate after three 
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hours of HFCVD growth on (0001) sapphire. Here the diamond nuclei are formed near the top of 

Q-carbon, therefore, <100> texturing occurs as a result of faster diamond growth in <100> 

direction, compared to <110 and <111> during HFCVD. Whenever, the diamond nucleation is at 

the Q-carbon/substrate interface, the growth orientation is dictated by the substrate orientation and 

domain matching epitaxy. Fig. 5(b) shows the details of morphology at a higher magnification and 

<100> orientation of microdiamonds, as shown in Fig. 8.5(b) and 5(c). It should be mentioned 

that without Q-carbon seeding, only a few diamond crystallites are observed after three hours of 

HFCVD growth [17].  

The nucleation of diamond on glass presents a similar challenge as on sapphire due to the 

lack of surface affinity with carbon, similar to sapphire in the CVD temperature range. As a result, 

nucleation of diamond and growth of continuous films on glass substrates by CVD has proven 

quite difficult. Fig. 8.6(a) shows a high-density nucleation of microdiamonds in the presence of 

Q-carbon on a glass substrate. This micrograph shows a significant enhancement in diamond 

nucleation over the entire substrate surface in the presence of the interposing Q-carbon layer. The 

contrast from the top diamond layer is lighter (more insulating) compared to the layer underneath, 

which grows directly on Q-carbon. Thus, Q-carbon can be used to form a continuous film on a 

glass substrate, as shown in Fig. 8.6(b). The effectiveness of Q-carbon in nucleation and formation 

of a continuous thin film over a large area are illustrated clearly in Fig. 8.6(c). There is no diamond 

growth to be seen on glass substrates in the absence of Q-carbon, whereas a very dense continuous 

film is observed in the presence of Q-carbon.  

The Raman measurements show that these microdiamonds and continuous films on 

sapphire have the characteristic T2g peak close to 1332 cm-1, as shown in Fig. 8.7(a). This implies 

that the microdiamond films are fairly stress-free. In the case of nanodiamonds, there is a downshift 
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(to 1325 cm-1) associated with phonon-confinement effects [18], as shown in Fig. 8.7(b). The lack 

of thermal stress in these diamond films can be explained if the underlying does not heat to high 

temperatures or the interposing Q-carbon layer has a matching thermal expansion coefficient with 

the diamond.  Thermal strains are given by ɛT = αf (Tf – T0) – αs (Ts – T0), where αf and αs are 

coefficients of thermal expansion and Tf and Ts are effective temperatures of diamond and 

sapphire, respectively, during laser processing. By using an average values of αs = 6.0x10-6K-1 for 

sapphire and αf = 1.0x10-6K-1 for diamond, the quenching from Tf  = 4000K can generate negligible 

strain with sapphire temperature of 916K). The temperature of 916K for sapphire substrate was 

estimated by laser-solid interaction calculations using the SLIM program [19]. The corresponding 

thermal stress is given by σT = 2µɛT [(1- υ)/ (1+ υ)] will also be also very small, where µ (555 

GPa) and υ (0.1) are shear modulus and Poisson’s ratio of the diamond, respectively.  

Microdiamonds nucleate more efficiently at α-carbon/sapphire and Q-carbon/sapphire 

interfaces due to the higher undercooling and thus greater negative Gibbs free energy. The Gibbs 

free energy for diamond nucleation from the undercooled carbon melt is given by ΔGT = -ΔHm. 

ΔT/Tm, where ΔT is the undercooling, ΔHm the melting enthalpy, and Tm is the melting point of 

carbon. Since the undercooling is higher at Q-carbon/sapphire interface, the number density of 

diamond nuclei is higher at the Q-carbon/sapphire than α-carbon/sapphire interface. However, the 

average size of microdiamond is roughly the same at both the α-carbon/sapphire and Q-

carbon/sapphire interfaces, because the diamond growth time are approximately equal.   

Fig. 8.8 shows the results of laser-solid interaction calculations using the SLIM program 

on sapphire substrates [19]. The figure shows the plot of temperature versus time (Fig. 8(a)), melt 

depth versus time (Fig. 8(b)), and melt growth velocity as a function of time (Fig. 8(c)). The melt-

growth velocity varies from 2-4 ms-1, which can lead to the formation of 0.5-1.0 µm 
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microdiamonds in about 200ns of growth time in the liquid phase. The growth rates of Q-carbon 

in the form of circular patches (shown in Fig. 8.3(c)) are considerably higher (2-3 times) than 

diamond, which is consistent with SLIM calculations. 

The structure of Q-carbon has been analyzed in considerable detail in the context of high-

temperature superconductivity.  Three distinct phases have been identified in B-doped Q-carbon, 

namely, QB1, QB2, and QB3 [20], consistent with theoretical predictions by Cohen’s group [21]. It 

should be mentioned that the formation of Q-carbon after laser annealing of amorphous carbon has 

been independently confirmed by Yoshinaka et al [22].  The QB1 phase is formed when only one 

of the three tetrahedra, joined along the edges as shown in Fig. 8.9(a), are doped with B (central 

blue atom), and these units are randomly packed upon quenching with >80% packing efficiency. 

This phase, with 17at%B exhibits a superconducting transition temperature of 37K. When 

two tetrahedra, joined along the edges as shown in Fig 8.9(b), are packed randomly upon 

quenching, QB2 phase is formed. If one of the two tetrahedra contains B, this phase will have 

25%B. This phase has shown a superconducting transition temperature of 55K, which is the 

highest transition temperature for the BCS superconductivity. The QB3 phase is formed when 

tetrahedra with central B atoms are packed with resulting 50%B concentration, as shown in Fig. 

8.9(c). These tetrahedral structures in doped and undoped Q-carbon phases are formed in a super 

undercooled state and play a critical role in the easy nucleation of the diamond phase. These 

tetrahedra can organize themselves as strings [23], whose lengths increase with increasing 

undercooling. Fig. 8.9(d) shows diamond tetrahedra joined along <110> direction to create a 

string-like structure. It is surmised that clusters of diamond tetrahedral in Q-carbon have exceeded 

that critical size for diamond nucleation [24, 25]. 
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The atomic structure and bonding characteristics of Q-carbon on sapphire were analyzed 

in detail by annular dark-field imaging, selected area electron diffraction (SAED), and electron 

energy-loss spectroscopy techniques.  Figure 8.10(a) shows a cross-sectional annular dark-field 

image of Q-carbon on sapphire c-Al2O3 substrate, where the thickness of Q-carbon is estimated to 

be ~50 nm. A selected area electron diffraction (SAED) pattern (Fig. 10(b)), obtained on Q-carbon, 

and shows a diffused ring pattern, revealing the amorphous nature of Q-carbon. The spectrum 

contains diffused, but distinct (111) and (220) diffraction rings in the SAED pattern, indicating the 

presence of sp3 bonded carbon tetrahedra in Q-carbon structure. This is consistent with the 

proposed atomic structure proposed in Fig. 8.9, where the diamond tetrahedra are randomly packed 

to create the densely packed phase of Q-carbon. However, more work is needed to distinguish 

between Q1, Q2 and Q3 phases. 

The electronic structure across the Q-carbon layer was analyzed by mapping out EELS 

spectra. The Q-carbon EELS spectrum consists of peaks at C-K (284 eV) and O-K (532 eV), 

corresponding to high spectral counts shown in Fig. 8.10(c). The sudden rise in O-K peak intensity 

at the interface between Q-carbon and Al2O3 suggests the formation of an atomically-sharp 

interface between Q-carbon and the substrate following the ultrafast quench.  An enlarged 

spectrum image between 275 and 310 eV is shown in Fig. 10(d), with the details of the C-K edge. 

The spectrum clearly shows the presence of π* (onset at 284 eV) and σ* (broad peak with onset at 

290 eV) excited states in the C-K edge, thus revealing the presence of both the sp2 and sp3 bonded 

carbon atoms in Q-carbon. The sp3 and sp2 content in Q-carbon was quantified using a Gaussian 

fit method [5, 26] as shown in Fig. 10(d). The C-K edge is fitted with three major Gaussian profiles 

which attribute to C=C π* (285 eV), C=C σ* (292 eV) and C-C σ* (298 eV). One additional small 

Gaussian peak at 287 eV was also added to appropriately fitting the C-K edge, which is attributed 
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to the non-planar contribution of π*. Using these fits, we estimated 80±2 % sp3 in Q-carbon, which 

is in agreement with the sp3 fraction determined by using quantitative Raman spectroscopy (~82% 

sp3). 

The Q-carbon is strongly adherent to sapphire because of its interfacial reaction with the 

substrate, as discussed below. Adhesion of diamond films without any interfacial reactions is 

usually poor [1, 2]. The Gibbs free energy for the reaction of solid carbon with alumina is positive 

up to fairly high temperatures. In the case of sapphire, the reaction of carbon to form aluminum 

carbide can occur only at very high temperatures, close to the melting point when the Gibbs free 

energy turns negative. The reaction with liquid carbon can occur at 4000K, as Gibbs free energy 

turns negative, and high-diffusivity in the liquid can lead to the formation of interfacial aluminum 

carbide (Al4C3) rapidly within 100ns.  The Gibbs free energy versus calculations are shown in Fig. 

8.11, where it turns negative with molten carbon. It is believed that this reaction is responsible for 

the observed improved adhesion in our films. 

8.4. Comparison between (liquid-phase) laser processing and (solid state) BEN MPCVD  

The negative substrate biasing works very effectively in enhancing the nucleation sites 

under microwave plasma CVD. Under negative biasing, it is surmised that positively charged Hx+, 

Cx+, CHx+ species impinge upon the substrate and stabilize sp3 bonded diamond nuclei. The 

negative biasing also works for HFCVD, provided there are positively plasma species. Some have 

argued that biasing modifies the plasma chemistry and enhances carbide formation on the substrate 

[7]. Schreck and colleagues [10] have taken all these biased enhanced nucleation results and 

provided a model which focuses on domain formation and ion-bombardment-induced-buried 

lateral growth, but the model requires excessive displacement damage to account for their observed 

growth rates. 
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 Finally, we discuss similarities between biased enhanced nucleation (BEN) during 

MPCVD and laser-enhanced nucleation (LEN) during direct conversion of carbon into diamond 

by pulsed laser annealing. As shown in Figs. 8.2(b), (c), and 8.3, the formation of Q-carbon is 

responsible for enhanced nucleation of diamond nuclei which grow into large epitaxial 

microdiamonds. These microdiamonds can grow epitaxially by matching of plane between the 

diamond film and the substrate via domain matching epitaxy paradigm. The formation of circular 

structures, referred as domains, during the application bias in MPCVD (Fig 8.1 (a)) in reference 

[9] is shown in Fig. 8.S2 for a comparison. These domains in Fig. 8.S2 are very similar to circular 

Q-carbon structures in the present LEN (Figs. 8.2(b), (c) and 8.3). The size of these circular Q-

carbon regions is of the order of 3-6µm, which are formed within 100-200ns during pulsed laser 

annealing by ArF laser with 20ns pulse duration. These regions grow from the substrate with an 

undercooled liquid-phase velocity of over 5.0ms-1 having a first-order phase transformation. 

Under the BEN, the transformation of Q-carbon layer 1-2nm thick under solid-state phase 

transformation may take seconds, considering solid-phase epitaxial growth in amorphous silicon. 

We propose that during the application of bias in MPCVD, amorphous carbon layer is formed, 

which is continuously bombarded by Hx+, CHx+ ions having an energy of ~250eV (bias voltage 

times charge). This energy of a CHx+ ion can generate two Frenkel (vacancy-interstitial) pairs per 

ion, which can convert three-atom covalently bonded units into a five-atom diamond tetrahedron, 

as shown in Fig. 8.9(a). The number of Frenkel pairs (NFP)  under low-energy bombardment can 

be estimated by NFP = 0.8x4M1M2x(M1+M2)-2xEi/(2Ed), where M1 is mass of the incident ion, 

M2 is mass of substrate, Ed is damage threshold energy, and Ei is the energy of incident ion [27]. 

Thus there is a bias threshold for BEN to work efficiently, above which excessive damage would 

prevent the formation of sp3 DCL tetrahedra. These diamond tetrahedra get compacted with over 
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80% efficiency to form Q-carbon and its different polymorphs. In the case of MPCVD on Ir 

substrates, the Ir(100) provides a template for diamond epitaxy with 7.1% lattice misfit which can 

be handled by domain matching epitaxy. KPFM measurements showed negative surface potential 

associated with Q-carbon compared to the matrix of diamond and diamond-like carbon [12], which 

is similar to reduced work function associated with domains after the BEN treatment [9]. A 

significant shrinkage and increase in the mass density of Q-carbon (>50%) was found by using 

HAADF (STEM-Z) contrast, which is directly proportional to the atomic number density. This is 

consistent with significant shrinkage >50% of bright domain regions compared to as-deposited 

carbon regions in BEN experiments. 

8.5. Summary 

We have solved a longstanding challenge related to diamond nucleation and fabrication of 

continuous and epitaxial diamond films on nondiamond substrates for next-generation solid state 

devices involving diamond thin film heterostructures. We have shown that a new phase of carbon, 

named Q-carbon, provides ready nucleation sites and these nuclei can be grown subsequently by 

laser processing, HFCVD or MWCVD to form continuous diamond films over a large area for a 

wafer-scale integration. By controlling the diamond nucleation near the Q-carbon/substrate 

interface, we can achieve epitaxial growth of diamond film with the substrate acting as a template. 

The heterogeneous nucleation is favored over homogeneous nucleation, and further manipulated 

by reducing the Q-carbon layer thickness. We have shown that the Q-carbon layers can be 

produced by nanosecond laser melting and subsequent quenching in a controlled way. Using 

nanosecond lasers, the whole conversion process from amorphous into Q-carbon is completed in 

less than fraction of a microsecond. Each pulse creates about one square cm which can be scaled 

up to cover 100 to 200 square cm by using 100-200Hz laser.  
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We also argue that biased enhanced nucleation under MWCVD is a result of formation of 

thin Q-carbon layer. This thin Q-carbon layer is formed under a delicate balance of sputtering and 

displacement damage during the intense flux of CxHy+ ions with energy equal to charge times the 

bias voltage. These domains of Q-carbon layer provide effective nucleation sites for diamond 

growth subsequently with bias turned off. This Q-carbon layer provides enhanced nucleation sites 

for epitaxial diamond film with crystalline substrate such as Ir (100) via domain matching epitaxy 

or random diamond film with amorphous substrate such as glass or SiO2/Si. These non-carbide 

forming substrates usually exhibit very poor nucleation and adhesion for CVD growth processes. 

Improved adhesion can be derived by interfacial reaction of liquid carbon with glass and sapphire 

at high temperatures, where Gibbs free energy turns negative facilitating interfacial carbide 

formation. This transformative research on adherent Q-carbon and diamond coatings on 

nondiamond substrates will have a profound impact on the fundamental understanding of 

formation of continuous adherent diamond films on non-carbide forming substrates. 
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8.7. Figures 

 

Figure 8.1 Gibbs free energy versus temperature for graphite, α-carbon, diamond, Q-carbon, and 

liquid carbon with higher slope due to higher entropy. 
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Figure 8.2 (a) Schematic of conversion of a-carbon layer into nanodiamonds, microdiamonds, Q-

carbon and quenched-in α-carbon; (b) formation of nanodiamonds by homogeneous nucleation at 

R1, microdiamonds by heterogeneous nucleation (R2) in α-carbon; and much higher density of 

microdiamond nucleation in Q-carbon at R3. The inset EBSD shows epitaxial relation with (0001) 

sapphire substrate; (c) formation of circular Q-carbon regions, promoting diamond growth; and 

(d) formation of microdiamonds on (0001) sapphire and shrinkage associate with the diamond 

formation.  
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Figure 8.3 (a) Formation of larger regions of Q-carbon with increasing number density of 

microdiamonds on Q-carbon; (b) highlights the role of Q-carbon in diamond nucleation and 

formation of continuous and adherent diamond films on sapphire and glass substrates; and (c) 

continuous adherent microdiamond film.  
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Figure 8.4 HRSEM micrographs of microdiamonds in <111> (at R5) and in <100> orientation (at 

R6) with inset showing EBSD for <111> and <100> orientations. 
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Figure 8.5 (a) Continuous diamond film on Q-carbon seeding and HFCVD for 3 hours; (b) SEM 

micrograph at a higher resolution; (c) EBSD pattern showing <100> diamond growth; and (d) 

relative <100> orientation. 
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Figure 8.6 (a) Enhanced nucleation and growth of diamond on glass in the presence of Q-carbon; 

(b) boundary between a continuous film with Q-carbon and without Q-carbon; and (c) continuous 

adherent diamond film on the glass substrate. 
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Figure 8.7 (a) Raman spectra from microdiamonds (peak at 1332 cm-1); and (b) Raman spectra 

from nanodiamonds (peak at 1325 cm-1). 

 

Figure 8.8 SLIM simulation results: (a) Temperature versus time; (b) Melt depth versus time; (c) 

melt-growth velocity versus time. 
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Figure 8.9 Atomic structure of Q-carbon: (a) Q3-phase; (b) Q2; (c) Q1 phase; and (d) tetrahedra 

align along <110> to form string-like structures. 
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Figure 8.10 (a) A cross-sectional ADF image of Q-carbon on c-sapphire substrate. (b) SAED 

pattern of Q-carbon showing diffused diffraction rings corresponding to amorphous structure, (c)  

reveals the EEL spectral acquisitions across the Q-carbon/Al2O3 heterostructure, highlighting the 

C and O elemental mapping (d) Gaussian fitted EELS spectrum of Q-carbon region revealing the 

constituent π* and σ* peaks in C-K edge of Q-carbon. 
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Figure 8.11 Gibbs free energy versus temperature for carbon reaction with sapphire; and carbon 

reaction with glass. 
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8.9. Supplementary Material 

 

 

Figure 8.S1: Formation of Q-carbon and diamond related materials by PLA. 

Fig. 8.S1 shows schematically the formation of diamond, Q-carbon + α-carbon, and Q-carbon + 

diamond. The Q-carbon is formed near the sapphire substrate, where the undercooling is the 

highest and is followed by the formation of diamond and α-carbon layers with decreasing 

undercooling. Thus, amorphous carbon can be converted into diamond or Q-carbon followed by 

diamond or α-carbon. 

 

Figure 8.S2 SEM image of the Ir surface after 10 min BEN in a pure DC discharge (100 mbar, 2% 

CH4/H2, with Bias: about −280 V from [1]. 

Fig. 8.S2 bright areas in scanning electron microscopy (SEM) images taken by the in-lens (IL) 

detector which is specifically sensitive to work function contrast. These areas usually called 

“domains” are unequivocally correlated to the diamond nucleation sites as substantiated by 
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subsequent growth experiments on the same spot of the sample. Depending on the specific BEN 

conditions, the patterns vary from compact homogeneous areas with smooth edges to branched 

fractal-like structures. 

 

Figure 8.S3 (a): shows 1-2cm square area per pulse with 25ns ArF laser, where the whole process 

is completed in less than 100-200ns, (b): The Raman spectrum with characteristic diamond at 

1332.14 cm-1 from the center of the middle spot (right). 

Fig. 8.S3 (a) illustrates the wafer-scale processing Using nanosecond lasers, the whole conversion 

process from amorphous into Q-carbon is completed in less than 200ns. Each pulse creates about 

one to two square cm which can be scaled up to cover 100 to 200 square cm by using 100-200Hz 

laser. Fig. 8.S3 (b) shows the characteristic diamond peak at 1332.14 cm-1, indicating the formation 

of strain-free diamond film. 

References: 

[1] M. Schreck, S. Gsell, R. Brescia, M. Fischer, Ion bombardment induced buried lateral 

growth: The key mechanism for the synthesis of single crystal diamond wafers, Sci. Rep. 

7 (2017) 1–8. https://doi.org/10.1038/srep44462. 
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9.1. Abstract  

Herein we report the conversion of polytetrafluoroethylene (PTFE) into <110> 

nanodiamonds via a melting route using pulsed laser annealing (PLA). The converted ND film is 

used as a seed layer to grow dense microdiamond coating synthesized by chemical vapor 

deposition.  We utilize an ArF excimer laser with a photon energy of 6.4 eV to decompose PTFE 

(bandgap: 6.0 eV). Initial laser shots result in photochemical decomposition of PTFE, and PTFE 

is converted to an amorphous carbon film. This amorphous carbon film, when subjected to 

additional laser shots, undergoes first-order phase transformation; when this melt is quenched at 

rates exceeding 109 K/s, the ND film is obtained. Notably, the obtained NDs are phase pure, 

exhibiting full width at half maxima (FWHM) of 1.23 cm-1 and demonstrate <110> out of plane 

mailto:narayan@ncsu.edu
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orientation characterized by Raman spectroscopy and transmission electron microscopy. The 

average ND size is ~28.5 nm determined by scanning electron microscopy and X-ray diffraction. 

The COMSOL simulations substantiate the use of PLA shots with an energy density in the range 

of 0.6-0.8 J/cm2 to fully convert a ~50% crystalline PTFE on the sapphire substrate into ND. The 

CVD microdiamonds grew densely on the ND seed layer as compared to reduced graphene oxide 

confirmed by SEM and Raman analysis.  This innovative method of ND fabrication by UV 

irradiation of PTFE opens up opportunities for generating selective coatings of advanced polymer-

diamond composites and doped nanodiamonds for quantum computing and biomedical 

applications. 

9.2. Introduction 

Diamond and related materials represent the ultimate materials for next-generation solid-

state devices. The uniqueness of nanodiamonds (NDs) has spurred research interest in the synthesis 

and processing of nano-structured diamonds [1]. Nanodiamonds not only share some remarkable 

properties with bulk diamonds but also exhibit additional novel characteristics. Both NDs and 

microdiamonds are recognized for their high hardness [2], superior thermal conductivity [3], low 

electrical conductivity [4], chemical inertness [5], optical fluorescence [6], non-toxic nature, and 

biocompatibility [7]. As NDs have a large surface area-to-volume ratio, surface structure 

functionalization, and modification lend themselves to novel and improved devices [8]. A variety 

of biomaterials can attach themselves to the surface; as such, NDs are suitable vehicles for drug 

delivery [9] and tissue engineering [10,11]. NDs also possess high magnetoresistivity [12], bright 

photoluminescence [13], and high photostability [14]. In electrochemistry, NDs with high 

resistivity exhibit redox activity [6]. NDs are frequently employed as a seed layer for non-carbide 

forming substrate during microdiamond film synthesis by chemical vapor deposition (CVD). NDs 
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are also unique fillers for producing exceptional nanocomposites and bio-nano composites with 

reinforcement in mechanical properties [15,16] resulting in an enhancement in wear and abrasion 

resistance [17], tailored thermal conductivity [18], and improvement in biocompatibility [19]. 

Nitrogen-vacancy (NV) doped nanodiamonds can be used for efficient nanosensing, quantum 

computing, and quantum communications [20, 21]. 

Nanodiamonds can be evaporated by intense ultraviolet (UV) irradiation [22]. However, 

the same irradiation in the form of the laser can be utilized to fabricate nanodiamonds within a 

fraction of a microsecond in the melting regime by pulsed laser annealing (PLA) [23]. Today 

various techniques are available for ND synthesis. The majority of techniques rely on high pressure 

and high temperature (HPHT) conditions such as detonation [24], hydrothermal synthesis from 

organic matter [25]. Other techniques include ion bombardment of microdiamonds to create 

NDs[26], pulsed laser annealing (PLA) of diamond-like carbon (DLC) film, and chemical vapor 

deposition (CVD) with various energy sources such as hot filament, plasma, and microwave 

sources [27, 28]. The NDs generated by the HPHT method exhibit a core-shell structure where the 

outer shell is graphitic; these materials are contaminated by metallic impurities and exhibit a 

random out-of-plane orientation. Therefore, the ND synthesized by the HPHT approach has to be 

further processed chemically to get rid of the graphitic shell. However, the ND film fabricated by 

PLA does not contain unwanted metallic impurities; moreover, an outer graphic coating can be 

avoided. Here, PLA provides control over the out-of-plane orientation, which is necessary for 

quantum computing applications [20].  

The transformation of polymers into diamond-like structures through the melting route 

using PLA is simple, user-friendly, and appealing for novel device technology and electronics [29-

31]. There have been a few efforts for the non-equilibrium transformation of polymers into 
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diamond structures [30–33]. Ye et al. [32] reported the conversion of polytetrafluoroethylene 

(PTFE) into NDs using CO2 laser in an inert argon atmosphere by the solid-state route. They 

utilized an infrared laser to irradiate polymers, which is highly inefficient as polymers exhibit low 

absorption coefficients in the infrared region. Recently, Narayan et al. [33] for the first time 

obtained the conversion of PTFE into NDs using multiple pulses of ArF excimer laser via the 

melting route. The non-diamond content in these NDs was ~0.36%. However, no detailed 

investigation has been conducted yet on the reduction in non-diamond content as a function of 

laser shots and utilization of these adherent NDs as a seed layer on non-carbide forming substrates 

such as sapphire to grow an adherent, hard and tough microdiamond coating. The converted NDs 

from PTFE can be selectively employed as nucleation sites for the growth of continuous 

microdiamond films by post-synthesis methods such as CVD useful for substrates that do not form 

adherent diamond films like steels and sapphire [34]. Ferrous substrates suffer from the formation 

of interposing graphitic layers, and sapphire suffers from a lack of diamond nucleation. Both 

sapphire and steel also suffer from a significant thermal mismatch with diamond resulting in 

diamond film cracking and delamination [35]. In previous studies, by employing a similar concept 

Q-carbon (structure consisting of randomly packed diamond tetrahedra) was used to grow adherent 

diamond films on substrates such as austenitic stainless steels, tool steels, WC, and sapphire [36-

38]. 

In this work, we have utilized the PLA technique to synthesize nanodiamonds from PTFE 

tape on the c-sapphire substrate. The motivation behind this work is to utilize the synthesized ND 

film as a seed layer for synthesizing a dense CVD microdiamond film. We surmise that the liquid 

phase conversion of PTFE to NDs should produce adherent nanodiamonds on the c-sapphire 

substrate.  To generate microdiamond film, we performed hot filament chemical vapor deposition 
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(HFCVD) on the resultant adherent NDs formed on c-sapphire. We investigated and confirmed 

the formation of nanodiamond and reduced graphene oxide (rGO) after laser annealing of PTFE. 

Both the ND film and CVD microdiamond film were analyzed using a high-resolution scanning 

electron microscope (HRSEM), transmission electron microscope (TEM), X-ray diffraction 

(XRD), and results discussed with COMSOL simulations.  

9.3. Experimental methods 

1. PLA method to synthesize NDs from PTFE 

The <0001> Al2O3 substrate was covered with pure white 100 µm thick PTFE tape [(-C2F4-

) n]. Half of the area of this tape was under a shadow mask (Fig 9.1).  The laser annealing of tape 

was performed via an ArF excimer laser (Lambda Physik LPX-300cc) with a characteristic 

wavelength of 193 nm and a pulse width of 20 ns. The laser beam was focused using a convex 

lens. For measuring laser energy, we utilized an Energy MAX 400 laser energy meter 

manufactured by Molectron (Portland, OR). This meter measures energy in mJ range when its 

detector is exposed with laser light. The use of a convex lens results in a Gaussian energy 

distribution. We have measured the energy values at multiple points on the spot to obtain an 

average energy value (𝐸 ̅). The spot was rectangular with length (l) and width (w) measured using 

a Vernier caliper. The energy density at a spot was calculated by taking the ratio of �̅�(in 𝐽) to an 

area of spot (in cm2). 

2. Hot filament chemical vapor deposition (HFCVD) 

Once the ND formation on c-sapphire was confirmed, the c-sapphire sample was 

transferred into the HFCVD system supplied by Blue Wave Semiconductors (Baltimore, MD, 

USA).  The sample was placed on a rotating heat-resistance-molybdenum sample stage that was 

connected to a heating system. The chamber was equipped with a water-cooling system and two 
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openings for supplying methane (CH4) and hydrogen (H2) gases. Four tungsten filaments (with a 

diameter of 0.508 mm) were connected to a power supply located above the substrate. The distance 

between the substrate and the filament was kept between 4-6 mm.  The filaments were supplied 

with a voltage of 8±0.1 V and a current of 85±10 A. During the deposition, the substrate was 

heated to 800 ±20°C, and the peak filament temperature was measured in the range of 1800-2000 

°C by the optical contactless pyrometer. Following the carburization process, the deposition was 

carried out under a chamber pressure of 20 Torr, CH4 flow rate of 2 sccm, and H2 flow rate of 100 

sccm. The growth process was carried out for 5 hrs. Once the deposition was complete, the system 

was cooled down to room temperature with a cooling rate of about 10 °C/min. 

3. HRSEM and HRTEM 

The structure of diamonds was analyzed by field-emission FEI Verios 460L high-

resolution scanning electron microscope (HRSEM). The resolution of this scanning electron 

microscope is 0.6 nm, which is ideal for ND imaging. The working distance was adjusted 

according to the specific requirements in the range of 4-5 mm. Some micrographs were obtained 

after applying a sample bias to compensate for charging as both PTFE and sapphire have low 

conductivity. For performing energy dispersive spectroscopy (EDS), an Oxford X-max 50 detector 

(Abingdon, United Kingdom) capable of detecting elements with a concentration greater than 0.1-

0.2 wt%. was utilized. The software used for SEM and EDS analysis was Oxford Aztec Abingdon, 

United Kingdom. HRTEM imaging and electron diffraction were performed using an FEI Talos-

F200 microscope (Hillsboro, OR, USA) with an ‘XFEG’ Schottky field emission gun source, 

operational at 200 keV.  
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4. XRD and Raman spectroscopy 

The XRD 2θ scans were performed using a Rigaku SmartLab X-ray diffractometer (The 

Woodlands, TX, USA) in Bragg-Brentano mode in reflection geometry operating mode using a 

Cu Kα radiation source from a sealed tube, which was operated at a voltage and current of 40 kV 

and 25 mA, respectively; a state-of-the-art LENXEYE XE detector was used in this study.  A 

WITec confocal Raman microscope system (Alpha 300M 532 nm laser source) (Ulm, Germany) 

with a grating size of 600 I/mm and 1800 I/mm for high resolution was utilized to characterize the 

Raman-active vibrational modes in as-deposited and laser annealed samples. The laser power of 

30±20 mW was utilized; care was taken to prevent any unnecessary sample heating during the 

spectrum acquisition. Nanodiamond T2g Raman peak signal sensitivity is highest for UV 

wavelengths; peak signal sensitivity increases with decreasing wavelength from visible to UV. We 

also utilized the Horiba Jobin Yvon LabRAM HR Evolution confocal micro-spectrometer (Kyoto, 

Japan) to perform Raman spectroscopy measurement in a back-scattering configuration with a 

HeCd source to generate a 442-nm wavelength for laser excitation. The arrangement allows for a 

spatial resolution better than 1μm to characterize the Raman-active vibrational modes in as-

deposited and laser annealed samples. The Raman intensities were calibrated using single-crystal 

silicon, the zero-loss peak at zero, and the Si peak at 520 cm-1. 

9.4. Result and discussion 

9.4.1. Synthesis of ND and reduced graphene oxide from PTFE  

(i) As-received PTFE tape 

Initially, the as-received PTFE tape was analyzed using EDS and XRD techniques. XRD 

was utilized to analyze the crystallinity of the PTFE tape; EDS was performed to confirm the purity 

of PTFE. The impurities present in PTFE can significantly alter its absorption coefficient [9], 
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which is a critical parameter to obtain structures like Q-carbon [39] and diamond through a non-

equilibrium laser annealing route.  The EDS and XRD plots of PTFE are depicted in Fig. 9.2(a,b). 

The as-received PTFE tape exhibited diffraction peaks at 18o, 31.6o, 36.6o, 41.2o, 49.2o, 56.33o, 

and some small peaks at 66o and 69o. Shulga et. al [40] have observed the XRD peaks for purified 

PTFE at similar 2θ values. 

The sharp XRD peaks suggest some amount of crystallinity in the tape. The crystallinity 

(Xc) of PTFE was calculated using equation (9.1) [41, 42]. 

Xc=
𝐼𝐶

𝐼𝐶+1.8∗𝐼𝐴
 x 100%  9.1 

By fitting Gaussian peaks at 18o, the crystallinity was calculated to be 58.2 %.  The EDS 

depicts the elemental composition of the tape. It is evident from the EDS mapping that the as-

received tape entails two elements, carbon and fluorine; no other impurity or dopant elements with 

a concentration greater than 0.1-0.2 wt. % were present.  

(ii) PLA of PTFE tape 

To attain pristine ND and graphene structure from polymers, it is first essential to break 

the individual monomer units and non-carbon bonds through photochemical processes. The 

photochemical process is thought to occur in the incubation period by multiple laser pulses. After 

a few shots, the polymer loses its crystallinity and becomes amorphous carbon, which has a high 

melting point [43].  The subsequent laser pulse that hits the decomposed polymeric film has to 

have sufficient energy to ensure melting of amorphous polymeric film, after which undercooling 

will determine the phase formed. To achieve maximum undercooling, heat flux must be preserved 

at the substrate, which is only possible if the substrate has very low thermal conductivity. 

Substrates like mica and sapphire are desirable for the formation of metastable phases of carbon 

[44]. 
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For the complete formation of non-equilibrium phases, undercooling is necessary. The 

change in Gibbs free energy for melting and undercooling is represented by ∆𝐺𝑚 and ∆𝐺𝑢, 

respectively. The total change in Gibbs free energy is given by: 

∆𝐺𝑇 = ∆𝐺𝑢 − ∆𝐺𝑚 = 𝑇𝑢∆𝑆𝑢 − 𝑇𝑚∆𝑆𝑚~−∆𝑆𝑚(𝑇𝑚 − 𝑇𝑢)= −∆𝑇 (
∆𝐻𝑚

𝑇𝑚
) 9.2 

Where undercooling (∆𝑇), i.e., the substance remains liquid below equilibrium 

temperature, is mathematically represented as 𝑇𝑚 − 𝑇𝑢. Its value is ~1000 K for the growth of 

amorphous carbon (Q-carbon) [45]. Once the solid melts and starts solidifying, the regrowth 

velocity of the grown solid from the liquid determines the obtained phase.  It has been determined 

that graphite is formed under low melt regrowth velocities of <4 m/s. The nucleation of diamonds 

is observed around 4-6 m/s [46]. 

Based on the above conjecture, the PTFE tape was subjected to PLA with multiple shots at 

an energy density in the range of 0.6-0.8 J/cm2. Fig. 9.3(a) illustrates the low magnification image 

SEM of NDs formed from PTFE after PLA. The average size of NDs observed after PLA was ~ 

30 nm. Fig. 9.3(b) is a high magnification image of NDs acquired after tilting the sample by 30o. 

The NDs are seen protruding out. The XRD plot of PTFE mounted on c-sapphire after PLA is 

illustrated in Fig. 9.3(c). The sapphire peak is observed at 42 o. The ND {111} peak is observed at 

43.8o.  

To calculate the average crystallite size (L) of the synthesized nanodiamonds from XRD, 

we employ the Scherer formula given by: 

𝐿 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
  9.3 

The value of K is 0.9 (for Gaussian fitting), 𝜆 is the wavelength of Cu Kα radiation, which 

is 0.154 nm, 𝛽 is the FWHM of the ND peak in radians, which was found to be 0.0523 radians 

(0.3o), and 𝜃 is the Bragg diffraction angle in radians, which was found to be 0.38 radians (21.9o). 
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The average crystallite size (L) was calculated to be 28.5 nm along <111> direction if we assume 

that the peak broadening is merely due to small crystallite size [47]. Notably, some asymmetricity 

was observed in the ND XRD peak, which might be due to a small deviation from the normal size 

distribution. Additional peaks at ~43.4o and 45.8o were noted; further investigation revealed those 

peaks arising from α-Al2O3 and γ-Al2O3 [48]. The synthesis of NDs by the liquid phase route 

results in the formation of adherent NDs. Notably, no rGO signal was obtained from samples that 

had ND film formation, suggesting that this ND film has no or very little graphitic contamination. 

The ND <220> peak was not observed, due to the decrease in structure factor at higher 

scattering angles and high background noise. The <111> texturing is ruled out as NDs have <110> 

out of plane orientation confirmed by TEM. The out-of-plane <110> orientation of the diamond 

sheet is related to rapid unseeded crystallization rather than seeded <111> growth through in-

plane epitaxy on <0001> Al2O3 [49]. There is an optimum energy density for ND formation. When 

this optimum energy density criterion is not satisfied, then rGO formation is thermodynamically 

preferable. rGO was formed after PLA at an energy density of 0.8-1 Jcm-2. Fig. 9.3(d) is the XRD 

spectra from the rGO <002> peak formed on PTFE tape. The amorphous XRD hump of rGO is 

centered at 25.23o, indicating the average lattice spacing of around 0.36 nm [50].  

Fig. 9.4(a) illustrates the sharp boundary between non-annealed PTFE (A) and laser 

annealed PTFE (B). The FFT pattern acquired from annealed and non-annealed PTFE boundary 

suggests its amorphous structure. The as-received tape was ~50% amorphous. The FFT from the 

annealed region signifies the crystalline phase formation, and on analyzing with the selective area 

diffraction pattern (Fig. 9.4(b)), the formation of nanodiamond is confirmed. The HRTEM image 

for nanodiamond with cross lattice fringes is shown in Fig. 9.4(f). For NDs, the selected-area 

diffraction pattern reveals a speckled, concentric ring pattern with distinct diamond diffraction 
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peaks resulting from <111>, <200>, <220>, <311>, <222>, <004>, <331>, and <333> planes, 

as shown in Fig. 9.4(g). During PLA processing, the PTFE tape melts after amorphization and 

retains its structure at temperatures 200-300 K lower than the melting point of crystalline graphite 

during ultrafast melt quenching to create the undercooled molten carbon. The subsequent 

quenching of undercooled molten carbon results in nanodiamond regrowth. Near the temperature 

associated with the triple point of the diamond (~4000 K), the undercooling significantly increases 

the Gibbs free energy of molten carbon, making it energetically favorable to form diamond. The 

high undercooling of the molten carbon also stabilizes the melt at temperatures near the melting 

point of the diamond, resulting in diamond nucleation. Therefore, the degree of undercooling 

achieved in molten carbon is a critical requirement for the nucleation of NDs in polymeric 

materials such as PTFE. 

Fig 9.5(a) depicts the Raman spectrum of as-received PTFE tape. The pure PTFE tape 

exhibits peaks at around 1215, 1298, and 1379 cm-1, respectively. The peaks at 1298 and 1379 cm-

1 represent symmetric CF2 bond stretching, whereas the peak at 1215 cm-1 results from 

asymmetrical CF2 bonds [51]. Fig. 9.5(b) illustrates the Raman spectrum after PTFE was subjected 

to 30 shots at 0.6-0.8 J/cm2. As discussed earlier, before PLA, the three peaks at 1215, 1298, and 

1379 cm-1 represent the weak stretching of the CF2 group and splitting of the F2 symmetry line 

[52,53]. As symmetric CF2 bond stretching peaks at 1298 and 1379 cm-1 disappear, new peaks at 

1152, 1437, and 1459 cm-1 emerge, suggesting changes or rotation in the backbone or end groups 

as they deform. The peak at 1152 cm-1  is associated with the rocking of CH3; the peaks at 1437 

and 1459 cm-1
 are activated by the asymmetric bending of CH3 group [54],[55]. It is envisaged that 

the CH3 bond formation interferes with C-F symmetric bond stretch. After PLA at 0.6-0.8 J/cm2 

with multiple shots (~50), an additional peak at 1323.2 cm-1 was observed (Fig. 9.5(c)). This peak 
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is attributed to the formation of nanodiamond [56]. The peak at ~1298 cm-1 and 1379 cm-1 still 

exists, whereas the peak at 1215 cm-1 has disappeared, suggesting the asymmetrical CF2 stretch is 

not active; however, the symmetrical stretch is active as there is no graphitic content to interfere 

with that stretch.  

Fig. 9.5 (d) illustrates the formation of reduced graphene oxide with Raman peaks at 1349 

cm-1 and at 1591 cm-1. The formation of rGO is related to the degree of undercooling.  The velocity 

at which the solid phase grows from this melt is referred to as regrowth velocity. It has been 

determined that rGO is formed under low melt regrowth velocities of <4 m/s. It has been previously 

shown that the heavily-reduced GO films are formed on -O-creeping in the loosely-packed low 

undercooled carbon melt during ultrafast quenching [57]. 

The non-diamond content was calculated using equation (9.4) [58] 

𝐶𝑁𝐷 =
1

1+75(
𝐼𝐷
𝐼𝑁𝐷

)
   9.4 

Where ID and IND are the intensities of diamond and non-diamond peaks. After 30 shots of 

PLA, it was found to be 0.6%. The non-diamond content after 50 shots PLA of PTFE at 0.6-0.8 

J/cm2 was found to be 0, which represents phase pure ND. The non-diamond (graphitic D) peak 

was not observed, indicating the formation of phase pure nanodiamond. The full width at half 

maxima (FWHM) of nanodiamond T2g peak was found to be 1.23 cm-1 after 50 shots PLA 

compared to 11.9 cm-1 after 30 shots PLA. A minimum number of shots are required for 

photothermal degradation and amorphization of PTFE, which increases the absorption coefficient 

of PTFE until no diamond formation is observed. Increasing the number of shots results in a 

reduction of non-diamond content (i.e., NDs are less graphitic). With ~30 PLA shots, a non-

diamond content of 0.6% was noted. At a certain number of shots (~50), phase pure diamonds 

were obtained; at this point, the absorption coefficient of the melt enables maximum undercooling.  



  217 

 

The Raman vibrational modes displayed by PTFE before and after PLA are summarized in Table 

9.1. 

9.4.2. CVD microdiamond growth on ND seeded c-sapphire 

Fig. 9.6 (a) illustrates HFCVD diamond growth on the bare sapphire substrate. As 

expected, the diamond growth on sapphire is sparse and non-uniform; the diamonds are loosely 

attached to the substrate, suggesting the non-adherent nature of these diamonds. Fig. 9.6(b) shows 

the delaminated diamond region, which looks a little dark compared to the area around it. When 

PLA energy density was not sufficient to generate necessary undercooling for ND formation, then 

rGO formation was observed. Fig.9.6(c) illustrates the formation of the CVD diamond on rGO; in 

this case, a significantly lower diamond density is observed. CVD on this rGO flake did not show 

any significant improvement in diamond film growth.  

Fig. 9.6(d) illustrates the Raman spectra of the CVD diamonds synthesized on bare c-

sapphire. The diamond peak is observed at 1334.7 cm-1. The stress in the diamond film is given 

by equation (9.5) [61]: 

∆𝜈[𝑐𝑚−1] = 𝜈𝑠 − 𝜈𝑜 = −1.62𝜎 [𝐺𝑃𝑎]  9.5 

The downshift of 1.9 cm-1 suggests lower compressive stress of 1.17 GPa in diamond film. 

It is implied that the diamonds containing higher than this stress have been delaminated. Fig. 9.6(e) 

depicts the preferential CVD diamond growth on the ND seed layer formed by PLA of PTFE. In 

both cases (presence and absence of ND seed layer), the average growth rate of CVD diamonds 

was observed to be 1 µm/h (Fig. 9.6 (f)).   

Fig. 9.7(a) represents microdiamond film on c-sapphire substrate grown on the ND seed 

layer generated from laser annealing of PTFE tape. The lower side was not subjected to PLA. It is 

observed that the side not subjected to PLA has no microdiamond formation. Even if some 
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microdiamonds formed, they were not adherent to substrate and hence delaminated. Fig. 9.7(b) 

depicts the 2D Raman map of the adherent CVD diamond film formed on c-sapphire, which grew 

on the ND seed layer synthesized from PLA of PTFE (Fig. 9.7 (a)). As CVD diamond film has ~5 

µm thickness, it was not possible to obtain complete spectra in one acquisition as Z height cannot 

be varied during data acquisition. As such, multiple acquisitions were obtained and merged. For 

PTFE, mapping peaks at 1215 and 1300 cm-1 were considered; for graphite, peaks at 1340 and 

1540 cm-1 were considered. Peaks in the range of 1328-1335 cm-1 were mapped to diamonds. Both 

the PTFE and diamond are highlighted in yellow; the other regions are graphitic. 

It is evident from the mapping that the graphitic content starts to increase at the transition 

region between the diamond film and the non-diamond region. Teflon tape fibers are visible in the 

SEM micrograph and also in the mapping. The etching of PTFE has occurred during CVD and 

only fibers have been leftover.  Fig. 9.7(c) represents the high-magnification image of the high-

quality diamond film. Some secondary diamond nucleation is observed, which might be due to a 

slightly higher CVD growth time.  

The orientation of CVD microdiamond film depends on whether the growth is on a seeded 

or unseeded substrate. For electronic applications, control of the diamond film orientation is 

necessary. For an unseeded crystallization, diamonds grow along <110> direction. For a seeded 

crystallization, the diamond growth direction depends on the orientation of the seed on which it is 

growing. For diamonds directly growing on c-sapphire, the preferred growth direction is <111>.  

In this study, diamond growth occurs on both the ND seed layer as well as the c-sapphire substrate 

resulting in a mixture of <111> and <110> orientated CVD microdiamond film [62]. 

Fig. 9.7(d) represents the XRD of CVD diamond film on {0001} sapphire. The diamond 

{111} peak is observed at 43.9o. The intensity of diamond peaks is lower at high angles; hence 
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diamond {220} peak is not observed. On fitting the diamond {111} peak and assuming that the 

peak broadening is only due to crystallite size, the average crystallite size is determined to be ~1 

µm. However, we observed microdiamonds with an average size of 5 µm. This result can be 

explained by considering the possibility of secondary diamond nucleation, which is in agreement 

with SEM observations. The Raman spectra of continuous CVD diamond film is depicted in Fig. 

9.7(e).  The shift in T2g is minimal and cannot be used to quantify the stress in the film as the shift 

comes under the resolution limit of the instrument. However, the observation of the XRD peak at 

43.9o confirms the stress-free nature of these diamonds. The small stress due to thermal mismatch 

between the film and the substrate should still be present and should not be overlooked. 

9.4.3. COMSOL simulation 

Heat flow simulations are carried out using COMSOL multiphysics 5.1 in 2D heat transfer 

mode. The bandgap of PTFE is 6eV [63]. PTFE also exhibits a low absorption coefficient. 

However, the amorphization of PTFE after initial nanosecond excimer irradiation induces midgap 

states in PTFE substantially increasing its absorption coefficient. The properties of molten carbon 

are utilized as the input parameters for temperatures above 3823 K. The properties of liquid and 

solid carbon were obtained from Ref [43]. As a function of the number of shots, the absorption 

coefficient of Teflon is given by equation (9.6) [64]: 

𝛽𝑒𝑓𝑓 = 𝛽𝑜 + 𝑁𝛽𝑖 9.6 

𝛽𝑜 is the absorption coefficient of virgin PTFE; N is the number of shots. 𝛽𝑖 is the 

absorption coefficient induced by a single shot. Figure. 9.8(a) illustrates the temperature 

distribution across the amorphous PTFE film of 300 nm (thickness is reduced from 100 µm by 

multiple laser pulses) mounted on a sapphire substrate at a laser energy density of 0.8 J/cm2, 24 ns 

after laser irradiation.  
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The governing equation for the laser beam utilized is given by equation (9.7): 

ρCp
∂T(x, t)

∂t
− ∇(k∇T) = Gt 

9.7 

where 𝜌 is the material density, Gt is the term of the heat source, Cp is the heat capacity at 

constant pressure, and T is the temperature. We have utilized the temperature and phase-dependent 

Cp as described by Steinbeck et. al [65] 

T<1000K Cp=16.299+5.262 x 10-3 T-
8.602 𝑥 103

𝑇2
 J/mole K and   

T>1000K Cp=24.943+4.892x10-4 T-
71.156

𝑇
-
3.649𝑥106

𝑇2
 J/mole K 

9.8 

 

The mesh size selected is finer on the Teflon side and becomes coarser over the transition 

from Teflon to sapphire. A mesh size of 30 nm is utilized in the photon absorbing area (~40 nm 

for ArF laser). The sapphire had with a mesh size of 100 nm. This optimum mesh size was obtained 

through an iterative process. The heat source distribution was modeled as per the Beer-Lambert 

law: 

G·t(y,t)=I(t)·(1−R(t)) ·β·e−y·β  9.9 

with I(t) as the laser power with units of W/cm2. A 2D temperature versus time graph was 

obtained for various energy densities from 0.6-1 J/cm2. The threshold fluence (Em=
𝐾∆𝑇𝜏0.5

(1−𝑅𝐿)𝐷0.5
) of 

about 0.5 J/cm2 was determined for melting amorphous PTFE where K is the thermal conductivity 

of amorphous PTFE, ΔT denotes the difference between the substrate temperature and melting 

temperature of amorphous carbon, RL denotes the reflectivity of the amorphous carbon at 193 nm 

(0.3), and D is the diffusivity of amorphous carbon at room temperature [66]. For laser energy 

densities below this threshold value, the two-photon absorption mechanism cannot produce 

enough heating. The energy fluence is not enough for the amorphization and melting of PTFE. 
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The melt depth was calculated using Δx(t)=M*(E(t)−Em) where M is a material constant 

and E(t) is the energy absorbed by the material at time (t) [66]. The value of the derivative of melt 

depth as a function of time when temperature is maximum (t=24 ns) gives the regrowth velocity. 

Within 24 ns, the temperature of the surface reaches temperatures as high as the carbon melting 

temperature. The interface progresses forward until the non-equilibrium undercooling at the 

interface is achieved. Figure 9.8(b) shows the exact value of the melt depth at various times.  

The regrowth velocities are different for lateral and vertical directions [67].  For the 

simulations, a column approximation was employed to simplify the complex laser−solid 

interactions as the melt depth is much smaller than the laser annealing spot size. The feasibility of 

this approximation stems from the fact that the heat flux gradient normal to the thin film is orders 

of magnitude higher than the in-plane thermal flux gradient, which makes the heat flow 

unidirectional [68]. This fact is also confirmed by the nanodiamond growth we have observed. The 

needle-shaped nanodiamonds grow significantly more along the vertical direction compared to the 

lateral direction. Hence, the vertical component of regrowth velocity dominates the crystallization.  

The velocities of melting and solidification were calculated by taking the derivative of melt 

depth as a function of time. From the curve, the maximum regrowth velocity of solidification is 

5.6 m/s, which is in agreement with the formation of diamonds. The solid regrowth velocity shows 

a maximum value at an optimum energy density (0.6 J/cm2); at higher than this optimum energy 

density, a lower regrowth velocity is observed due to an increased melt lifetime. In the case of 

PTFE, an energy density >1.1J/cm2 will primarily cause ablation instead of melting. Hence, an 

energy density of 0.8-1 J/cm2 is ideal to convert PTFE to rGO. 
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9.5. Summary 

In summary, we have demonstrated the conversion of PTFE (low thermal conductivity 

polymer) into NDs by the melting route. The growth of NDs occurred by unseeded crystallization 

resulting in <110> out of plane orientation. The NDs exhibited the signature Raman peak in the 

1324-1328 cm-1 range, while the residual PTFE tape underwent incomplete amorphization and 

disintegration process [55, 69]. The approach follows photochemical decomposition (for bond 

breaking) to obtain an amorphous polymeric film, followed by photothermal heating for melting 

and subsequent undercooling to obtain NDs and reduced graphene oxide. Notably, UV laser 

irradiation of PTFE at low energy densities (0.6-0.8 Jcm-2) was effective for amorphization and 

subsequent melting of amorphous PTFE to obtain NDs. High energy densities (>1 Jcm-2) generated 

ablation with minimal control over amorphization and melting. COMSOL simulations yielded a 

melt regrowth velocity of 5.6 m/s. We also noted that the graphitic content in these NDs may be 

controlled by altering the number of shots. Finally, this ND film was utilized as a seed layer to 

selectively generate adherent and dense CVD microdiamond film.  
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9.7. Figures 

 

Figure 9.2 Schematic of the experimental route utilized to synthesize <110> NDs by PLA of 

PTFE and subsequent CVD procedure on the synthesized NDs.  
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Figure 9.2 (a) XRD of the PTFE tape (crystallinity=58.2%); (b) EDS of the PTFE tape showing 

the presence of carbon and fluorine. 
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Figure 9.3 HRSEM of NDs: (a) Low magnification, (b) High magnification; XRD of (c) NDs 

synthesized from PTFE tape, (d) rGO synthesized from PTFE tape after PLA of PTFE. 

 40 
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Figure 9.4 (a) High-resolution plan-view TEM image revealing the atomically-sharp interface 

between <110> oriented diamond sheet and amorphous PTFE tape. The inset in A and B reveal 

the FFT pattern acquired from amorphous PTFE and PLA processed diamond. (b) and (c) reveal 

the associated SAED pattern showing the (111) and (200) spots for single-crystalline diamond 

nanosheet and amorphous nature of PTFE tape with diffused rings, respectively. (d) Reveals the 

micrograph for amorphous PTFE with short-range ordering, (e) shows the micrograph of single-

crystalline diamond with (111) cross lattice fringes and associated FFT pattern in the inset, (f) and 

(g) reveal ND regrowth, and corresponding SAED pattern (concentric rings with speckled pattern) 

acquired from the PLA processed PTFE film.   
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Figure 9.5 Raman spectra of (a) as-received PTFE, (b) and (c) After PLA to form NDs,(d) rGO 

after PLA of PTFE. 
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Figure 9.6 SEM of: (a) Sparse CVD diamond growth on bare sapphire, (b) Delaminated CVD 

diamond growth on bare sapphire (c) Scarce diamond nucleation on rGO after PLA of PTFE; (d) 

Raman spectra of CVD diamond on bare sapphire; (e) SEM of preferential CVD growth on ND 

film; (f) High magnification CVD diamond on bare sapphire (growth rate~1µm/h). 
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Figure 9.7 (a) SEM of continuous CVD diamond film formed on unmasked PTFE after PLA (top 

region), (b) 2D Raman map depicting transition between a continuous CVD diamond film towards 

the region with sparse diamonds or possibly delaminated diamonds. (c) High magnification SEM 

of continuous CVD diamond film formed on unmasked PLA Teflon; (d) XRD from CVD diamond 

film on ND seed layer, (e) Raman signal from CVD diamond film formed on ND seed layer.  
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Figure 9.8 COMSOL simulation depicting: (a) Temperature as a function of depth (24 ns after 

laser annealing) and (b) Melt depth as a function of time. 

 

 

Table 9.2 Summary of the variation in Raman vibrational modes before and after PLA of PTFE. 

Material Raman peaks 

observed (cm-1) 

Interpretation 

[bond vibration] 

Ref 

As-received PTFE 1215,1298,1379 CF2, CC, CC  [52, 53, 55, 59] 

PTFE after PLA at 0.6-0.8 J/cm2 

(Multiple shots: ~50) 

1298, 1323.2, 

1378 

CC, ND T2g, CC [55, 56] 

PTFE after PLA at 0.6-0.8 J/cm2 

(Multiple shots: ~30) 

1150, 1215,1252, 

1302,  

1328.56, 

1358.54, 1435, 

1460 

CC, ND T2g, 

graphitic G peak 

[55, 56] 

PTFE after PLA at 0.8-1 J/cm2 

(Multiple shots) 

1347, 1591 rGO; no PTFE bonds [60] 
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10.1. Abstract 

Using 5 MeV Au+ ions, the Q-carbon films on sapphire substrates were irradiated in the 

dose range 3.3 to 10 dpa (displacements-per-atom). There was an ion-beam mixed layer below the 

Q-carbon layer, whose thickness increased from 5 nm to 10 nm, as the dose increased from 3.3 to 

10 dpa. This layer was found to be mostly amorphous with a mixture Al2O3 and Al4C3. This layer, 

formed as a result of enhanced forward scattering and ballistic ion beam mixing, exhibited 

composition consistent with detailed TRIM calculations.  
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10.2. Materials and Methods 

Amorphous carbon films about 500nm thick were deposited on c-sapphire (0001) 

substrates (supplied by University Wafer Co.) using our pulsed laser deposition (PLD) system 

equipped with KrF laser. The operating pressure of the vacuum chamber was 1.0×10-6 to 5.0×10-7 

Torr. Nanosecond laser pulses of a KrF excimer laser (λ=248 nm, τ=25 ns) were used to ablate an 

amorphous carbon target mounted in the PLD chamber. The repetition rate and the laser energy 

density of the nanosecond laser were 10 Hz and 3.0-3.5 Jcm-2, respectively. The ratio of sp2 to sp3 

bonded carbon of the as-deposited amorphous carbon thin films was controlled by laser and 

substrate variables, including substrate temperature and pulse energy density and laser plume 

characteristics. Following the PLD process, amorphous carbon films were laser annealed by using 

nanosecond ArF excimer laser (λ=193 nm, τ=20 ns). The laser energy density used during the 

pulsed laser annealing (PLA) ranged from 0.6-1.2 Jcm-2. The PLA melts the amorphous carbon (a-

carbon) into a highly undercooled state of molten carbon and subsequently quenches the 

undercooled state to form graphene, α-carbon, diamond or Q-carbon (with increasing 

undercooling) [1]. Q-carbon was formed when a laser energy density ranging from 0.6-0.7 Jcm-2 

was used. It should also be noted that the degree of undercooling was dependent on the laser 

parameters and thermal conductivities of the substrate and as-deposited films. Therefore, the laser 

parameters for the formation of Q-carbon and diamond were different for different substrates. 

After PLA the c-sapphire samples contained 100nm Q-carbon layer followed by 400nm 

thick α-carbon. Three multi-layered samples (~ 1 cm x 1 cm) containing the 100 nm thick Q-

carbon layer were irradiated with 5 MeV Au ions at 300 K using the 3 MV tandem accelerator in 

Ion Beam Materials Laboratory (IBML) at the University of Tennessee [2] to fluences of 2.9, 5.9 

and 8.8 x 1015 ions/cm2, respectively. The ion beam was rastered at scanning frequencies of 517 
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and 64 Hz for the horizontal and vertical directions, respectively, over an irradiated area of 0.5 cm 

x 1 cm, to ensure a uniform irradiation over the irradiated area, which left half of each sample 

unirradiated for comparison. The average ion flux over the irradiated area was 1.9 x 1012 ions/cm2s, 

with corresponding irradiation times of 0.42, 0.86 and 1.29 hours, respectively. Sample heating 

from energy transfer to phonons was estimated to be less than 10 K for these irradiation conditions. 

The irradiations were performed under a vacuum below 2.0 x 10-7 Torr. The depth profiles of 

damage production, incident ion concentration, electronic and nuclear energy loss, and atomic 

mixing were calculated using the Stopping and Range ion Ions in Matter (SRIM) code [3] in full-

cascade mode as recently recommended [4] . In the SRIM calculations, densities of 1.8, 5.0 and 

3.98 g/cm3 were assumed for α-carbon, Q-carbon and sapphire (Al2O3), respectively, and 

displacement energies of 28, 25 and 28 eV were assumed for C, Al and O, respectively. 

The HRSEM was performed using secondary and back-scattered electrons (having a sub-

nanometer resolution) by using FEI Verios 460L SEM. The aberration-corrected STEM-FEI Titan 

80-300 the (scanning) transmission electron microscopy. The EELS scans were performed by 

using the EELS detector mounted in the STEM-FEI Titan 80-300 microscope.  

10.3. Results and Discussion 

Figure 10.1(a) shows cross-section HAADF image of unirradiated sample just after the 

laser annealing treatment, where 100 nm thick layer Q-carbon has formed. At a higher 

magnification, HAADF imaging along the [120] axis shows the interface between Q-carbon and 

sapphire exhibits an about 1 nm mixed Al4C3 amorphous layer. The formation of this layer occurs 

as a result of reaction between molten carbon and aluminum oxide has been discussed in detail in 

an earlier paper [4]. The Al2O3 has trigonal structure with space group R3c and lattice constant (a 

= 0.478 nm, c = 1.299 nm), which are widely different from those of Al4C3 (rhombohedral, space 
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group R3m, lattice constant: a = 0.3335 nm, b = 0.3335 nm, c = 0.85422 nm, α = 78.743 °, β = 

78.743 °, γ = 60 °). As a result, Al4C3 is not able to grow epitaxially on Al2O3 and turns amorphous 

upon quenching. The EELS of Q-carbon before ion irradiation is shown in Fig. 10.1(c) with 

characteristic π*peak at 285eV and broad σ*peak at 292eV. The EELS of aluminum oxide before 

irradiation shows characteristic Al-L sharp peak at 79.5 eV and a broad peak at 98.5eV (Fig. 

10.1(d)). 

Fig. 10.2 shows a summary HAADF and EELS results after irradiation to 3.3 dpa (sample 

#1). The HAADF cross-section image (Fig 10.2(a) shows Q-carbon, and ion beam mixed (IBM) 

layer (4 nm thick) below the Q-carbon layer. The EELS results from Q-carbon (Fig 10.2(b)) shows 

that the spectrum has remained unchanged with characteristic π*peak at 285eV and broad σ*peak 

at 292eV, showing that bonding characteristics have not been affected by ion irradiation. The 

EELS from the IBM layer (Fig. 10.2(c)) shows the peaks centered on 79.5 eV and 99.0 eV for 

Al2O3, and a shoulder at 77.5eV corresponding to Al4C3. This is consistent with a mixture of 

amorphous Al4C3 (with a peak at (77.5 eV)) and Al2O3 (peak at 79.5 eV). The EELS spectrum 

from irradiated Al2O3 with characteristic Al-L sharp peak at 79.5 eV and a broad peak at 98.5 eV, 

as shown in Fig 10.2(d) has remained unaffected, signifying that the bonding characteristics in 

alumina also have not been affected by the ion irradiation. 

The HAADF and EELS results after irradiation with 10 dpa (sample #3) are summarized 

in Fig.10.3. The HAADF cross-section image (Fig 10.3(a) shows Q-carbon, and ion beam mixed 

(IBM) layer below the Q-carbon layer. It is interesting to note that IBM layer after 10 dpa has 

increased to 10 nm. The EELS results from Q-carbon (Fig 10.3(b)) show that the spectrum has 

remained unchanged with characteristic π*peak at 285 eV and broad σ*peak at 292 eV, showing 

that bonding characteristics have not been affected by 10 dpa of ion irradiation. The EELS from 
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the IBM layer (Fig. 10.3(c)) shows the peaks centered on 79.5 eV and 99.0 eV for Al2O3, and a 

shoulder at 77.5 eV corresponding to Al4C3. This is consistent with a mixture of amorphous Al4C3 

(with a peak at (77.5 eV)) and Al2O3 (peak at 79.5 eV). The EELS spectrum from irradiated Al2O3 

with characteristic Al-L sharp peak at 79.5 eV and a broad peak at 98.5 eV, as shown in Fig 10.3(d) 

has remained unaffected, signifying that the bonding characteristics in alumina have not been 

affected by the ion irradiation. 

10.3.1. Ion Beam Mixing 

Previous results on ion beam irradiation in alumina have shown that ion beam mixing in 

alumina is limited to ballistic mixing of less than 5 nm and only to those layers which form 

thermodynamically stable phases [5, 6]. Our results show an increase in IBM layer thickness with 

ion dose. Since the temperature rise during irradiation was estimated to be less than 10K, the 

diffusivity of carbon (during irradiation is very limited, we propose that ballistic mixing continues 

to occur with increasing dose during ion irradiation. 

Ballistic Ion beam mixing occurs as a result of enhanced forward scattering, which kicks 

carbon atoms ballistically from the Q-carbon layer into the alumina substrate. These energetic 

carbon atoms break Al-O bonds and form Al4C3 - Al2O3 amorphous phase. From the damage 

profile, alumina does not amorphize even at 40 dpa peak, which occurs at 700nm and is 200 nm 

below the Q-carbon layer.  Fig 10.4 (a) shows the carbon recoil spectrum (from SRIM 

calculations) within 20 nm of the Q-carbon and alumina interface, where most of the recoils are 

less than 5 keV are responsible for the formation of the IBM layer. The SRIM calculated 

concentration of C, Al, and O profiles at a fluence 8.8x1015 ions cm-2 (in Fig 10.4 (b)) show that 

enhanced forward scattering results in a significant C concentration in alumina, and very little Al 

and O in the Q-carbon layer. The carbon concentration is quite significant (25 at%) into sapphire 
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near the interface, particularly within 10 nm of the interface (Fig. 2(b)). This concentration is 

consistent with 50%Al2O3+50% Al4C3. The thickness of ion-beam mixed layer was found to 

increase from 5 nm at 3.3 dpa to 10 nm at 10 dpa. While the overall sample temperature is not 

significantly increased, the formation of the amorphous Al4C3 phase may be driven by the highly 

localized thermal spike (about 10 - 100 ps duration) associated with each ion with a total energy 

deposition of 12.7 keV/nm (about 16 eV/atom over a diameter of 2 nm) per ion at the interface.   
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10.5. Figures 

 
Figure 10.1 (a) HAADF cross-section showing 100nm Q-carbon on sapphire; (b) high-resolution 

HAADF image of unirradiated sample with Q-carbon and about 1nm mixed Al4C3 amorphous 

layer; (c) EELS of Q-carbon before ion irradiation with characteristic π*peak at 285eV and broad 

σ*peak at 292eV; and (d) EELS of aluminum oxide with characteristic Al-L sharp peak at 79.5 eV 

and a broad peak at 98.5eV. 
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Figure 10.2 (a) HAADF cross-section image from sample #1 with Q-carbon and ion beam mixed 

(IBM) layer (5nm thick) below the Q-carbon layer; (b) EELS results from Q-carbon with 

characteristic π*peak at 285eV and broad σ*peak at 292eV; (c) EELS from the IBM layer with 

broad peaks centered on 79.5eV and 99.0eV; and (d) EELS spectrum from irradiated Al2O3 with 

characteristic Al-L sharp peak at 79.5 eV and a broad peak at 98.5eV. 
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Figure 10.3 (a) HAADF cross-section image from sample #3 with Q-carbon and ion beam mixed 

(IBM) layer (5nm thick) below the Q-carbon layer; (b) EELS results from Q-carbon with 

characteristic π*peak at 285eV and broad σ*peak at 292eV; (c) EELS from the IBM layer (10nm 

thick) with broad peaks centered on 79.5eV and 99.0eV; and (d) EELS spectrum from irradiated 

Al2O3 with characteristic Al-L sharp peak at 79.5 eV and a broad peak at 98.5eV. 

 

 

 



  249 

 

 

Figure 10.4 (a) Carbon recoil spectrum within 20nm of Q-carbon and alumina interface; and (b) 

concentration of C, Al, and O profiles with significant C concentration in alumina, and very little 

Al and O in Q-carbon layer.  
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11.1. Abstract 

Finding a low-cost and effective method at low temperatures for producing reduced 

graphene oxide (rGO) has been the focus of many efforts in the research community for almost 

two decades. Overall, rGO is a promising candidate for use in supercapacitors, batteries, 

biosensors, photovoltaic devices, corrosion inhibitors, and optical devices. Herein, we report the 

formation of rGO from two electrically insulating polymers, polytetrafluoroethylene (PTFE) and 

meta-polybenzimidazole fiber (m-PBI), using an excimer pulsed laser annealing (PLA) method. 

The results from X-ray diffraction, scanning electron microscopy, electron backscattered 

diffraction, Raman spectroscopy, and Fourier-transform infrared spectroscopy confirm the 

successful generation of rGO with the formation of a multilayered structure. We investigated the 

mechanisms for the transformation of PTFE and PBI into rGO. The PTFE transition occurs by 

https://www.mdpi.com/1331680
https://www.mdpi.com/1331680
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both a photochemical mechanism and a photothermal mechanism. The transition of PBI is 

dominated by a photo-oxidation mechanism and stepwise thermal degradation. After degradation 

and degassing procedures, both the polymers leave behind free molten carbon with some oxygen 

and hydrogen content. The free molten carbon undergoes an undercooling process with a regrowth 

velocity (<4 m.s−1) that is necessary for the formation of rGO structures. This approach has the 

potential for use in creating future selective polymer-written electronics. 

11.2. Introduction 

Ever since graphene was discovered in 2004 by using the Scotch-tape method [1], 

researchers have investigated various methods for the production of bulk defect-free graphene. 

The well-known method of mechanical exfoliation (Scotch tape) [1] is unsuitable for roll-to-roll 

graphene production. Alternatively, graphene has been formed by liquid-phase exfoliation [2,3], 

annealing SiC substrates [4,5], chemical vapor deposition (CVD) [6–8], unzipping of carbon 

nanotubes (CNTs) [9], and bottom-up chemical synthesis [10]. However, these methods suffer 

from low production rates [11], high thermal budget, and/or contamination [12–15] (especially 

oxygen contamination); these issues limit the straightforward large-scale synthesis of pure 

graphene. Graphene oxide, on the other hand, can be synthesized at a large scale [16], without 

concern for oxygen contamination. This material was discovered long before graphene [17] and 

was often preferred for patterning graphene-based electronics [18]. Regardless of these 

advantages, the oxygen component of the graphene oxide disturbs its conjugated structure and 

scavenges the π-electrons [19]. The oxygen diminishes the electron mobility, the carrier 

concentration, and the electrical conductivity of the pristine graphene [19]. Pure graphene, as a 

single layer of densely packed sp2 carbon atoms, exhibits zero band gap with an excellent carrier 

mobility of 2.5 × 105 cm2 V−1 s−1 at room temperature [20, 21]. The zero band gap implies that the 
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charge current inside graphene can be directed but cannot be switched on and off for applications 

such as information-storage purposes [18]. In contrast, graphene oxide is electrically insulating; 

oxygen incorporation can be used to modulate the bandgap of graphene. Thus, reducing graphene 

oxide plays a leading role in carbon-based electronics, since it overcomes the aforementioned 

obstacles. 

Reduced graphene oxide (rGO) shows a great deal of potential for use in supercapacitors 

[22], batteries [23], biosensors [24], photovoltaics [25], corrosion inhibitors [26], and optical 

devices [27]. Moreover, rGO has been prepared by thermal reduction methods (e.g., thermal 

annealing [28] and microwave irradiation [29]) and by chemical reduction methods, such as 

chemical reagent reduction [30], photocatalyst reduction [31], electrochemical reduction [32], and 

solvothermal reduction [33]. However, these methods are not compatible with semiconductor 

device fabrication [34]; in particular, they cannot directly covert the original materials into rGO 

and/or affect the whole material (usually under extreme conditions) with no local transformation. 

Meanwhile, conventional semiconductor technology is struggling with the requirement for 

numerous processing steps; the challenge is exacerbated by the trend of miniaturization in 

semiconductor devices. Therefore, it is imperative to utilize a one-step processing method that 

delivers high spatial resolution and does not require high temperatures or solution contamination. 

The laser writing approach is appropriate for converting carbon-source materials into rGO directly 

and in a single step with high spatial resolution and without affecting the properties of the adjacent 

materials. Moreover, this method is agile, cost-effective, and well-suited for mass production. The 

laser-annealing approach is a rapid non-equilibrium process that utilizes rapid kinetics to overcome 

the limitations associated with thermodynamics via equilibrium routes. In the laser-annealing 

approach, various structures can be generated under near-ambient conditions by controlling the 
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undercooling factor [35]. We have previously produced and comprehensibly investigated various 

carbon structures, including rGO and quenched-carbon (Q-carbon), from amorphous carbon via 

laser annealing of carbon [36–38]. 

The laser-annealing method has been shown to transform the following polymers into 

graphene: polyimide (Kapton®,McMaster-Carr) tape, using a CO2 infrared laser [39]; 

polytetrafluoroethylene (PTFE), using a CO2 infrared laser [40]; phenolic resin, using a visible 

light laser [41]; and sulfonated poly(ether ether ketone) (SPEEK), using a CO2 infrared laser [42]. 

The CO2 infrared laser was the main laser-annealing tool used in the previous investigations; 

however, the infrared laser is not a practical tool for some polymer materials. PTFE suffers from 

a low absorption coefficient in the infrared region; hence, a CO2 laser is not efficient for PTFE 

conversion into graphene [43]. In addition, a large number of shots (~ 500) is necessary for the 

CO2 laser to perform PTFE conversion into rGO [40]. There are no currently available polymers 

capable of rGO production (with flexibility in solubility, functionalization, and doping) to expand 

the laser-induced graphene method to the semiconductor device industry. 

Here, we show the direct conversion of polytetrafluoroethylene (PTFE, (C2F4)n) into rGO, 

using the laser-annealing method (ArF excimer laser, λ = 193 nm), in which laser-solid interaction 

coupling is strong. We also provide a new polymer source, meta-polybenzimidazole electrospun 

fibers (PBI, poly[2,2′-(m-phenylen)-5,5′-bisbenzimidazole]; (C20H12N4)n), for the production of 

rGO by the ArF excimer laser-writing method. These polymers are promising for rGO production, 

particularly for direct doping of rGO with various types of functionalization. PBI demonstrates a 

high ablation threshold under excimer laser irradiation that is appropriate for electronic-device 

fabrication [44]. PTFE can directly generate fluorinated rGO without the extra step of doping [40]. 

Both PTFE and PBI are very insulating, with electrical conductivity values of > 10−18 Ω−1.cm−1 and 
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1.5 × 10−13 Ω−1·cm−1, respectively [44,45]. The excimer pulsed laser annealing (PLA) method 

allows for direct rGO formation with a high yield and with no need for the extra step of reduction. 

The structure and bonding characteristics of the rGO structures from both PTFE and PBI were 

evaluated. Finally, the possible mechanisms for the conversion of the two polymers into rGO are 

proposed. 

11.3. Materials and Methods  

1. rGO from PLA Procedure for Conversion of the Polymers into rGO 

Two polymer samples were used in this work: (1) white PTFE tape on an <0001> Al2O3 

substrate and (2) electrospun PBI fibers deposited on a glass substrate obtained from alkali-ethanol 

solution as previously described [46]. The laser annealing of the polymer samples was carried out 

by using an argon fluoride (ArF) excimer laser with a pulse width of 20 ns and a wavelength of 

193 nm (Lambda Physik LPX-300, Coherent, Santa Clara, CA, USA). A convex lens was used for 

focusing the laser beam on the samples; the samples were located in front of the laser beam, as 

depicted in Figure 11.1. The laser energy density was measured by using an energy meter (Energy 

MAX 400, Molectron, San Diego, CA, USA). The convex lens distributes the laser energy with a 

Gaussian distribution on the sample. Therefore, the energy was measured on different spots over 

the entire area of the laser-beam interaction with the samples; the average energy was calculated 

from these data. Subsequently, the laser-energy density in J.cm−2 was calculated by measuring the 

size of the laser-beam interacting with the samples. The laser annealing of PTFE was conducted 

under ambient conditions, using 30 shots of the ArF laser with a laser fluence of 0.9 ± 0.1 J.cm−2. 

In the case of the PBI electrospun fibers, laser annealing was performed by using 15 shots of the 

ArF laser with a laser fluence of 0.7 ± 0.1 J.cm−2 in air. 
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2. Characterization 

The structure of the polymers and the rGO formation after the laser annealing of the polymers 

were examined via X-Ray Diffraction (XRD, Rigaku SmartLab, The Woodlands, TX, USA) in a 

Bragg–Brentano Ɵ–2Ɵ geometry, using a Cu Kα radiation source. For investigating the vibrational 

modes and structure of the polymers before and after laser annealing, Raman spectroscopy (WITec 

alpha300 M, Ulm, Germany) was performed. The source of WITec laser was a solid-state green 

light laser ( = 532 nm) with a spot size of approximately 2 µm diameter. A UHTS 300 

spectrometer and a grating size of 600 I/mm were utilized to obtain the Raman spectra. The 

calibration of the Raman instrument was conducted by using the characteristic peak of the silicon 

wafer at 520.6 cm−1. For surface characterization and morphology analysis of the polymers before 

and after PLA, a field-emission scanning electron microscopy instrument (FESEM, Verios 460L, 

FEI, Waltham, MA, USA) with a resolution of 0.6 nm was utilized. Electron backscattered 

diffraction (EBSD) patterns tilted at 70° in the backscattering diffraction (BKD) mode were 

acquired for phase identification. Fourier-transform infrared spectroscopy (FTIR, Bruker ALPHA) 

was carried out in the absorbance mode, with a resolution of 4 cm−1 and in the range of 500–4000 

cm−1; background subtraction was performed. 

11.4. Results and Discussion 

11.4.1. PTFE Conversion into rGO 

11.4.1.1. X-Ray Diffraction 

The crystalline structure of the PTFE tape was investigated prior to PLA. As shown in 

Figure 11.2a, the XRD results are consistent with typical characteristics of PTFE. Based on the 

XRD database (ICDD PDF-4+ #54-1595), the peaks at 2Ɵ equal to 18.1°, 31.6°, 36.7°, 37.95°, 

and 49.3° are attributed to the (100), (110), (200), (107), and (210) peaks of PTFE, respectively 



  257 

 

[47–49]. The crystallinity of PTFE can be calculated from its XRD pattern by using the Hermans–

Weidinger method [50], using the following equation [51]: 

Xc =
Ic

Ic + 1.8Ia
× 100% 

(11.1) 

where Xc is the crystallinity of PTFE, Ic is the integral intensity of the crystalline area, and 

Ia is the integral intensity of the amorphous area. Using the XRD pattern of PTFE shown in Figure 

11.2a, we calculated the crystallinity degree of PTFE to be 64.5 ± 6%. 

After the interaction of the laser with PTFE (with a laser energy density of 0.9 ± 0.1 J.cm−2 

and 30 laser shots), the XRD pattern of the specimen entirely changed. As evident in Figure 11.2b, 

none of the PTFE peaks appeared in the XRD spectrum after laser annealing of the specimen; a 

new peak at 2Ɵ = 20.5° appeared in the spectrum. These changes in the XRD pattern of PTFE 

after PLA reveal fundamental changes in the structure of PTFE and the evolution of a new 

structure. The XRD pattern of graphite exhibits a characteristic peak at 2Ɵ ≈ 26.5° for the (002) 

plane, with a d(002) ≈ 0.34 nm [52–54]. In graphene oxide, owing to oxygen incorporation between 

the graphene oxide sheets, the planar spacing increases to ~ 0.82 nm (2Ɵ = 10.9°) [52]. However, 

by reducing the graphene oxide, the (002) planar spacing decreases again close to the d(002) of 

graphite [55,56]. The XRD pattern (Figure 11.2b) matches very well with the XRD pattern of 

rGO. The peak at 2Ɵ = 20.5° corresponds to 0.43 nm for (002) planar spacing in the reduced 

graphene oxide. 

11.4.1.2. Scanning Electron Microscopy and Electron Backscattered Diffraction 

To confirm the results from the XRD experiment, further characterization of the material was 

performed. Figure 11.3a,b shows the FESEM micrographs of PTFE before and after laser 

processing at a laser energy density of 0.9 ± 0.1 J.cm−2. Prior to laser annealing (Figure 11.3a), 

the as-received PTFE exhibited a fiber structure, with amorphous and crystalline regions 
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distributed next to each other [57]. After laser annealing at 0.9 ± 0.1 J.cm−2, ultrafast melting and 

the subsequent ultrafast quenching culminated in profound changes in the structure of PTFE and 

rearrangement of the carbon atoms in form of a rGO sheet structure (Figure 11.3b). In Figure 

11.3b, the wrinkled structure of the rGO sheets was observed. The EBSD analysis in Figure 11.3c 

from the laser-annealed PTFE confirmed the formation of rGO. Figure 11.3c revealed the EBSD 

(Kikuchi pattern) and the rGO orientation obtained from the PLA of PTFE. The EBSD profile 

showed the (0001) crystalline structure of rGO. The Kikuchi bands of the sample after PLA match 

those of rGO and do not match those of PTFE. 

11.4.1.3. Raman Spectroscopy 

Raman spectroscopy is a powerful tool for determining the bonding characteristics of 

various carbon structures [58]. As shown in Figure 11.4a, PTFE exhibits vibrational peaks at 292, 

385, 731, 1218, 1300, and 1380 cm−1. The peak at 292 cm−1 originates from the superposition of 

the A1 mode with the E2 mode of the CF2 bond [59]. The torsional activity and deformation in CF2 

give rise to the vibrations at 385 cm−1 [60]. The peak at 731 cm−1 is attributed to CF2 bond 

stretching [61]. The asymmetric stretching of CF2 bonds with the E2 mode is associated with the 

vibrational peak at 1218 cm−1 [62]. The peaks at 1300 and 1380 cm−1 are assigned to the A1 mode 

stretching of C–C bonds [59, 60]. 

After the irradiation of PTFE with 30 shots of the ArF laser, the vibrational peaks of PTFE 

disappeared; new peaks that are characteristic of rGO structures appeared (Figure 11.4b). The 

Raman spectrum of rGO comprises three main characteristic peaks of the D band, the G band, and 

the 2D (or G′) band (as shown in Figure 11.4b) [63, 64]. The D band (usually centered at 1320–

1350 cm−1 for the green laser) is assigned to the symmetric out-of-plane breathing mode (A1g) of 

sp2 atoms; the G peak (usually centered at 1580–1605 cm−1 for the green laser) originates from 



  259 

 

the center of the Brillion zone with E2g symmetry [65–67]. The G band is common for any carbon 

structure having sp2 carbon–carbon content, and the D band is common to any sp2 carbon–carbon 

disorders or defects [68]. Therefore, the intensity ratio of the two peaks (ID/IG) is a criterion for 

the level of defects present in the graphitic structures. The 2D or G′ band (usually centered at 

2640–2700 cm−1 for the green laser) is the “second-order overtone” located in the second-order 

region of the Raman spectrum. The 2D band is produced by the double-resonance phenomenon 

(with a mechanism similar to D band generation); the difference is that two inelastic scattered 

phonons are involved [64, 67, 69]. The shape and peak position of the 2D band can be used to 

determine the number of layers present in rGO [70]. Usually, the 2D band of single-layer rGO 

appears at 2679 cm−1 with a Lorentzian distribution; the 2D band of multilayer rGO shifts to a 

higher wavenumber value and the peak becomes broader [67]. The other second-order bands are 

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

is the G band overtone [71]. The fitting results from the rGO spectrum shown in Figure 11.4b 

indicate that the peaks positioned at 1337, 1591, 2685, 2860, and 3070 cm−1 can be attributed to 

the D, G, 2D, D + G, and 2G peaks, respectively. The intensity ratio of the D and G peaks (ID/IG) 

is 1. Typically, the ID/IG for graphene oxide is above 1 due to the grafting of oxygen functional 

moieties between the graphitic planes [72]. By reducing graphene oxide, the ID/IG value 

decreases. The value of ID/IG = 1 from Figure 11.4b is consistent with that of reduced graphene 

oxide structures and is in agreement with the XRD results. In addition, the ID/IG value provides 

the information about the average crystallite size of  

the sp2 domains (La), using the Tuinstra–Koenig relation [73]: 

La(nm) = 2.4 × 10
−10λ4 × (

ID
IG
)−1 

(11.2) 
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where La is the average crystallite size, and λ is the laser wavelength (532 nm). The average 

crystallite size of the sp2 domains was calculated to be 19.2 nm. The 2D band at 2685 cm−1 in 

Figure 11.4b is very broad with a full width at half maximum (FWHM) of 426 cm−1, confirming 

the multilayer structure of reduced graphene oxide [74]. The changes in the ID/IG values versus the 

increase in the number of laser shots are presented in Figure 11.4c. After the transformation of 

PTFE into graphitic structures, it is observed that, with 25 shots of the UV laser, the ID/IG value is 

higher than 1. With an increase in the number of shots, the ID/IG value decreases to 1 and remains 

at approximately 1 with a further increase in the number of laser shots. The decrease in the ID/IG 

value after 25 shots can be attributed to the variation of the defects that are present in the structure. 

After 25 shots, the structure starts to form a reduced graphene structure, with a lower amount of 

defects in the structure. 

11.4.1.4. Fourier-Transform Infrared Spectroscopy 

Further evidence for the successful conversion of PTFE into rGO was provided by FTIR 

spectroscopy. FTIR spectroscopy is a practical characterization method to detect the chemical 

bonding in polymers and graphene structures. Figure 11.5a illustrates the FTIR spectrum of PTFE 

before laser annealing. The peaks at 502, 553, and 639 cm−1 originate from the rocking, bending, 

and wagging of CF2 bonds, respectively [75,76]. The peak positioned at 1145 cm−1 is attributed to 

the symmetrical stretching of CF2 bonds [75,77]. The asymmetric stretching of CF2 bonds 

culminates in the appearance of a 1201 cm−1 peak in PTFE [75,77]. All of the mentioned peaks 

disappear after the PLA of PTFE; new bonds form, which are evidence for rearrangement in the 

chemical structure (Figure 11.5b). The strong peak at 1563 cm−1 belongs to the sp2-hybridized 

C=C bonds. The second strong band at 1172 cm−1 is assigned to the asymmetric stretching of C–

O–C bonds [78]; it has been observed in rGO structures after reduction [79]. The peak at 1380 
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cm−1 is attributed to C–OH stretching [80]. The weak peaks at 758 and 2915 cm−1 are related to 

O–H bending and aromatic C–H stretching, respectively [81,82]. The absence or weak presence 

of oxygen-containing groups, which are characteristic of graphene oxide, confirms the formation 

of reduced graphene oxide. These GO characteristic peaks are located at ~ 1723 cm−1 (C=O 

carbonyl stretching) and ~ 3412 cm−1 (hydroxyl group stretching), as well as ~ 2915 cm−1, ~ 758, 

and ~ 599 cm−1 (OH out-of-plane bending) [82, 83]. 

11.4.1.5. Mechanism of Conversion of PTFE into rGO by the PLA Method 

The laser annealing of PTFE involves the application of 30 shots of the ArF excimer laser 

with a photon energy of 6.4 eV, a pulse width of 20 ns, a pulse frequency of 10 Hz, and a laser-

energy density of 0.9 ± 0.1 J.cm−2 to PTFE, which exhibits a bandgap of 6.0 eV [84]. Since the 

laser-energy density threshold for the ablation of PTFE is ~ 1.6 J.cm−2 [43], ablation of PTFE will 

not occur during ArF-laser annealing with a fluence of 0.9 ± 0.1 J.cm−2. 

Since the photon energy of the ArF laser is higher than the PTFE bandgap, the laser energy 

will be absorbed by PTFE. Owing to the high bandgap of PTFE, the absorption process will 

initially commence through the two-photon absorption phenomenon by virtue of the mid-gap 

energy states present in PTFE [85]. The absorption coefficient of PTFE is enhanced following an 

increase in the number of laser shots (N) [85]:  

αeff = α0 + Nαi (11.3) 

where 𝛼eff is the effective absorption coefficient, 𝛼0 is the initial PTFE absorption 

coefficient, and 𝛼i is the absorption coefficient of PTFE after the first shot. After a sufficient 

enhancement in the absorption coefficient of PTFE, single-photon absorption will dominate the 

process [85]. 
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Over a time interval of 20 ns, the energy of the laser is transferred to the PTFE chains by 

the excitation of photons (the photochemical mechanism) and the excitation of phonons (the 

photothermal mechanism) [86]. In the photochemical mechanism, the laser photons dissociate the 

bonds in the PTFE chains. During the photodegradation of PTFE, the polymer backbone (C–C) 

experiences scission [87]. Similarly, during the photochemical degradation of PTFE by 6.4 eV 

ArF laser irradiation, the C–C bonds (~ 3.6 eV) and C–F bonds (~ 5 eV) undergo breakage. It has 

also been confirmed that the major process of releasing F atoms occurs by the desorption of CF3
+ 

ions [87]. C=C bonds are not generated during the photodegradation of PTFE at room temperature 

[87,88]. Therefore, it is more likely that the formation of carbon bonds is a photothermal-assisted 

process. 

In the photothermal mechanism, with an increase in the number of laser shots, the strongly 

absorbing PTFE will rapidly experience a rise in temperature during each 20 ns time interval. The 

energy from the electronic structure is transferred to the lattice phonons within 1 ps (10−12 s). 

Therefore, the excitation of phonons leads to the generation of a significant amount of heat within 

20 ns. We have previously shown that the 20 ns pulse duration is sufficient for PTFE to be heated 

and melted [48]. When PTFE is heated to 470 °C in air, volatilization of C2F4, C3F6, HF, CO2, and 

CO occurs [89]. As PTFE is interacting with the ArF laser and is melted, oxygen and hydrogen 

diffuse (as suggested by the FTIR results) below the surface and provide the origin of the HF, CO2, 

and CO degassing and also formation of the C–H, C–OH, C=O, and OH bonds in the resultant 

rGO. The monomer yield of PTFE during thermal degradation is 100%; once the thermal factor 

triggers the unzipping of the monomers, it proceeds to the rest of the molecule [89]. When the 

liberation of HF and other gases takes place, the double C=C bonds form at the expense of C–C 

bond breakage. Therefore, the overall photothermal and photochemical mechanism of PTFE 
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involves melting, volatilization of different gases, breakage of the backbone of PTFE (C–C), and 

formation of C=C. Meanwhile, the laser-annealing causes the dehydration and reduction (thermal 

reduction) of some of the absorbed oxygen-containing groups, as follows [90]:  

CH–C–OH + H+ 
𝐻𝑒𝑎𝑡
→    C=C + H2O (11.4) 

The free carbons with some residual C–H, C–OH, C=O, and OH bonds from the absorption 

of oxygen and hydrogen at the surface will undergo an undercooling process once the laser pulse 

terminates. We have previously shown that the undercooling determines the regrowth velocity of 

solidification [89]. The thermodynamically stable graphitic structures require a low undercooling 

and a low regrowth velocity of < 4 ms−1; in comparison, a velocity of 4–6 ms−1 is associated with 

diamond nucleation, and a velocity of > 16 ms−1 is associated with pure Q-carbon formation [89]. 

For our system (PTFE tape on Al2O3 substrate), we have calculated that a laser-energy density of 

0.8 to 1 J.cm−2 provides the appropriate undercooling for the formation of rGO from PTFE [48]. 

Figure 11.6 highlights the procedure for the direct conversion of PTFE into rGO. 

11.4.2. PBI Conversion into rGO 

11.4.2.1. X-Ray Diffraction 

The XRD pattern of the water-washed electrospun PBI fibers (in order to remove the KOH 

content) was obtained to understand its crystal structure. Figure 11.7a shows a broad peak 

centered at 2Ɵ ≈ 25°. This peak is assigned to the amorphous domains in the meta-PBI structure 

and is related to the π–π stacking of the aromatic rings in the molecular structure of PBI. PBI 

structures with some degree of crystallinity also exhibit two sharp peaks at 2Ɵ = 9.5° and 2Ɵ = 

12.2° [91–93]. The absence of these two peaks in the XRD pattern of PBI indicates the amorphous 

nature of the PBI used in this study, and this may be attributed to the electrospinning conditions 

and the ethanolic KOH solvent interactions. After laser annealing of the PBI fibers with an energy 
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density of 0.7 ± 0.1 J.cm−2, the amorphous halo at 2Ɵ ≈ 25° disappeared and a new sharp peak at 

2Ɵ = 24.2° formed (Figure 11.7b). The spectrum in Figure 11.7b aligns with the XRD pattern of 

reduced graphene oxide. The lack of a peak at 2Ɵ = 10.9° rules out the formation of graphene 

oxide, and the absence of a peak at 2Ɵ ≈ 26.5° excludes the presence of graphite after laser 

annealing. The observed peak at 2Ɵ = 24.2° is attributed to (002) planes, with a 0.37 nm planar 

spacing in the obtained rGO structure. 

11.4.2.2. Scanning Electron Microscopy 

The FESEM micrograph of as-received PBI in Figure 11.8a shows the structural features 

of the PBI fibers. The PBI fibers exhibited an average diameter of 250 nm. After the laser-

annealing process, changes in the morphology of PBI occurred (Figure 11.8b); the fibers were 

replaced with layers of rGO. The volume of PBI was considerably reduced after the laser-annealing 

process. The shrinkage in volume was correlated with the degassing process during heating of PBI 

by the UV laser. 

11.4.2.3. Raman Spectroscopy 

Figure 11.9a shows the Raman spectrum of the PBI fibers before exposure to ArF laser 

annealing. The two peaks located at 1592 and 1541 cm−1 were assigned to the stretching of 

benzimidazole rings (C=N and C=C) [94, 95]. The broad band at approximately 1430 cm−1 also 

originated from the benzimidazole ring stretch. The strong peak at 1303 cm−1 and the shoulder 

peak at 1228 cm−1 are consistent with in-plane vibration of the C–H bonds. The peaks at 1091 and 

995 cm−1 correspond to the deformation of benzene trigonal rings or breathing of benzene rings 

[94, 95]. As is evident from Figure 11.9b, exposure to multiple shots of the UV laser converted 

the PBI structure to the rGO structure. Similar to previous findings [96, 97], the first-order region 

may be fitted by using five peaks, namely D, G, D*, D′′, and D′. The D* peak is related to the 
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disorder in the graphitic lattice structure from both sp2 and sp3 bonds [98]. The D′′ peak is attributed 

to amorphous phases that are observed in carbon structures, and the D′ peak is activated by crystal 

defects [64, 96, 99–100]. The results of Gaussian fitting show that the D, G, D*, D′′, D′, 2D, D + 

G, and 2G peaks are centered at 1339, 1577, 1333, 1470, 1670, 2666, 2898, and 3139 cm−1, 

respectively. The low intensities of the D*, D′′, and D′ peaks imply a low amount of lattice 

disorders, lattice defects, and amorphous phases in the rGO structure. The intensity ratio of ID/IG 

= 0.73 confirms the reduced structure of the rGO and aligns with the XRD results. Using Equation 

(11.2), the average crystallite size of the sp2 domains is estimated to be 26 nm. The 2D band located 

at 2666 cm−1 is broad, indicating the multilayer structure of rGO. Figure 11.9c shows the changes 

in the ID/IG values versus the number of laser shots during laser annealing. The initial decrease in 

the ID/IG value implies a decrease in the defects that are present in the structure, which remains 

constant up to 35 shots. 

11.4.2.4. Fourier-Transform Infrared Spectroscopy 

Utilizing FTIR spectroscopy, we explored the disappearance of bonds associated with PBI 

and the formation of new bonds by laser annealing. Figure 11.10a shows the chemical bonding in 

PBI. The peaks in the region of 680 to 852 cm−1 (685 and 796 cm−1) are associated with the out of 

plane bending of the aromatic C–H bonds [101]. The peak at 1098 cm−1 is assigned to the C–H 

bonds in imidazole [102]. The peaks in the 1279 cm−1 region are associated with C–N stretching 

and benzimidazole breathing [103]. At 1438 cm−1, the vibrations from the in-plane deformation of 

imidazole rings are activated [104]. The peak at 1589 cm−1 is derived from C=C and C=N 

stretching. The broad band in the region of 2800 to 3500 m−1 is ascribed to the N–H stretching 

vibrations [104]. Finally, the peak at ~ 3577 cm−1 correlates with the O–H stretching and is related 

to the moisture absorbed by the PBI structure [103]. Generally, the broad band in the region of 
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2400–4000 cm−1 reflects the absorption of moisture by PBI [105]. After laser processing, the 

structure shows features that are associated with rGO (Figure 11.10b). The strong peak at 1546 

cm−1 is attributed to the C=C bonds in rGO [106,107]. The peak at 1163 cm−1 is related to C–O–

H bonding [106]. The peak at 1716 cm−1 is associated with the stretching of C=O bonds [108]. The 

weak peaks at 667, 2320, and 2670 cm−1 correspond to the out of plane bending of OH, CO2, and 

C–H stretching, respectively [82]. Similar to the rGO structure obtained from PTFE, the peaks 

associated with GO at 3412 cm−1 (hydroxyl group stretching), 2915, ~758, 667, and ~599 cm−1 

(OH out-of-plane bending) are either very weak or absent [82, 83]. 

11.4.2.5. Mechanism of Conversion of PBI into rGO by PLA Method 

For the successful conversion of a material into rGO, it is essential that the threshold 

fluence of laser ablation is higher than the threshold fluence of laser annealing. PBI exhibits a very 

high threshold of UV ablation fluence; as such, it is suitable for the laser-annealing process [44]. 

PBI structures have a propensity to absorb moisture when exposed to air [105]. PBI structures 

exhibit an intense UV absorption, which is attributed to the presence of aromatic units; the high 

UV absorption rate enables the fast photodegradation of this material. The degradation of PBI 

(with a bandgap of 3.13–3.25 eV) [109] via UV laser exposure is dominated by the photo-oxidation 

procedure; oxygen attacks the benzimidazole subunits and imide rings [110,111]. Photo-oxidative 

degradation leads to the oxidation of the benzenoid and imidazole rings and the production of C=O 

groups, which in turn is associated with the presence of the peak at 1716 cm−1 in the FTIR spectrum 

[105]. Moreover, it causes the scission of benzimidazole rings. Consequently, volatile oxygen-

containing products are produced which immediately decompose to CO, CO2, N2, NO2, and H2O 

[105,111]. 
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Meanwhile, extreme heat is locally generated by the UV laser, which leads to a stepwise 

thermal degradation of PBI. At 300 to 570 °C, NH3 is liberated; afterwards, CH4 is released at 570 

to 700 °C. At 700 °C, arylnitrile-containing units degrade and form HCN and H2. Finally, the 

decomposition of oxygen-containing residues liberates N2, CO2, and H2O at high temperatures 

[111]. All of the dehydration processes are responsible for the disappearance of the broad band in 

the region of 2400–4000 cm−1 in the FTIR spectrum of PBI after laser annealing [105]. 

Finally, the residual free carbon with some oxygen and hydrogen content will reach the 

melting point of carbon. The mixture will experience ultrafast undercooling. The undercooling 

speed is adjusted through the appropriate selection of laser fluence for the PBI system (0.7 ± 0.1 

J.cm−2). The regrowth velocity of < 4 m.s−1 is achieved, and the formation of rGO with σ and π 

carbon bonds is facilitated. 

11.5. Conclusions 

The transformation of PTFE and PBI polymers into rGO structures was performed. The 

driving force for this transformation is the non-equilibrium method of PLA. The ArF excimer laser 

with a photon energy of 6.4 eV and a pulse width of 20 ns is an appropriate choice for PLA that 

involves ultrafast melting and controlled undercooling. The UV absorption of PTFE increases with 

each laser shot. PBI exhibits UV absorption with a high laser ablation threshold. In both polymers, 

the XRD results confirm the formation (002) planar spacing and a d(002) corresponding to the 

reduced planar spacing in rGO structures. Raman spectroscopy indicates the presence of a 

multilayered structure in the rGO structures. The evolution of bonds related to rGO structures was 

identified in both laser-annealed polymers, using FTIR spectroscopy. The transition of PTFE to 

rGO is assisted by both the photochemical and photothermal mechanisms, in which diffusion of 

oxygen and hydrogen, degassing of byproducts, and thermal reduction culminate in molten free 
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carbons. The molten free carbons go through an appropriate undercooling process that is adjusted 

by the laser fluence, which leads to the formation of rGO. In PBI, the transition is assisted by a 

photo-oxidation process and is accompanied by stepwise thermal degradation. The residual molten 

carbons rearrange in the form of rGO structures during the undercooling process. 
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11.6. Figures 

 

Figure 11.1 Schematic of the PLA procedure used in the experiment. 

 

 

 

 
Figure 11.2 XRD pattern of (a) neat PTFE and (b) after laser annealing of PTFE. 
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Figure 11.3 FESEM images of (a) as-received PTFE and (b) PTFE after laser annealing (rGO). 

(c) EBSD Kikuchi pattern from rGO, exhibiting the characteristic rGO pattern. 
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Figure 11.4 Raman spectra of (a) PTFE before PLA and (b) PTFE after 30 shots of the ArF laser 

at 0.9 ± 0.1 J.cm−2. (c) ID/IG values versus the number of laser shots. 
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Figure 11.5 FTIR spectra of (a) as-received PTFE and (b) PTFE after the laser-annealing process. 

 

 

 

 

 

Figure 11.6 Schematic showing the direct conversion of PTFE into rGO, using ArF-laser 

annealing. 
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Figure 11.7 XRD pattern of (a) as-received PBI and (b) after laser annealing of PBI. 

 

 

Figure 11.8 FESEM images of (a) as-received PBI and (b) PBI after the laser annealing (rGO). 
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Figure 11.9 Raman spectra of (a) PBI before PLA and (b) PBI after exposure to multiple shots of 

the ArF laser at 0.7 ± 0.1 J.cm−2. (c) Id/Ig ratio versus the number of laser shots. 
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Figure 11.10 FTIR spectra of (a) non-processed PBI and (b) rGO after laser processing of PBI. 
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12.1. Abstract 

Medical grade polyethylene-based skeletal implants exhibit osteo-disintegration, erosion, 

and modest hemocompatibility. Herein, we report on the fabrication of highly adherent undoped 

and Si-containing DLC (Si-DLC) coatings for biomedical implant applications by utilizing plasma 

and laser-based processing techniques on thermally sensitive polyethylene (PE) substrates. Scratch 

testing reveals a strong interfacial shear strength of 620 MPa for DLC coatings deposited on PE. 

A Contact stress of ~32 MPa induced cracking of DLC thin film. The Si-DLC films demonstrated 

a higher critical failure load and less cracking compared to undoped DLC films. The contact angle 

for PE increased from 90o to 110o when it was coated with the Si-DLC thin film.  A high optical 

bandgap of 2.5 eV was calculated for the 21 at% Si-DLC thin films. Pulsed laser annealing (PLA) 

of Si-DLC films at 0.3 J cm-2 increased the amount of sp2 bonded carbon, resulting in an 

improvement in lubricity, hydrophobicity, and electrical conductivity properties. In addition, the 

mailto:rjnaraya@ncsu.edu
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laser patterned pristine DLC films, showed the formation of reduced graphene oxide, which 

possessed sizeable properties for wearable electronics and biosensing applications (Rs =0.6 kΩ/□), 

This study indicates that PLA is a useful technique for modifying the properties of DLC thin films 

on flexible polymeric substrates for state-of-the-art biomedical and electronic sensing applications. 

12.2. Introduction 

Ease of availability, low cost, recyclability, high chemical resistance, and biocompatibility 

make polyethylene (PE) and its derivatives an appropriate substrate material for continuous health 

monitoring devices, thin electronic devices/displays, and biomedical implant [1]. The ability of PE 

to exist in versatile forms like high-density polyethylene (HDPE), ultra-high molecular weight 

polyethylene (UHMWPE), highly crossed linked polyethylene (HXLPE), low-density 

polyethylene (LDPE) makes it possible to obtain desired optical, and mechanical properties. The 

metallic implants, in the long run, suffer from complications such as fractures, stress shielding due 

to metal toxicity, and lack of tissue adherence. Hence, the replacement of conventional metallic 

substrates as implants with PE is a topic of substantial research. Currently, Medial cup (Aston 

Medical), oesophageal stent (ELLA-CS), and more than 700 FDA-approved medical devices make 

use of PE [2]. However, almost all derivatives of PE suffer from two major drawbacks viz. poor 

wear resistance and thermal conductivity limiting its applications significantly. UHMWPE for hip 

implants presents serious clinical problems as the poor wear resistance cannot combat the cyclic 

nature of the contact stresses at the articular surface. Studies have found that the wear particles 

produced are around 0.7 µm which may induce adverse tissue reactions [3].  Notably, DLC 

coatings exhibit good tribological properties, hence DLC smeared PE skeletal implants exhibit 

high wear resistance, and allow good osteointegration, low immune reactivity, and harmless debris 

release [4]. A study carried out for 3 years revealed that the DLC-coated UHMWPE implant 
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exhibited reduced wear and showed better antimicrobial properties compared to hydroxyapatite-

coated UHMWPE [5-8]. However, the adhesion of DLC on HDPE has not been satisfactory so far. 

The use of DLC-coated HDPE as a joint replacement was withdrawn shortly after implantation 

due to coating delamination resulting in high HDPE wear [9-11].  

PE and its derivatives are also widely used as substrates in flexible electronic applications. 

The ongoing miniaturization of flexible electronics is expected to cause severe polymer substrate 

heating resulting in the reduced service life of the sensors [12]. In this context, reduced graphene 

oxide coating on these substrates can act as a thermal sink and a better electrical conductor. It may 

also act as a barrier layer to protect the substrate from moisture absorption and add additional 

catalytic sensing capabilities to the device rendering them favorable for value-added enzymatic 

and non–enzymatic applications like glucose monitoring, microRNA-122 biomarker, and room 

temperature gas sensing [13–17]. Currently, high-quality reduced graphene oxide (rGO) can be 

produced by thermal or chemical reduction of graphene oxide (GO). The conventional furnace-

based thermal reduction of GO route is unsuitable as it exposes the whole device to high 

temperature leading to substrate degradation. Additionally, the approach of fabricating high-

quality graphene on a separate metallic substrate like Cu and then transferring it onto the flexible 

polymeric substrate led to significant structural damage during the film transfer. Currently, 

chemical-based reduction of GO is the only method shown to be applicable for local fabrication 

of rGO on polymeric substrates as chemical reductions are usually carried out at milder and easier 

conditions [18].  However, in most cases, the chemicals are toxic, and not so feasible for mass 

production. Researchers have previously fabricated the Q-carbon (sp3 rich) phase of carbon and 

laser-induced reduced graphene oxide (LIRGO) thin films (sp2 rich) by melting amorphous carbon 

with nanosecond (ns) excimer pulses on sapphire and silicon substrates [19-22]. This method can 
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further be extended towards flexible polymeric substrates as the heat flow in ns laser-based rapid 

thermal processing is spatially and temporally confined. Notably, the high selectivity of excimer 

lasers towards amorphous carbon (a-C) thin films which exhibit low bandgap and high absorptivity 

compared to PE substrates results in high-quality rGO film synthesis without any substrate 

heating/degradation [23].  

The amount of sp2 and sp3 bonding in carbon films has a substantial effect on their 

mechanical, electronic, and thermal properties [24-26]. Si doping in DLC promotes sp3 bonding, 

leading to reduced stress in the thin film. It also has useful effects on hemocompatibility, cell 

proliferation, and antibacterial resistance of the thin film [27, 28]. Recent studies indicate that a Si 

content of ~21 at% in DLC gives the optimum mechanical and biomedical properties to polymeric 

substrates [29]. In this study, we report a systematic approach to tailor the adhesion, 

hydrophobicity, and electrical conductivity of DLC coatings on HDPE substrates. This was 

achieved by fabricating Si-containing DLC (Si-DLC) coatings in the PECVD system and undoped 

DLC coatings after fluorine-reactively ion etching (F-RIE) by PLD. Such an extensive study is 

carried out to eliminate the hurdles for the usage of carbon-coated HDPE substrates in biomedical 

implant and electrical sensing applications. For biomedical implant applications, adhesion and 

biocompatibility are critical whereas adhesion and high electrical conductivity are essential for 

electrical sensing applications. Initially, the improvement in adhesion with and without Si doping 

in the DLC film was investigated using an adhesion scratch test. Further, the biocompatibility of 

21 at% Si-DLC films was assessed using contact angle measurements. Finally, for making the 

films conductive, we laser irradiated both the undoped and Si-containing DLC thin films to form 

LIRGO and studied the electrical behavior of these films as a function of energy density. 
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12.3. Experimental procedure 

a) Plasma cleaning and thin film deposition 

1) RIE and PLD 

Plasma treatment was performed by using a Plasmalab 80 Plus reactive ion etcher (RIE) 

(Oxford Instruments, Tubney Woods, Abingdon, UK) to render the surface fluorine terminated.  A 

gas flow of 25 sccm Ar and 25 sccm CHF3 with a working pressure of 50 mTorr and a power of 

50 W for 1 minute was applied. The power and duration of the treatment were chosen to minimize 

the etching of the film. 250 nm amorphous carbon thin films were deposited using PLD at a 

vacuum of 1 x10-6 Torr by utilizing KrF excimer laser shots to irradiate a glassy carbon target at a 

frequency of 10 Hz. 

2) PECVD 

A custom-designed PECVD instrument was used to deposit Si-DLC thin films on HDPE 

substrates as described by Sakhrani [30, 31]. The thin film deposition process consisted of three 

steps: a) substrate loading, b) cleaning the substrate, and c) deposition of the Si-DLC thin film on 

the substrate. During loading, the HDPE substrates were mounted onto a stainless-steel plate. This 

plate was placed on the PTFE base plate electrode to electrically insulate it from the rest of the 

chamber.  The chamber was pumped down overnight to achieve a base pressure of 1 x 10-8 Torr.  

After the loading stage, the cleaning of the substrate was carried out by simultaneously flowing Ar 

(90 sccm) and O2 (50 sccm) gases and striking a plasma by applying radiofrequency (RF) power 

(13.56 MHz) to the large base electrode connected to an RFX-600 power supply (Advanced 

Energy, Denver, CO) in the process chamber for 10 minutes. The plasma was kept stable by not 

letting the reflective power go above 10 W using a matching network system.  An oscilloscope 

(Aligent, Santa Clara, CA) was used to measure the peak-to-peak voltage (Vpp). For cleaning, a 
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Vpp of 400 mV was utilized. The rest of the chamber was electrically grounded. The process gases 

were uniformly released into the chamber from the showerhead distribution ring that was located 

at the top of the chamber. Over the course of two minutes, Ar, O2, and tetramethylsilane (1.6 sccm) 

gases entered the chamber; the Vpp decreased to 300 mV peak to peak. After two minutes, the flow 

of O2 was stopped. It is surmised that an O2 flow for two minutes at the start of deposition is helpful 

to improve film adhesion. The thin film deposition was carried out for one hour. After one hour, 

the chamber was subjected to an Ar gas purge before chamber venting. 

3) PLA 

Pulsed laser annealing of DLC and Si-DLC thin films was carried out using an ArF laser 

(193 nm). The laser was focused with the help of a plano-convex lens that was capable of 

producing an energy density in the range of 0.1-1.6 J/cm2. The energy was measured using the 

MAX mol meter. The spot size could be adjusted by changing the distance between the sample 

being irradiated and the laser source.  

b) Characterization 

1) HRSEM, Raman, FTIR, AFM and UV-Vis 

The as-deposited films and films after laser annealing were characterized using an Alpha 

Raman spectroscopy instrument (WITec, Ulm, Germany) at wavelengths 514 and 632 nm. The 

film microstructure was assessed using a Verios 460L scanning electron microscope (FEI, 

Hillsboro, OR). Surface morphology and roughness of the DLC thin films were examined by an 

MFP-3D Origin+ atomic force microscope (Asylum Research, Santa Barbara, CA), which was 

equipped with Budget Sensors Multi tip in tapping mode using a resonant frequency of 

approximately 50 kHz, a scan size of 10 µm x 10 µm, and a scan rate of 0.75 lines per second. 
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The surface elemental composition and sp2/sp3 content of carbon films were analyzed 

using SPECS FlexMod X-ray photoelectron spectroscopy instrument that utilized an Mg Kα (1254 

eV) excitation source with a PHOIBIS 150 hemispherical analyzer (SPECS Surface Nano Analysis 

GmbH, Berlin, Germany). The spectra were calibrated using the spectrum for adventitious carbon, 

a C 1s line located at 285 eV. 

Fourier transform infrared spectra were obtained using an ALPHA instrument (Druker, 

Billerica, MA), which is capable of a resolution of 4 cm-1 and an absorbance data range of 400 to 

4000 cm-1. The UV-Vis spectra of the samples were characterized using a UV-1800 UV-visible 

spectrometer (Shimadzu, Kyoto, Japan) in the wavelength range from 300 to 1100 nm; this 

instrument provides a resolution of 1 nm. 

2) TEM 

High-resolution transmission electron microscopy (HRTEM) imaging, electron diffraction, 

and energy-dispersive X-ray analysis (EDS) were acquired using a Talos-F200 microscope (FEI, 

Hillsboro, OR) with an ‘XFEG’ Schottky field emission gun source at 80 keV; an objective 

aperture was used to obtain good contrast and weaken the beam to prevent charging. The samples 

were glued between two pieces of polystyrene with superglue and allowed to dry overnight. 

Sections were cut using a Diatome diamond knife on a UC7 ultramicrotome (Leica, Wetzlar, 

Germany) at three different thicknesses: 120 nm, 110 nm, and 100 nm.  

3) Contact angle, adhesion, and electrical measurements 

The sessile drop method was utilized in this study; a deionized water drop was placed on 

the tested surfaces. An OCA 15EC optical contact angle meter (Dataphysics Instruments GmbH, 

Germany) was used to record the contact angle data. The drop age range for the calculation was 

4.9-5.1 seconds, and the drop volume was ~0.2 microliter. 
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The adhesion of coatings was examined using a micro scratch instrument (Anton Paar, 

Graz, Austria). A diamond spheroconical indentor with a 10 µm tip radius was used for the 

measurements. The stylus was moved at a constant speed of 1.2 mm/s during the micro scratch 

studies. The loading rate along the direction normal to the substrate was 2 mN/s. 

The sheet resistivity measurements were performed using a Jandel Model RM3-AR 

instrument connected to a four-point probe setup. The current range of this device was 10nA-1mA. 

The measurements were performed in both forward and reverse directions to confirm the stability 

of the film and validate the results. The instrument was calibrated with a 100 Ω resistor before 

performing any measurements. 

12.4. Results and discussion 

Figure 12.1 depicts the schematic representation of the different methods used to deposit 

and modify the structure of DLC thin films on HDPE substrates in this study. The DLC deposited 

on as-received HDPE using PLD resulted in delamination upon minor bending or twisting of the 

substrate. Hence, fluorine-based RIE (F-RIE) was conducted on HDPE substrates; these substrates 

were then coated with DLC thin films in the PLD system (Fig. 12.1 (a)). This film was later 

annealed at 0.3 J cm-2 which results in rGO formation. For Si-doped DLC thin film deposition on 

HDPE, a PECVD system was utilized. The thin films were translucent, with a slight yellowish 

color (Fig. 12.1(b)). The HDPE-coated Si-DLC system demonstrated high flexibility without 

delamination. Finally, the Si-DLC thin films were subjected to PLA at energy densities of 0.1-1 

J/cm2; its effect on material properties was studied (Fig. 12.1(c)). 

Figure 12.2 shows the Raman spectra and XRD data from as-received HDPE. The Raman 

spectrum at 632 nm shows the presence of C-C (1000-1250 cm-1) and CH2 twist modes. The CH3-

CH2 overtone peak is visible at ~2945 cm-1 (Fig. 12.2(b)). Additional peaks near 2945 cm-1 were 
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attributed to Fermi resonance between the CH2 symmetric stretching and the overtone from the 

CH2 bonds. The CH2 bending mode occurs at 1416 and 1440 cm-1. The C-H stretching peaks fall 

in the range of 2825 and 2970 cm-1 [32]. HDPE exhibits sharp peaks at 1445 cm-1 and 1421 cm-1 

as well as bands at 1299, 1132, and 1067 cm-1  due to the trans -(CH2)r- group as observed in 

Figure 2(a) [33, 34].  Figure 12.2(c) shows the delamination of DLC coating on untreated HDPE 

after laser annealing at 0.1 J cm-2 indicating poor film adhesion. 

12.4.1. Adherent DLC coatings for biomedical implant applications 

The failure stress for films on flexible substrates is given by the Stoney equation:  𝜎𝑓 =

𝐸𝑠𝑑𝑠
2

6𝑅(1−𝜗𝑠)𝑑𝑓
 . In this equation, R is the radius of curvature, ds is substrate thickness, df is film 

thickness, and 𝜗𝑠 is Poisson’s ratio of substrate [35]. When ds >>df, the peak film strain as a 

function of curvature is given by 𝜀𝑓 =
𝑑𝑠

2𝑅
 . For HDPE of ~ 100 µm thickness and assuming a failure 

strain for typical brittle films of 0.5-1%, a maximum bending radius of only 5 mm is possible 

before film failure. Notably, the properties of DLC thin films are reported to be considerably 

different on polymeric substrates than on other substrates [36].  

(a) Fabrication of pristine DLC coatings on F-RIE HDPE substrate by PLD   

Researchers have previously tried to deposit DLC films on HDPE by vacuum pulsed 

sputtering [37]. The low melting temperature of HDPE is incompatible with techniques that are 

associated with high substrate temperatures for improved film adhesion. Trakhtenberg et al. [38] 

showed that a substrate temperature close to the melting point of HDPE increases the adhesion of 

DLC thin films to PE substrates. Several studies have focused on developing methods to improve 

the adhesion properties of coatings on PE substrates, including plasma and primer treatment 

Figure. 12.3 shows a comparison of the HDPE surface before and after RIE treatment.  

The as-received HDPE shows very high roughness and an uneven surface. Even the smoothest of 
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regions show the presence of pits exceeding 25 nm in depth (Fig. 12.2(e)). The depth of the pits is 

uneven. The RMS roughness value was 5.61 ± 4.27 nm. After RIE, the surface was relatively 

smooth with sufficient roughness to promote film adhesion. Even in the roughest of the regions, 

the pit depth is not more than 15 nm. The RMS roughness value calculated was 3.78 ± 2.58 nm. 

The parameters for F-RIE were selected such that etching, as well as surface fluorination, took 

place simultaneously [39-41].  Since fluorine is surface-active, it forms C-F bonds and improves 

the adhesion of the thin film [42].  As discussed earlier, AFM scan reveals the presence of small 

pits, cracks, and pores present on the as-received substrate surface. The high standard deviation 

observed in the surface roughness also indicates the presence of defects. This leads to decreased 

adhesion of DLC films on these substrates as during deposition DLC film follows the 

characteristics of the substrate surface leading to non-uniform film deposition and film cracking 

due to the brittle nature of these films. During RIE, the etching rate of amorphous regions and 

crystalline regions of PE differ resulting in increased non-uniform regions and pit formation. The 

defective and deep pit regions are ideal for grafting of fluorine-containing functionalities obtained 

from highly reactive CFx radicals making the surface highly reactive while maintaining uniform 

surface roughness [41]. The dangling bonds present on the surface and uniform surface roughness 

result in improved adhesion. 

Figure 12.4 shows the Raman spectrum and an optical micrograph of the scratch test result 

from an as-deposited DLC thin film on HDPE. Figure 4(a) reveals the Raman spectrum of DLC 

deposited on HDPE with (blue) and without (red) F-RIE treatment. The stress present in the DLC 

thin film can be calculated from the G peak shift [43]. Stress-free DLC thin films show a G peak 

in the range 1545-1560 cm-1. The as-deposited DLC thin film without RIE treatment on HDPE 

shows a G peak at ~1583 cm-1, indicating substantial compressive stress (>8GPa). The DLC thin 
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film on RIE treated HDPE shows a G peak at ~1572 cm-1, indicating a decrease in the stress of at 

least 2 GPa compared to non-treated HDPE. These results suggest that DLC deposited after F-RIE 

should possess higher adhesion as compared to the non-treated HDPE. Since the coating thickness 

is the same for both thin films (~250 nm), scratch testing can be used to obtain semi-quantitative 

comparisons [43]. We have performed progressive load scratch tests for adhesion assessment of 

DLC-coated HDPE by PLD with and without F-RIE. In progressive load scratch testing, the tip 

load increases at a constant rate as the tip progresses along the scratch path. To distinguish between 

different failure types, we report two loads (Lc1 and Lc2). Lc1 is taken as the load at which cohesive 

failure modes (e.g., cracking, chipping of the coating) occur; LC2 is the load corresponding to the 

onset of adhesive failure (i.e., the load at which the substrate is first exposed) 44. The significances 

of Lc1 and Lc2 depend on the application of the thin film; one type can be more important than the 

other for a given application. For example, a DLC thin film on a drill bit may be considered failed 

when the substrate underneath is exposed as the drill bit would still function with a small chip (i.e., 

Lc2 is the important parameter). If we consider a DLC thin film on a hip implant, failure is defined 

as the point where the thin film begins to delaminate, which introduces undesirable material into 

the body; thus, LC1 is the parameter of interest. For the DLC thin film deposited on HDPE without 

RIE adhesive failure (i.e., delamination was observed) at the start of the test, scratch testing was 

performed on bare HDPE; hence, 0.2 mN was the critical load for coating removal (Fig. 4(b)). 

DLC thin films are brittle due to the lack of dislocation generation during deformation. The HDPE 

substrate has low hardness compared to the DLC coating; as such, tensile and Hertzian cracking 

along the direction of the scratches were observed along the scratch trace (Fig. 4(c)). For the DLC 

thin film deposited on HDPE with RIE, an initially cohesive failure (i.e., cracking and chipping) 
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was observed. The value of Lc1 noted was ~8.2 mN. After a load of 10 mN (Lc2), the substrate was 

visible. The interfacial shear strength of film is given by [45]: 

𝜏𝑜 =
𝐿𝐶2

𝜋𝑎√𝑅2−𝑎2
              (12.1) 

Here, Lc is the critical load at which cracks begin to appear homogenously, and a is the half-width 

of the track left after the test. The value of 𝜏𝑜 was determined to be 620 MPa for the DLC thin film 

on HDPE after F-RIE. 

(b) Si-containing DLC coatings deposited by PECVD  

The plasma-enhanced CVD (PECVD) process produces adherent DLC coatings on 

polymeric substrates since it introduces energy to the chemical reaction through plasma, enabling 

thin film deposition at lower temperatures. Recently, it was discovered that DLC layers on 

Polyurethane obtained by the PECVD method were characterized by poor adhesion strength but 

pre-treating in an oxygen plasma improved adhesion46. Hence, we have used the oxygen 

pretreatment approach for Si-DLC film deposition on HDPE substrate. 

Figure 12.5 illustrates the characteristics of a Si-DLC thin film deposited by PECVD on 

HDPE. The HRSEM image of the 500 nm Si-DLC thin film is illustrated in Fig. 5(b); 5-10 nm-

sized grains were observed. Catena et al. observed 100 nm-sized grains in DLC thin films 

deposited on HDPE 47. AFM was used to measure the surface roughness of 200 nm Si-DLC thin 

films on HDPE substrate. The microscopic roughness profile also showed the presence of grains 

distributed evenly throughout the surface (Fig. 5(d, e)). The average height of these grains was 

found to be ~ 71 nm (Fig. 5(f)). The non-doped stress-free DLC thin films demonstrate signature 

Raman D and G peaks indexed at 1350 cm-1 and 1559 cm-1, respectively. Si incorporation in DLC 

thin film increased the sp3 bonding as the Si substitutes for a carbon site. Since the Si-C bond 

length is 1.89 Ao and the C-C bond length of 1.54 Ao, a long-range reduction in internal stress was 
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observed [47]. The Raman spectrum of the Si-DLC thin film shows a G peak at 1460 cm-1 (Fig. 

5(c)).   

Figure 12.6 shows a TEM image of a Si-DLC thin film on HDPE. Fig. 6(a) shows the low 

magnification image of the sample configuration. The coated HDPE was further attached to the 

polystyrene backing film with superglue to maintain thin film integrity during sample preparation. 

The DLC thin film and superglue top layer are visible in Fig. 6(b). The DLC thin film appears with 

a dark color. Fig. 6 (c) contains an energy dispersive spectroscopy (EDS) spectrum that was 

acquired at the HDPE/Si-DLC interface. The HDPE shows the presence of carbon and no silicon, 

and the Si-DLC thin film shows the presence of Si (~21 wt%). The boundary between the Si-DLC 

thin film and the HDPE is very sharp. The small curvature that appears in the HDPE substrate is 

well accommodated by Si-DLC thin film, indicating strong adhesion. The Si-containing DLC thin 

film showed no signs of cracks and porosity. Fig. 6(d) shows the selected area diffraction pattern 

of the Si-DLC thin film. The amorphous structure shows strong (111) and (220) rings that 

correspond to a d spacing of 2 and 1.2 Å, which is characteristic of DLC thin films [48]. The TEM 

result indicates minimal or no diffusion of Si from the thin film to the substrate. Fischer et al. [32] 

have suggested the possibility of interlayer formation between the DLC thin film and PE with 

NEXAFS spectroscopy. However, no reports have studied the interlayer, thin-film porosity, and 

interfacial region. 

Adhesion testing was performed on Si-DLC thin films by applying a progressively 

increasing load. The adhesion of DLC thin films deposited on HDPE by PLD and PECVD with a 

similar thickness (~250 nm) was compared. Cracking of the Si-DLC thin-film perpendicular to the 

scratch test direction was observed after the critical load (Fig. 7(a)). However, the 

cracking/chipping was less for the Si-DLC thin film than for the non-doped DLC thin film, 
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suggesting an improvement in toughness of the thin film after Si incorporation; this result is in 

agreement with previous studies. The scratch test result from the laser annealed Si-DLC thin film 

is shown in Fig. 7(b). Interestingly, no cracking or delamination was observed until an applied 

load of 100 mN. This result suggests that the graphitic content in Si-DLC thin film has increased 

upon laser annealing, which has favorable effects on film toughness. Fig. 7(c) shows the contact 

angle values of HDPE, HDPE coated with Si-DLC and Si-DLC after laser annealing. The contact 

angle of HDPE was 90o, which is in agreement with previously observed values [49].  However, 

we observe a sharp increase in the contact angle value after coating the HDPE with a 200 nm Si-

containing DLC thin film. The increase in the contact angle value can be partly attributed to the 

relatively high roughness of the Si-DLC thin film. Surfaces with significantly low wettability are 

promising candidates for several biomedical applications [50–52]. For instance, hydrophobic 

surfaces can show antithrombic properties by facilitating the blood flow and reducing the shear 

stress between the solid and liquid interface [36-37]. They can also exhibit antimicrobial, self-

cleaning, and anti-biofouling properties since the low adhesive forces and rough topographies 

reduce the contact area between an implant and its surroundings [53]. For example, DLC-modified 

HDPE is utilized in coronary stents due to its antithrombic properties [54]. The sp2 and sp3 content 

of a hard carbon surface affects its contact angle value. The sp2 rich surface is known to show a 

higher contact angle than an sp3 rich surface as the sp3 terminated surface exhibits a strong covalent 

character 54.  

Fig. 7 (e) contains the FTIR spectra for annealed and non-annealed Si-DLC thin films. The 

absorption band centered at ~2900 cm-1 is typically displayed by hydrogenated amorphous 

carbon55. The 2920 cm-1 peak is assigned to sp3 CH and sp3 CH2 asymmetric bond stretching. The 

DLC thin film also exhibits peaks associated with C-CH3 at 1370 and 1450 cm-1. The large area 
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under the peaks from 2700-3000 cm-1 after laser annealing confirms the higher amount of 

hydrogen in the thin film after laser annealing. The peak at 1055 cm-1 is very prominent in the laser 

annealed DLC thin film, indicating the presence of C-O [56] and Si-O groups [57]. Fig. 6(f) 

contains an SEM micrograph of the laser annealed Si-DLC thin film; it shows the formation of 

SiOx/graphitic carbon on the surface, which indicates that oxygen absorption occurred after laser 

annealing.  

12.4.2. Patterned laser-induced rGO for flexible electronic sensing applications 

(a) Electrical properties of as-deposited and laser annealed non-doped DLC coatings 

Utilizing a metal shadow mask, we have further laser patterned reduced graphene oxide on 

a flexible F-RIE polyethylene substrate (Fig. 12.S1 (a)). The laser patterning was carried out at an 

energy density of 0.3 J/cm2. The laser patterned regions showed the formation of rGO with an 

XRD peak at ~25.5o (Fig 8 (a)). The formation of rGO was also confirmed with Raman 

spectroscopy (Fig 8 (c)). The D and G peaks centered at 1340 and 1600 cm-1 along with the 

presence of 2D, D+G peak confirm the formation of high-quality rGO with no presence of D’ peak 

indicating very few defects in the film. 

The 2D and D+G peaks were difficult to resolve as the use of higher acquisition time 

resulted in significant substrate heating and degradation.  The improvement in sheet resistivity of 

laser annealed DLC film can be noted in Table 12.2. The film laser annealed at 0.3 Jcm-2 shows a 

low sheet resistivity of 0.6 kΩ/□.   The LIRGO patterned on flexible substrate is ideal for wearable 

electronics applications. The heating caused due to the laser was spatially and temporally confined; 

no substrate degradation was observed. The use of a shadow mask and a UV laser resulted in high 

resolution and a minimum flow of heat to the shadowed regions, resulting in high-quality patterned 
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graphene in the exposed regions during masking. Researchers have previously fabricated rGO and 

a-C/rGO p-n junction on silicon using a similar approach [14].   

(b) Electrical properties of as-deposited and laser annealed Si-DLC coatings 

The Tauc relation to estimate bandgap (Eg) from UV-vis measurement is given by [58]: 

(𝛼ℎ𝑣)𝑛 = 𝐴(ℎ𝑣 − 𝐸𝑔) (12.2) 

Here,  ℎ𝑣 is the photon energy, and 𝛼 is the absorption coefficient. For a direct transition, 

n is 0.5. The value of Eg for 21 at% Si was calculated to be 2.4 eV (Fig. 7(d)). This high-value 

results in very high resistivity and negligible conductivity. Studies conducted on bandgap 

determination of a Si-DLC thin-film report an increase of bandgap with the Si concentration. A 

bandgap of 2.1 eV has been reported for 15.4 at% Si-doped DLC thin films; the bandgap of non-

doped DLC was reported to be close to 1 eV [59]. A significant improvement in conductivity was 

observed after laser annealing (by six orders of magnitude) as compared to the non-annealed 

sample (Fig. 12.S2 (a)); the conductivity was sustained after repeated film cycling, providing 

evidence of robust adhesion of the thin film to the substrate. The IV characteristics of the laser 

annealed Si-DLC thin film are depicted in Fig. 12.S2 (b).  Previous researchers noted a similar 

linear I-V curve and film graphitization on thermal annealing 10 at% Si-DLC thin films at 500o C 

[60].   

Fig 12.8 (b & d) depicts the XRD and the Raman spectrum of laser annealed Si-DLC. The 

peak observed at 18.7o indicated rGO formation with a higher amount of oxygen as compared to 

rGO obtained from laser annealing of undoped DLC. This is also consistent with the higher Id/Ig 

ratio observed after LA of undoped DLC compared to LA of Si-DLC indicating a higher reduction 

in the case of rGO obtained from undoped DLC. Further, Table 12.2 demonstrates a higher value 

of sheet resistance obtained from rGO after LA Si-DLC at 0.3 Jcm-2. This high value may also 
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result from the formation of a thin SiO top layer which acts as a dielectric layer. The formation of 

this layer can be advantageous for fabricating complementary metal-oxide semiconductors on 

flexible substrates.  

Figure. 12.9 contains the XPS spectra of the as-deposited and laser annealed Si-DLC thin 

films. The as-deposited and laser annealed Si-DLC thin films were shown to contain oxygen, 

carbon, and silicon. The carbon 1s peak can be deconvoluted into four prominent peaks that were 

associated with sp2 (284.7 eV), sp3 (285.3 eV), C=O (287 eV), and C-O (289.2 eV) 61 bonding. It 

is difficult to deconvolute the C-Si bond and C-C bond contributions since these binding energy 

values are similar.  The sp2/sp3 ratio is two for as-deposited Si-DLC thin films, which goes up to 

three after laser annealing at 0.6 J/cm2 (Fig. 9(b), Fig S2). Fig. 9(c) shows a low magnification 

optical image of a laser patterned Si-DLC film at an energy density of 0.3 J cm-2, and Fig. 9(d) 

shows the sharp boundary between the laser- annealed and non-annealed regions. As discussed 

previously, patterning at a high energy density leads to a film showing high wear. The laser energy 

of 0.3 J cm-2 provided optimal tribological and electrical properties.   

Fig. 12.9 (e,f) depicts the Si 2p peak. We fitted four major peaks for SiOx, SiC, Si-O-C, 

SiO2 at binding energies of 100.2 eV, 101.2 eV, 102.2 eV, and 103.3 eV, respectively [62–65]. 

The as-deposited Si-DLC thin films didn’t show the presence of SiOx layer. On the other hand, 

thick SiOx is present after laser annealing at energy densities greater than 0.6 J cm-2 (Fig. 12.9(f), 

7(e)); this phenomenon is attributed to oxygen incorporation in the lattice. Previous studies have 

also hinted at the possibility of an improvement in the toughness properties due to the formation 

of a Si-rich transfer layer on the surface [66,67]. However, the thick SiOx transfer layer obtained 

at high laser annealing energy densities leads to high wear. This indicates that Si-DLC thin films 

are unsuitable for applications involving high-energy UV irradiation. However, recent studies have 



  306 

 

indicated that a SiOx top layer results in corrosion property enhancements for metallic substrates 

[45]. 

12.4.3. Significance of obtained results  

The performance of DLC coated PE used in hip and knee implants has not been 

satisfactory. Diamond Rota Gliding (Implant Design, Switzerland) named DLC-PE based knee 

implant was markedly commercialized in 2001, which eventually suffered wear, partial 

delamination, and inadequate bone ingrowth. Later, Adamante (Biomécanique, France) femoral 

head implant, based on DLC-linked PE was clinically studied over a decade. Initially, they 

underwent osteolysis (bone resorption) and cellular inflammation, while an obligatory replacement 

was required in advancing years68. Yet, there have been few studies that systematically 

characterized DLC film growth on PE substrates. In this study, both the DLC coated and Si-DLC 

coated HDPE substrates showed no signs of visible damage until ~32 MPa of contact stress with 

the diamond indenter, well above the average theoretical contact stress that knee and hip joints 

undergo (~10 MPa) [69]. The authors expect that similar mechanical and adhesion properties as 

well as the tribological behavior of the a-C coatings as obtained on HDPE would also be achievable 

on HXLPE substrates which are currently preferred implant materials due to their improved wear 

resistance as compared to conventional UHMWPE substrates. Similar results have been reported 

by Rothammer et.al for a-C films on UHMWPE substrates [70].   

Very few studies have demonstrated the capability of scaling up rGO on flexible polymeric 

substrates with high control and attractive properties. Recently, rGO flakes fabricated by reduction 

of GO using HI on PET showed superior electrical properties with a sheet resistivity of 120 Ω/□ 

[71]. However, residual functional groups after reduction, as demonstrated by Raman and FTIR 

spectroscopy, hinder the electrical and optical properties of the obtained PET/rGO films. Another 
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popular approach has been a roll-to-roll technique adaptable for mass production using 

Sn2+/ethanol for reduction at 50o C 18. The rGO films synthesized by laser irradiation technique 

on HDPE substrate exhibited properties close to that reported by these studies. The novel laser 

based rGO fabrication discussed in this manuscript will contribute towards improved performance, 

thermal stability and durability of PE for flexible electronic and biomedical sensing applications.  

12.6. Conclusions 

In conclusion, 21 at% Si-DLC thin films (250 nm thick) deposited by PECVD showed 

better adhesion properties compared to pristine DLC thin films deposited by PLD on HDPE 

substrates that were modified with F-RIE. The Si-DLC thin films had a grain size of ~100 nm as 

calculated from SEM and AFM data. The sp3 content and stress reduction achieved as a result of 

Si incorporation were not able to prevent thin film cracking above a load of ~11 mN. This cracking 

was avoided by increasing the sp2 content of the thermally stable Si-DLC thin film by the PLA 

technique. Appropriate levels of adhesion, hardness, lubricity, electrical conductivity and 

hydrophobicity can be tailored by doping DLC with Si and performing UV laser annealing to 

modify the sp2/sp3 content of the thin film below an energy density of 0.3 J cm-2. A laser annealing 

density greater than 0.6 J cm-2 resulted in the formation of a thick SiOx transfer layer, which 

showed improved toughness and increased wear rate. This study successfully demonstrated the 

utility of plasma and laser-based processing techniques for deposition and structural modification 

of carbon thin films on thermally sensitive HDPE substrate. Further, these Si-DLC coated HDPE 

substrates can also be implemented for gas barrier [4] and packaging applications. 
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12.7. Figures 

  

Figure 12.1 Schematic depicting: (a) DLC deposition on fluorine-modified polyethylene 

substrate using the PLD system followed by UV laser writing of reduced graphene oxide for 

wearable electronics applications, (b) Si-containing DLC deposition on HDPE using the 

PECVD system for biomedical implant applications; laser annealing of the Si-containing DLC 

using an ArF laser is also shown.  
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Figure 12.2.  (a and b) Raman spectra of HDPE acquired using the 632 nm laser, and (c) SEM 

micrograph of laser annealed DLC film tear on HDPE deposited by PLD without F-RIE treatment; 

the inset shows an optical micrograph of the delaminated coating 
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Figure 12.3 3D Surface roughness scan of (a) as-received HDPE, (b) after F-RIE of HDPE; 2D 

surface roughness scan of (c) as-received HDPE, (d) after F-RIE of HDPE. (e) Depth vs. distance 

profile of (c), and (f) depth vs. distance profile of (d).  
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Figure 12.4 (a) Raman spectra of DLC deposited on HDPE with and without F-RIE modification 

(red arrow depicting the G peak shift). Optical micrograph after scratch test on (b) HDPE coated 

with DLC, and (c) F-RIE treated HDPE coated with DLC; the magnified image of the visible 

cracks is shown in the red box. 
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Figure 12.5 SEM image of an as-deposited 500 nm Si-DLC thin film at (a) low magnification and 

(b) high magnification; (c) Raman spectrum of Si-DLC on HDPE, (d) 3D AFM surface roughness 

plot of a 200 nm Si-DLC thin film; (e) 2D roughness plot and e) height vs. distance along the red 

line shown in (d). 



  314 

 

 
Figure 12.6 TEM micrograph of (a) low magnification image of the sample configuration and (b) 

Si-DLC thin film (dark contrast); (c) EDS at Si-DLC and HDPE interface; and (d) SAED pattern 

from the Si-DLC thin film.  
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Figure 12.7 Optical micrograph after scratch test on HDPE (a) coated with Si-DLC, (b) Laser 

annealed Si-DLC. (c) Contact angle of water on as-deposited and laser annealed DLC; (d) Tauc 

plot of Si-DLC thin film; (e) FTIR showing the presence of Si-O bonds after laser annealing at 0.6 

J cm-2; (f) HRSEM of graphitic/SiOx layer formed on the surface after laser annealing Si-DLC at 

0.6 J cm-2. 
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Figure 12.8 Raman and XRD spectra of rGO film obtained after laser irradiation at 0.3 Jcm-2 on: 

(a, c) DLC, (b, d) Si-DLC. 
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Figure 12.9 (a) The XPS spectrum of Si-DLC; (b) comparison of C1s spectra of laser annealed 

(0.6 J cm-2) and non-laser annealed Si-DLC. (c,d) Low and high magnification optical micrograph 

of laser patterned Si-DLC films; Si 2p fitting for (e) Si-DLC and (f) laser-annealed (0.6 J cm-2) Si-

DLC films. 
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Table 12.1 Summary of data obtained from scratch testing. 

Material Lc1 (mN) Avg Lc2(mN) Avg 

DLC on HDPE (No RIE) 0  0  

DLC on HDPE (RIE) 8.19,8.45 8.32 9.85,10.43  10.14 

Si-DLC on HDPE (PECVD) 10.57,12.93 11.75 40.43,44.99  42.71 

Laser annealed Si-DLC on HDPE (PECVD) NA NA >100 >100 

 

Table 12.2 Sheet resistivity of carbon thin films on HDPE substrate 

Material Treatment Sheet resistivity (kΩ/□) 

DLC (F-RIE HDPE) As-deposited 648 

LA at 0.1 Jcm-2 326 

LA at 0.3 Jcm-2 0.6 

Si DLC As-deposited >700 

LA at 0.3 Jcm-2 37 

LA at 0.6  Jcm-2 26 
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12.9. Supplementary Material 

Hall Effect measurements: To investigate the room-temperature Hall mobility and carrier 

concentration for the a-C and rGO films, the Ecopia hall measurement system (HMS-3000) was 

employed. These measurements were calibrated with standard ITO films. This measurement 

procedure enabled us to investigate the structure, topology, and electron conduction characteristics 

of the liquid phase grown rGO films at various annealing energy densities. 

IV measurements: The IV measurements were carried out using custom-built LabVIEW 

software. Two probes were used as contacts. For measuring during the flexing crocodile clips were 

utilized. 

 

Figure 12.S1 (a) Optical micrograph of laser patterned non-doped DLC (0.3 Jcm-2), (b) HRSEM 

micrograph of rGO film formed. 
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Figure 12.S2 (a) resistivity measurements for 21 at% Si subjected to different laser annealing 

energy densities, (b) IV measurement for laser annealed DLC, and (c) SEM micrograph of Si-DLC 

after 100 rounds of cyclic bending. 
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Figure 12.S3 The C (1s) XPS spectrum of Si-DLC (a) before laser annealing, and (b) after laser 

annealing (0.6 Jcm-2). 
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13.1. Abstract 

We report a systematic approach for microscopic and macroscopic defect density 

optimization in excimer laser-induced reduced graphene oxide (LIRGO) by varying the laser 

energy density, and pulse number to achieve a record detection limit of 7.15 nM for peroxide 

sensing. A quantitative estimation of point defect densities is obtained using Raman spectroscopy 

and confirmed with electrochemical sensing measurements. Laser annealing (LA) at 0.6 Jcm-2 led 

to the formation of highly reduced GO by liquid phase regrowth of molten carbon with the presence 

of dangling bonds making it catalytically active. The Hall-effect measurements yielded mobility 

of ~200 cm2V-1s-1. Further increase in number of pulses at 0.6 Jcm-2 resulted in deoxygenation 

through the solid-state route leading to formation of holey graphene structure. The average hole 

size showed a hierarchical increase with the number of pulses characterized with multiple 

microscopy techniques (SEM, AFM, and TEM). The exposure of edge sites due to high hole 

density after 10 pulses supported the formation of proximal diffusion layers, which led to facile 

mailto:rjnaraya@ncsu.edu
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mass transfer and improvement in detection limit from 25.4 mM to 7.15 nM for peroxide sensing. 

However, LA at 1 Jcm-2 with 1 pulse, resulted in a high melt lifetime of molten carbon and 

formation of GO characterized by high resistivity of 3x10-2 Ω-cm not ideal for sensing 

applications. The Rapid thermal annealing technique using batch furnace to generate holey 

graphene results in structure with uneven hole sizes. However, the holey graphene formation using 

laser annealing technique is scalable with better control over hole size and density. This study will 

pave the path for cost-efficient and high-performance holey graphene sensors for advanced sensing 

applications.  

13.2. Introduction 

Graphene and graphene derivatives have attracted significant interest for advanced sensing 

applications due to their high surface area to volume ratio. Reduced graphene oxide (rGO) exhibits 

high chemical stability, charge transport properties and potential active sites, obligatory for 

electrochemical sensing applications. The surface or interfacial defects present or introduced in 

rGO while fabrication or post synthesis are not detrimental for such applications as they serve as 

active sites for electrocatalytic reactions. The vacancy formation in graphene structure disrupts the 

σ and π bonding in carbon atoms located in its vicinity leaving them under coordinated with 

dangling bonds and hence making the surface highly reactive [1]. In case of Li-ion batteries, 

divacancies can act as sites for intercalation of Li ions [2]. Defects in graphene also act as sites for 

adsorption of gas molecules during gas sensing making them efficient gas sensing materials. 

Dangling bonds in graphene can be introduced by a two-step process [3]. First step involves the 

oxidation of graphene leading to the formation of graphene oxide (GO). The presence of oxygen 

functionalization reduces the amount of sp2 bonding which degrades the electrical properties. The 

later step involves the reduction of GO to form rGO. This reduction introduces active carrier 
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concentration and enhances mobility in these films. The thermal route for reduction of GO is not 

commercially viable as the conventional furnace-based thermal reduction of GO exposes the whole 

substrate to high temperatures leading to electrode degradation. The chemical routes make use of 

highly toxic and hazardous chemicals injecting unwanted chemical impurities which may 

adversely affect the catalytic properties [4].  

Reduction of GO with laser is referred to as the ‘green route’ as it is environmentally safe. 

Studies comparing the properties of GO reduction using femtosecond, nanosecond (ns), and 

continuous-wave laser have shown that rGO obtained with ns laser pulses exhibits superior 

properties [5]. Notably, the non-equilibrium excimer laser-based GO reduction offers multiple 

advantages compared to the conventional reduction process. Firstly, the adiabatic heat flow allows 

to selectively pattern GO while maintaining the substrate at ambient temperatures.  It has a high 

degree of spatial and temporal control with scale-up capabilities for wafer scale integration [6]. 

Further, the defect densities obtained in these films can be modulated by varying laser energy 

density, photon energy, and the number of laser pulses. Most researchers carried out reduction 

using the solid-state route until detailed studies by Narayan et.al demonstrated the ability to melt 

carbon and Si-based materials by the laser annealing (LA) route with control over the penetration 

depth and undercooling [7,8].Previous reports have shown the presence of ferromagnetism[9], low 

sheet resistivity, p to n-type change in behavior[10], and high mobility[11] in laser induced rGO 

(LIRGO) films fabricated by liquid-phase regrowth of molten carbon under low undercooling 

conditions[12]. These properties arise due to the removal of oxygen functional group resulting in 

occurrence of dangling bonds.  

For superior electrochemical sensing, the use of holey graphene has gained traction [13,14]. 

Moreover, the presence of holes results in enlargement of the contact between the electrode and 
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the electrolyte leading to shortening of the distance for ion/mass transport [15]. The exposed edges 

also improve the sensing performance owing to the electron distribution at the edge is different 

from that in basal plane, and the free electrons at the edge are often localized and unpaired, making 

them chemically more reactive.  Defects in rGO are also beneficial for sensitive and selective 

detection of various biologically significant chemicals such as methylxanthines, H2O2, and oxygen 

[16–18]. Hydrogen peroxide (H2O2) is the byproduct of several metabolic reactions in biological 

systems. Also, it is closely related to cell proliferation, oxidative stress, physiological pathways in 

the human body and it often regulates the overall basal metabolic rate [19]. Its efficient quantitative 

estimation in body fluids, cell cultures can be a promising tool for the early detection of acute 

health problems [20–23]. H2O2 levels are effective biomarkers for diagnosing cell death and cancer 

growth, cardiac aberrations, and genetic/somatic diseases linked to cerebral disorders 

(Alzheimer’s, Parkinson’s, Palsy, etc.) [24–26]. Therefore, efficient methods for selective in vitro 

and in vivo sensing of H2O2 are required.  

Over the years, several sensing techniques like electrochemical (cyclic voltammetry, linear 

sweep voltammetry, etc), enzymatic, chemical and spectroscopy have demonstrated accurate 

evaluation of H2O2 [24,27,28]. Compared to other approaches, voltammetric studies are observed 

to be more precise, explanatory, and cost-effective [29]. With the advancements in material 

synthesis, numerous heterogeneous catalysts are developed [17,27, 28,30–32] which can be 

directly or indirectly used as stable working electrodes for peroxide sensing. In this study, we have 

systematically studied the effect of laser energy density and the number of pulses on the formation 

of laser-induced rGO and its role in H2O2 electrochemical sensing applications. We further 

correlate the observed sensing behavior with detailed structural characterization with a focus on 
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the presence of microscale defects. Finally, we compare our sensing results with existing non-

enzymatic H2O2 sensors.  

13.3. Experimental Methods 

1) Pulsed laser deposition and laser annealing 

The substrate utilized for this study was As-doped n-type <111> Si supplied by General 

Semiconductor (NY) having a resistivity of ~0.005 Ω-cm. Before deposition, the sample was 

cleaned using Acetone and then Methanol in an ultrasonic bath for 5 mins. These sample were 

later loaded into a steel chamber and the chamber was brought to low pressure of 10-6 Torr. The 

KrF laser with a pulse width of 25 ns and wavelength of 248 nm was used to irradiate the rotating 

glassy carbon target with a 10 Hz laser frequency. At an energy density of 3.5–4.0 J/cm2, the plume 

generated by irradiating glassy carbon target was focused to synthesize amorphous carbon (a-C) 

coatings with a thickness of ~20-200 nm at 300 K on the Si substrate. The target to substrate 

distance fixed was kept at 4cm.  Subsequently, laser annealing of the a-C coatings was performed 

using ArF laser (λ =193 nm, 20 ns) with single and multiple pulses at an energy density in the 

range of 0.4–1.2 J/cm2 at ambient temperature and pressure. For multiple pulses frequency of 1 Hz 

was utilized. Most of the laser energy is absorbed within ~40 nm of a-C film.  For laser annealing, 

a CaF2 Plano-Convex confocal lens (focal distance = 50 cm) was employed to generate a 

1.0 ± 0.01 cm2 spot size. Fig. 1 shows the schematic of pulsed laser deposition system utilized to 

fabricate a-C thin films followed by laser annealing for melting a-C to synthesize rGO by liquid 

phase regrowth of molten carbon. 

2) Electrochemical measurements 

The electrochemical reduction was studied in rGO films synthesized by irradiating a-C 

films at varying energy density (0.4 – 1.0 Jcm-2) with 1 laser shot and varying laser shots (1-15) at 

https://www.sciencedirect.com/science/article/pii/S0008622320307417#fig1
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the 0.6 Jcm-2 energy density [5]. Before the analyte sensing, concerned electrodes were pretreated 

with supporting electrolytes and scanned for stabilization until a steady-state current was registered 

[14]. The electrochemical measurements were carried out on an electrochemical workstation 

(Metrohm DropSense SPELEC, Oviedo (Asturias, Spain) in a typical three-electrode configuration 

which includes the Pt wire as the auxiliary electrode, Ag/AgCl (3.0 M KCl) as the reference 

electrode, and laser deposited 2D rGO films at different spatial resolutions on Si substrate with the 

area of 2 cm × 0.4 cm as the working electrodes, where 5mm x 4mm portion was dipped in the 

electrolyte. An electrochemical cell set up with a working volume of ~4mL was used for the 

studies. The selectivity and sensitivity of designed electrode material against bioanalyte hydrogen 

peroxide is evaluated by cyclic voltammetry (CV) from 0 to −0.5 V (vs. Ag/AgCl) for various 

concentrations of hydrogen peroxide (0.0125 – 3.2 M) in 0.5 M pH 7.2 dibasic and monobasic 

phosphate buffer (PBS) with 0.1 M KCl at a scan rate of 30 mV s−1. The peak currents, Ip at onset 

potential were plotted with respect to absolute concentrations of H2O2. The limit of detection and 

sensitivity of electrodes were obtained from the calibration plots. The voltammetric responses were 

also recorded at a series of scan rates (2mV, 3 mV, 5, 7, 10, 14, 18 20, 30, 50, 75, 100, 120, 150, 

200, 300 mVs-1) to determine the values of diffusion coefficient ‘D’. 

3) Raman spectroscopy 

A relative increase or decrease in defect concentration in graphene can be estimated by 

observing the trend of the intensity of the D to G peak ratio (Id/Ig). For a fixed defect concentration, 

the ID/IG is highest for the visible wavelength (632 nm) excitation and lowest for the UV 

wavelengths. Hence, a wavelength of 632 nm was selected for our study. An Evolution confocal 

micro-spectrometer is utilized to perform Raman spectroscopy measurement, in a backscattering 

configuration with a HeCd source at the 632-nm wavelength for laser excitation in a dark room. 

https://www.sciencedirect.com/topics/chemistry/reference-electrode
https://www.sciencedirect.com/topics/chemistry/reference-electrode
https://www.sciencedirect.com/topics/chemistry/working-electrode
https://www.sciencedirect.com/topics/chemistry/linear-sweep-voltammetry
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RTD exposure time of 3 sec, extended scan exposure time of 25 sec with three 3 accumulations. 

The arrangement allows for a spatial resolution better than 1μm and a spectral resolution < 1 cm−1 

to characterize the Raman-active vibrational modes in as-deposited, and laser annealed samples. 

The Raman spectra calibrations were checked for accuracy using single-crystal silicon with a 

characteristic Raman peak at 520.6 cm−1. 

4) XRD, SEM, TEM 

The XRD θ-2θ scans were performed using a Rigaku Smart Lab X-ray diffractometer (The 

Woodlands, TX, USA) in Bragg-Brentano mode in reflection geometry operating mode using a 

Cu Kα radiation. The film microstructure was assessed by using a Verios 460L scanning electron 

microscope (FEI, Hillsboro, OR), which was equipped with Electron backscattered diffraction 

(EBSD) attachment. The structure of laser annealed rGO films is directly probed by utilizing Talos 

transmission electron microscopy (TEM) imaging with the facility of acquiring selected-area 

electron diffraction (SAED) pattern.  

5) Hall effect 

The electrical behavior of a-C and r-GO films was studied using the Ecopia hall 

measurement system (HMS-3000) was employed. These measurements were calibrated with 

standard ITO films. This measurement procedure enabled us to investigate the conductivity, carrier 

concentration, and mobility of the rGO films at various laser-annealing energy densities. The 

measurements were carried out by utilizing a current of 0.1 µA and a magnetic field of 0.55 T. 
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13.4. Results and Discussion: 

13.4.1. Fabrication and electrochemical study of LIRGO samples  

(a) SEM study of fabricated rGO thin films 

Fig. 13.2 (a) shows the SEM image of a-C thin film after laser irradiation at 0.4 Jcm-2. It 

seems that the surface layer has melted (appears bright) and formed rGO whereas the bulk is still 

a-C which appears dark. The rGO formed at this energy density is flat, and free of wripples and 

wrinkles, as observed from the AFM surface scan (Fig. 13.S1 (a)). The rGO formed at 0.4 Jcm-2 

exhibited low roughness and absence of ripples. The surface roughness for LIRGO at 0.4 Jcm-2 

varied between 4-7 nm and the high flatness of rGO films formed at 0.4 Jcm-2 can be attributed to 

ultrafast melt quenching. Further increasing the energy density to 0.6 Jcm-2 results in the formation 

of rGO film with surface undulations (Fig. 13.2(b)). The Kikuchi pattern acquired from the liquid 

phase regrown rGO film is depicted in Fig. 13.2(b) inset. The melt phase regrowth ensures {0002} 

epitaxial graphene on {111} Si substrate. The high magnification image of LIRGO formed at 0.6 

Jcm-2 confirmed the formation of ripples (Fig. 13.2(c)). Ripples may occur if the underlying a-C 

below rGO melts. Additionally, if the silicon substrate surface below the carbon film melts then 

the silicon surface ripples can be incorporated into the graphene film resulting in graphene film 

with ripples. The melting of silicon under the oxide layer with nanosecond pulse width laser has 

been verified previously [33]. For device-related applications, the presence of ripples and wrinkles 

is undesirable as they contain numerous traps and defect centers, degrading the electrical 

characteristics. However, for electrochemical applications the presence of corrugations (i.e. 

wrinkles, ripples, and crumples) increase the surface area of the sheet resulting in better sensing 

efficiency [34, 35]. The higher surface roughness present at 0.6 Jcm-2 was further quantified by 

using AFM (Fig. 13.S1 (b)). The surface roughness varied between 30-50 nm.  
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Fig. 13.2(d) illustrates the structure after laser annealing at 0.6 Jcm-2 with 5 pulses. 

Notably, the structure shows the presence of nanoholes which was not observed after 1 pulse.  The 

formation of nanoholes is highlighted with yellow arrows. Interestingly, a higher hole density is 

observed along the ripples. The nanoholes can be formed by coalescence of a large number of 

carbon vacancies resulting in the enormous amount of dangling bonds needed for catalytic 

applications. The further increase in the number of pulses upto 10 (Fig. 13.2(e)) results in increase 

of hole size and density increase. The HRSEM image (Fig. 13.S2 (a)) reveals an average hole size 

of 220±38 nm.  The AFM (Fig. 13.S2 (b)) also confirmed the formation of nanoholes. Further 

investigation of the AFM surface scan also revealed the presence of wrinkles. Wrinkles can result 

from the generation of thermal stress between substrate and film during cooling. Studies have 

shown that topological defects like dislocation dipoles induce wrinkling. Finally, with 15 pulses 

the holes connect resulting in film breakage. The film breakage exposed the substrate and <111> 

Si substrate, and the corresponding Kikuchi pattern from the substrate is depicted in inset to Fig. 

13.2(f) inset. Fig. 13.S3 shows the SEM micrograph after laser annealing at 1 Jcm-2 revealing a 

further rise in wrinkle and ripple density as compared to 0.6 Jcm-2. SEM results suggest the 

possibility of excellent electrochemical properties due to defects in these films.  

(b) Electrochemical behavior of LIRGO films fabricated using varying laser parameters 

We aimed to investigate the response of laser-induced rGO films towards electrochemical 

H2O2 reduction via cyclic voltammetry (CV) technique. The LIRGO films produced under variable 

energy densities and laser pulse conditions were used as probes for voltammetric H2O2 sensing. 

Before the electrocatalysis, the stability and reversible behavior of modified electrodes were 

studied against ferricyanide redox species as shown in Fig. 13.S4.  

The overall reaction for H2O2 reduction is: 
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 𝐻2𝑂2 →  𝐻2𝑂 +  1/2 𝑂2 (13.1) 

The LIRGO electrode fabricated at energy densities 0.4, 0.6, and 1.0 Jcm-2 are referred to 

as E0.4, E0.6, E1.0. Fig 13.S5 and Fig. 13.3 depict the voltammograms of rGO coated Si electrodes 

in 0.5 M PBS (pH 7.2) containing 0.1 M KCl, over serially diluted concentrations of H2O2 (0.21 

nM – 65 mM), at a scan rate of 30 mV s-1, within the potential window of 0.3 – -0.8 V. The CV 

curve for the electrode E0.4 did not show significant electrochemical response towards the reduction 

of H2O2 over the entire range, except a feeble increase in cathodic current of ~ 0.35 μA at higher 

concentrations (1.8 mM) (Fig 13.S5a – b). However, an apparent non–linear increase in peak 

current was observed along with the forward scan for higher concentrations. The low current may 

be attributed to the mere surface melting when annealed at 0.4 Jcm-2, as observed from SEM (Fig. 

13.2(a)).  The electrode E0.6 demonstrated a peak current of ~ 1.2 μA on successive addition of 

H2O2 solution. Equivalent amplification in the current responses was recorded at -0.1 V, upon 

individual addition of 0.20 nM – 60 mM H2O2 concentrations as shown in Fig. 13.3a. The 

calibration plot of peak current vs. concentration evidenced a relatively broad linear detection 

spectrum from µM to several mM (Fig.13.3i). The high detection limit achieved may be due to the 

surface undulations in the rGO film as discussed under microscopic characterization (SEM).  

The CV responses on electrode E1.0 also showed an increase in reduction current after the 

subsequent addition of H2O2 solutions (Fig. 13.3b). Here, the increase in faradic current for the 

reverse sweep was less proportional to the H2O2 concentration and lower, as evident from the 

corresponding calibration plot (Fig. 13.3ii inset). The limit of detection for this film synthesized 

at highest energy density was around 1.7 mM, which is ~100x higher than the electrode E0.6. The 

results of E1.0 which showed the presence of wrinkles seem slightly unusual. Hence, further 

structural characterization is necessary to explain the observed poor catalytic behavior of E1.0. The 
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trend of catalytic sensitivities for electrode films with different magnitudes of laser energy density 

is summarized in Table 13.1. The electrode (E0.6) shows a sensitivity of 0.1943 ± .006 μA mM− 1, 

while for (E1.0) electrode, the sensitivity is measured to be 0.1534 ± 0.014 μA mM− 1.  

Considering the significant results obtained for electrochemical reduction for the electrode 

E0.6, the effect of the number of laser pulses at 0.6 J cm-2 was investigated. Progressive increase in 

the number of pulses produced the films with tailored hole size and density.  Fig. 13.3 (a, c, and 

d) shows the voltammograms recorded on rGO films deposited with an increasing number of laser 

pulses (1, 5, and 10). The polarization curves recorded for different electrodes (referred to as E1 

pulse, E5 pulse, and E10 pulse) showed remarkable differences in electrochemical behavior towards H2O2 

reduction as evident from Fig. 13.3c-d. Typical voltammetric response on E1 pulse showed a 

significant increase in cathodic current (around 1.2 µA) at a potential value of ~ 0.15 V, upon 

injecting successive H2O2 concentrations from 0.21 nM – 60 mM. Whereas, for E5 pulse and E10 

pulse, current amplification was higher as compared to that monitored on E1 pulse. Along with the 

improvement in current signals, the dynamic shifts in potential were also observed, as E5 pulse shows 

noticeable gradual deviation from -0.14 V to relatively lower -0.11 V, while E10 exhibited more 

detectible transition to an even lower potential of -0.9 V, on subsequent addition of H2O2. Further, 

the corresponding calibration plots (Fig. 13.3 (i, iii, iv)) yielded three distinctly linear relationships 

in the range of 0.21 nM – 1.8 mM. Based on the signal to noise ratio, which is ~3, the limit of 

detection for electrode films E1, E5 and E10 were deduced as 25.4 M, 1.2 M, and 7.15 nM from 

the standard deviation of y-intercept (σ) and slope ‘S’, using the relation:  

LOD =  3 σ / S  (13.2) 

The sensitivities of differently modified electrodes (E1 pulse, E5 pulse, E10 pulse) were estimated 

as: 0.1943, 0.202, and 0.2353 mA M-1 cm-2 [36–51]. Electrode E10 showed better linear 
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dependence for stepwise concentrations of H2O2 added and relatively smaller error bars showing 

high accuracy hence had exceptionally high sensitivity as well as detection limit in comparison to 

E5 pulse and E1 pulse.   

Further, voltammograms were recorded on the electrodes, E1 pulse, E5 pulse, and E10 pulse at 

different scan rates (2 to 300 mV/s) using 1.8 mM H2O2 in 0.1 M PBS solution, to analyze the role 

of surface or diffusion processes in the propagation of reaction kinetics. Fig. 13.4 shows the 

increments in cathodic peak currents for E10 were found to increase linearly with the advancing 

scan rates as evident from Fig. 13.4a, while the rest of the electrodes (E1 pulse and E5 pulse) had a 

much lower current response and did not exhibit any direct correlation with different scan rates 

(Fig. 13.S6). From the peak current vs square root of scan rate plot, diffusion coefficient was 

calculated keeping the number of electrons involved in reduction reaction as one, using the well-

known Randles-Sevcik equation: 

𝐼𝑝 = 2.69 x 105 𝑛2
3 𝐴𝐷 2

1  𝐶𝑣2
1                                             (13.3) 

Where, Ip = peak current in A, n is the number of electrons involved in the reaction, D is 

diffusion coefficient in cm2 /s, V is the scan rate in V/s, C is the concentration in mol/cm3, A is the 

electrode area in cm2. Based on the slope for the E10 pulse, shown in Fig. 13.4b, the diffusion 

coefficient of H2O2 was calculated as =1.71 x 10-4 cm 2 /s, while for E1 pulse and E5 pulse the values 

were very low due to non-linear and relatively less steep calibration curves. Thus, the 

electrochemical reduction process was observed to be diffusion controlled in liquid for E10 pulse, 

whereas E1 pulse and E5 pulse exhibited surface-controlled electrode kinetics. 
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13.4.2. Defect and structural characterization 

The Raman, AFM, TEM, XRD, XPS, and the Hall Effect measurements were performed 

to get further insight into the effect of defect chemistry on the electrochemical sensing behavior in 

the synthesized rGO samples. 

(a) Raman spectroscopy 

Graphene and its derivatives exhibit well-known Raman signature peaks. Defect-free 

graphene and Graphite exhibit a sharp G peak at ~1570 cm-1 with the presence of weak or no D 

peak (Fig. 13.5 (a)) [36]. The D peak arises due to a combination of disordered regions and point 

defects centered at ~1350 cm-1 [37]. The D peak intensity rises with increasing point defect 

concentration. Studies have also demonstrated the appearance of the D’ peak at higher defect 

concentrations.  The D’ peak occurs at 1620 cm-1. The proton beam irradiated Graphene also 

exhibits unique f peaks centered at 1450 and 1560 cm-1 [38]. At higher wavenumbers, Graphene 

exhibits a 2D peak at 2740 cm-1, D+G peak at 2940 cm-1, D+D’, and 2D’ breathing modes [39]. 

Fig. 13.5 (a, b) shows the Raman spectra of laser irradiated a-C films at varying energy 

densities from 0.4- 1.0 Jcm-2. The spectra are normalized with respect to the G peak intensity for 

the sake of comparison. Laser annealing a-C at 0.4 Jcm-2 yields a noticeable change in the Raman 

spectrum compared to pristine a-C (Fig. 13.5(c)). The peak fitting was carried out based on the 

above-discussed formalism.  The G peak for a-C laser annealed at 0.4 Jcm-2 was centered at 1575 

cm-1 very close to the G peak of graphite which indicates the formation of sp2 crystalline regions 

after laser annealing. The a-C films annealed at energy density ≥0.6 Jcm-2 showed a significant 

blue shift compared to the equilibrium graphitic G peak position. The stress buildup in these films 

can be estimated by using 4.1cm-1/GPa [40]. This signifies the abundance of defects in the films 

irradiated at high energy density, which are ideal for electrocatalytic applications.  Laser annealing 
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at 0.6 Jcm-2 results in an increased Id/Ig ratio as compared to 0.4 Jcm-2
 suggestive of more reduction 

in these films. The films annealed at 0.6 Jcm-2 also shows the sharp 2D, D+G, and 2D’+G peaks. 

The presence of a 2D’ peak visible after LA at 0.4 Jcm-2 may be a result of sp3 bonded carbon 

present beneath the melted layer.  The Id/Ig ratio increases further with the increase in the number 

of laser pulses at 0.6 Jcm-2 indicative of significant reduction. Fig 13.5(d) depicts the increase in 

Id/Ig ratio at 0.6 Jcm-2 with an increasing number of pulses. Notably, the presence of a 2D’ peak 

after 10 pulses at 0.6 Jcm-2 indicates the formation of high amount of disorder in these films which 

is due to surplus carbon vacancy formation which coalesces to form nanoholes.  

Cancado et al.[41] performed a detailed study on quantifying the defects in graphene 

induced by Ar ion irradiation by Raman spectroscopy and demonstrated that the Id/Ig ratio of 

graphene films varies with the distance between the defects, LD. Interestingly, the maximum 

attainable Id/Ig ratio varies with the Raman excitation wavelength used to perform the study. 

Specifically, Id/Ig refers to the ratio of the area of D peak to that of G peak. Defect formation in 

graphene occurs in three stages [42]. Initially, In stage I, the Id/Ig ratio increases with increasing 

defect density until it reaches the highest point where the structure is termed as nanocrystalline 

graphene due to the formation of nanodomains [43] after which in stage II, the Id/Ig ratio starts to 

decrease with increasing defects. Here, the graphene structure starts to collapse and oxygen starts 

entering into the lattice. Finally, in Stage 3 the Id/Ig approaches zero and the structure is completely 

amorphized. In this study, the Id/Ig ratio was ~1 for 0.4 Jcm-2 annealed sample and increased to 2.5 

at 0.6 Jcm-2. However, the ratio started to decrease after annealing at energy densities >0.6 Jcm-2 

indicating the onset of Stage 2 and the formation of graphene oxide. This trend is demonstrated in 

Fig. 13.S7.  
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The Tuinstra–Koenig (TK) relation is used to estimate the relative number of defects in the 

graphene film. In Stage I, the nano-crystallite size (La) along graphene’s basal plane is given by: 

La= (2.4*10-10)*𝜆4*(Id/Ig)-1 (13.4) 

Where λ is the wavelength of Raman laser used for excitation.  

 Defect density in graphene is given by: 

𝑛𝐷 =
2.4∗1022

𝜆4
𝐼𝐷

𝐼𝐺
  (13.5) 

The quantitative measurements obtained from Raman analysis have been summarized in Table 

13.2. 

(b) X-ray Diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS) 

The XRD of the as-deposited a-C thin film and LIRGO synthesized at varying laser 

annealing energy densities is shown in Fig 13.6(a). The broad a-C peak was found to be centered 

at ~14.5o, indicative of a loosely packed structure. A peak at 25.58o appears after laser annealing 

a-C at 0.4 Jcm-2 illustrating the formation of rGO by liquid phase regrowth of molten carbon with 

the presence of an a-C peak. The presence of an a-C peak further confirms the fact that only surface 

melting occurred.  The FWHM of the rGO peak was calculated to be 0.1298. The observed (002) 

peak corresponds to an interlayer distance of 0.35 nm. By utilizing the Scherer equation L (nm) = 

0.1386/βcos 𝜃 the average crystallite size of the rGO formed by liquid-phase regrowth of molten 

carbon was calculated to be around 65.58 nm.  This value is twice that obtained from Raman 

measurements indicating the possibility of different crystallite sizes in the center and edge of the 

sample possibly due to higher cooling rates at the edges as compared to the center. The large 

crystallite size shows the possibility of the use of LIRGO formed at 0.4 Jcm-2 for solid-state 

devices.  After laser annealing at 1 Jcm-2, the peak at 25.58o left shifts to 20.5o which is attributed 
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to oxygen incorporation in the rGO interlayers leading to expansion along the c-axis. By utilizing 

the Scherer equation, the crystallite size was calculated to be around 56 nm.   

The mechanism of direct laser writing of rGO onto GO films involves photoreduction and 

thermally assisted structural rearrangement [5]. The XPS fitting of the C-1s peak for LIRGO 

synthesized at 0.6 Jcm-2 is depicted in Fig. 13.6(b). The Gaussian fitting was performed by 

considering C-C (sp2), C-C (sp3), C-OH, C-O-C, and C=O bonds at 284.5, 285.1, 285.7, 286.7, 

and 288 eV respectively. The sp2/sp3 ratio was determined to be 0.7. The empirical equation 

reported for computing the C/O ratio for rGO based materials from XPS is [44]: 

𝑂

𝐶
=
𝐴𝐶−𝑂𝐻+𝐴𝐶=𝑂+0.5 𝐴𝐶−𝑂−𝐶

𝐴𝑡𝑜𝑡𝑎𝑙
  (13.6) 

The C/O ratio was calculated to be 5.2 for LIRGO synthesized at 0.6 Jcm-2. The C/O ratio 

after multiple laser pulses was not quantifiable as the presence of nano and microholes resulted in 

stray signals from the Si substrate and the oxide present on the top of it. 

(c) Hall Effect 

Fig. 13.7 (a) portrays the majority charge carrier concentration of a-C films annealed at 

different laser annealing energy densities. The electron carrier concentration is maximum at 0.4 

Jcm-2 (~ -1x10-21 /cm3). Interestingly, laser annealing at 0.4 Jcm-2 results in n-type conductivity, 

however, a-C has p-type conductivity. As evidenced from SEM and Raman characterizations, after 

laser annealing at 0.4 Jcm-2 there is only surface melting. The relation 𝜎 = 𝑛𝑒𝜇 has to be satisfied, 

where 𝜎 is the electrical conductivity, 𝑛 is the concentration of free electrons, and 𝜇 is the electron 

mobility. The high value of n and 𝜎 suggests low mobility which perhaps results due to the 

incomplete melting. At 0.6 Jcm-2 the LIRGO film shows a slightly lower charge carrier 

concentration than 0.4 Jcm-2 but is still high compared to a-C film which exhibited a carrier 

concentration of 10-15/cm3. The mobility values recorded were low ~ 200 
cm2

Vs
. The low mobility 
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values can be explained from the observations made from SEM analysis, the films at 0.6 Jcm-2 

showed the presence of defects such as ripples, and wrinkles. Such defects are not ideal for electron 

mobility as these defects act as traps and scattering centers for free electrons, limiting the mobility 

of electrons[45]. At 0.8 Jcm-2, a further drop in the electron carrier concentration and mobility is 

recorded compared to 0.6 Jcm-2. From the XRD analysis, at higher laser energy densities, oxygen 

starts entering into the interlayers leading to structure expansion. The Raman analysis also 

indicated the start of GO formation. Hence, the observed decrease in values can be attributed to 

higher defect scattering in the structure along with increased wrinkling and rippling. Raman 

spectroscopy showed a high reduction of films at 0.6 Jcm-2. The reduction of GO occurs by the 

removal of the oxygen functional group. The removal of oxygen can result in a dangling bond. If 

the presence of oxygen is considered as a lattice site then the removal of oxygen present in a-C 

film can generate 2 electrons for conduction as depicted in equation (13.7): 

Oo ↔ 𝑉�̈�+0.5O2+2e’; K1= [�̈�𝑂]e’2PO2
0.5  (13.7) 

Due to high reduction at 0.6 Jcm-2 optimized values of mobility, resistivity, and carrier 

concentration were achieved even though the structure showed the presence of ripples in its 

topology (fig. 13.7(b)).  

Further, the effect of number of laser pulses at 0.6 Jcm-2 on the electrical behavior of 

fabricated films was investigated in Fig 13.7(c, d). Notably, mobility decreases with an increase 

in the number of pulses. However, there is not a significant drop in conductivity suggesting an 

increase in carrier concentration with the number of pulses. The increase in carrier concentration 

can be explained if the rGO film has the presence of surplus dangling bonds. The SEM study 

indicated the formation of nano and microholes, whereas the Raman study indicated higher 

reduction with increased pulses. This suggests the removal of the oxygen functional group as well 
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as the formation of carbon vacancies coalescing to form nanoholes. Both carbon vacancies and/or 

removal of oxygen functional group leads to the presence of dangling bonds. Yet, there is 

significant deterioration of mobility due to holes and wrinkles that cannot be neglected. The film 

mobility dropped to ~100 
cm2

Vs
 after 10 pulses. However, this situation is ideal for electrocatalytic 

applications as the drop in mobility is compensated by the high active carrier concentration 

necessary for high reactivity.  The Hall Effect measurements were not carried out after 15 pulses 

as we observed significant film degradation. The exact values of mobility and resistivity are 

tabulated in Table 13. 3. 

(d) AFM and TEM  

The 2D AFM surface scan of rGO fabricated at 0.6 Jcm-2 after 5 laser pulses is depicted in 

Fig. 13.8(a). The presence of wrinkles, ripples, and microholes is evident. The formation of 

disclination and dislocations in the structure induces wrinkling [46]. The presence of holes is 

highlighted with black arrows. The average size of microholes was 150±40 nm. Interestingly, the 

majority of microholes formed were observed on the hillocks. Simulation studies [46] have shown 

that the hillock regions of ripples in graphene are highly strained making bond breaking and 

vacancy coalesce in such regions easier. 

Previous studies have indicated the high crystalline nature of the rGO films obtained by 

laser annealing at 0.6 Jcm-2-1 pulse. The synthesized rGO exhibited a sharp SAED spot pattern 

observed along [42̅2̅3̅] zone axis without the presence of any vacancies [11]. The formation energy 

of mono-vacancy in graphene is very high i.e. ~8eV whereas di and multivacancy formation are 

thermodynamically more favorable yet not feasible with 1 pulse of ArF laser [18]. However, 

multiphoton absorption can lead to multivacancy generation. This can be achieved by irradiating 

rGO with multiple pulses. Fig. 13.8(b) is a low magnification image of the rGO flake formed after 
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irradiation at 0.6 Jcm-2 with 3 pulses, collected on the sample grid after ultra-sonication for TEM 

structural investigation, Fig. 13.8(c) illustrates the HRTEM micrograph of LIRGO obtained at 0.6 

Jcm-2-3 pulses.  The image demonstrates a combination of strong (dark), grey, and bright contrast 

areas on the sheets at 5 nm scale, possibility due to the presence of monolayer to multilayered 

regions as observed by Mayer et al [47]. Perhaps the brighter-looking regions may also represent 

the ripple formations in the sheet. The presence of many dark circular-looking spots represents 

nano-holes. The inset (green box) shows a high magnification image of one such nanohole. The 

average nanohole size observed was 2.0±0.5 nm. The inset (red box) indicates the presence of 

carbon atoms with pure hexagonal orientation matching up with graphite atomic spacing values. 

Fig. 13.8(d) illustrates the FFT of the multi-layer rGO exhibiting hexagonal pattern [47].  The 

amount of disorder present in the structure is higher as compared to that after 1 pulse. From the 

FFT the average measured distance from center to first observed spot is ~4.7 nm-1 whereas the 

further away spot measures 8.13 nm-1consistent with the standard graphene FFT pattern. 

13.4.3. Structure-property correlation 

The structural characterization revealed that the LIRGO films fabricated with variable 

energy densities have vast structural differences such as the presence or absence of ripples, 

wrinkles, Oxygen in the interlayers, holes, and sp2 clusters. Therefore, the obtained results provide 

a gateway for systematic defect modulation in these films.  Energy density <0.4 Jcm-2 is not 

sufficient for melting of a-C films as evidenced experimentally. The surface melting threshold for 

a-C on Si substrate can be calculated using the equation 𝐸𝑡ℎ =
𝐾∆𝑇𝜏0.5

(1−𝑅𝐿)𝐷0.5
   Here, ΔT denotes the 

difference between the substrate temperature and melting temperature of amorphous carbon, RL 

denotes the reflectivity of the amorphous carbon (=0.3), and D is the diffusivity of amorphous 

carbon at room temperature [48]. Eth was calculated to be 0.42 Jcm-2. Laser annealing at 0.6 Jcm-
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2 led to the formation of highly crystalline rGO with a sharp XRD peak at 25.5°. In comparison, 

the XRD peak obtained after chemical reduction using sodium-ammonia solution is broad and 

centered at 23° suggesting the structure to be not fully closed pack possibly due to the presence of 

surface functional groups [49]. The LIRGO at 0.6 Jcm-2 also shows the presence of surface 

corrugations.  Macdonald et al [50,51] demonstrated the direct relationship between nanoscale 

irregularity/roughness of the electrode with non-faradic as well as capacitive current variations in 

the double layer. Here, the asymmetric surface topology contributes to enhancement in real as well 

as the geometric surface area of the electrode, which is eventually responsible for non-ideality in 

charge transfer effects and diffusion at electrode/electrolyte interface.  In this study, the C/O ratio 

of rGO achieved was ~5 demonstrating the moderate reduction achieved in these films. Previous 

studies have demonstrated that the C/O ratio in GO reduced by ArF excimer laser can be varied 

from 3.8 to 15.6 [11]. This suggested the need for multiple pulses intended for further reduction. 

Multiple pulses at 0.6 Jcm-2 resulted in the formation of nano and microholes. The holes 

are formed due to the deoxygenation process resulting in higher reduction. A similar structure has 

also been observed by Lima et. al [52] after laser reduction of GO by 1064 nm laser.  The higher 

deoxygenation signifies a higher amount of reduction in these films. The formation of holes also 

suggests solid-state reduction after 5 pulses which can be explained as follows after 1 pulse the 

rGO forms by liquid phase regrowth of molten carbon with very high electrical and thermal 

conductivity. Hence, the successive shots are unable to melt the formed rGO, and reduction 

proceeds through the solid-state route. This also explains the increase in wrinkling observed after 

an increasing number of laser pulses at 0.6 Jcm-2. The regions with holes expose the highly reactive 

edge sites. The surface and edge defects in nanomaterials are recognized as highly active and 

unstable centers, as they comprise of uncoordinated valences or reactive dangling bonds, which 
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thereby regulate the electrocatalytic properties. With the increasing number of pulses (~10), the 

hole density increases reaching a maximum value after which the film starts tearing apart. The 

detailed laser-solid interaction simulations of these transformations have been reported previously 

[53]. In a study on CVD-graphene, Dale et al. suggested that the heterogeneous areas on the surface 

of graphene epitomize as random microelectrodes [54]. These microelectrode domains exhibit 

overlapping diffusion layers, which result in an amplified voltametric response [54]. Herein, these 

regions are observed to be electroactive centers as the distance between the electrode surface and 

the bulk is reduced with negotiating diffusion layers. 

The laser annealing at a higher energy density of 1 Jcm-2 also induced surface undulations 

in the rGO structure confirming the formation of rGO by liquid phase regrowth of molten carbon. 

However, the high melt lifetime leads to high film stress and films with low conductivity and 

mobility due to oxygen creeping into the loosely packed structure as characterized by XRD, and 

Hall Effect measurements. Hence, the rGO films synthesized at 1 Jcm-2 even though has a high 

surface area, the electrical properties are below the required values, disrupting the stability of 

current flow and thus showing suboptimal efficiency. 

13.4.4. Significance of results obtained 

Rapid thermal annealing (RTA) using batch furnace is a well-established method for holey 

graphene synthesis. In this method, the temperature of the furnace is ramped at a high rate for 

reduction of GO. The reduction results in CO2 gas liberation, which is liberated by piercing of the 

surface forming holes [55,56]. This method needs significant efforts for control of hole size and 

density as the hole size range is too large (10-250 nm). However, the holey graphene formation 

using laser annealing technique is scalable with tunable hole size and density. Furthermore, the 

defect modulation in graphene with excimer laser irradiation is a topic of significant research for 
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catalysis applications. Recently, the defects induced in graphene formed on the surface of SiC 

upon irradiating SiC with an ArF laser (6.5 eV photon energy) were studied using conductive AFM 

surface maps [57]. The studies observed the formation of carbon vacancies in these films after 

multiple laser pulses and various other defects including Stone–Wales defects [57]. The current 

study verifies the formation of carbon vacancies after multiple laser pulses. Further, the 

observation of the preferential formation of vacancies and holes on ripples and wrinkles in this 

study will have significant implications on the control of hole densities for electrocatalysis 

applications.  

This is the first work to report the electrochemical properties of a-C film reduced with an 

ArF laser. One of the works focused on the fabrication of highly porous graphene from bakelite 

polymer with 1064 nm for use as electrodes in supercapacitors [58]. The exceptional properties 

observed were assigned to the nanosecond pulse width of laser due to the ability of high heat 

accumulation during nanoseconds as compared to picoseconds. The GO fabricated from Kapton 

polymers with infrared laser irradiation also demonstrates porous structure. The applicability of 

these films in electrocatalysis has been verified [58, 59]. However, the H2O2 sensing properties 

obtained were much poorer as compared to our study. Also, the stability of such structures under 

intense visible radiations remains unverified. The LIRGO formed on Si in this study showed no 

degradation under 532 nm Raman measurement hence this robust sensor can be deployed in 

regions that have the presence of intense radiations without the need for sophisticated packaging 

providing a cost-effective approach for electrochemical sensing [11].  Further, we have 

demonstrated the successful implementation of rGO film fabrication on flexible plastic substrates 

with excimer laser reduction opening up the possibility of flexible and cost-effective biosensors 

[4,60]. The comparison of typical sensitivity, linear response range, and the LOD values for rGO 
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based H2O2 sensors reported in the literature and those obtained here are summarized in Table 

13.4.  

13.5. Conclusion 

This study offered a detailed insight into the diversity in electrochemical behavior of rGO 

thin films with major and minor structural modulations. Feasibility of electrochemical H2O2 

sensing using rGO working electrode fabricated by laser annealing route was verified. The best 

catalytic response towards electrochemical reduction was shown by LIRGO synthesized at 0.6 

Jcm-2 with 10 pulses due to the presence of holes. Single-pulse at laser annealing density (0.4 Jcm-

2> Ed) leads to surface melting of a-C thin film and formation of closed packed rGO with dangling 

bonds. The bonds act as active sites for the reduction of H2O2.  However, the bulk still shows the 

presence of a-C deteriorating the sensing behavior. On the other hand, the LIRGO synthesized at 

higher energy density (1 Jcm-2) also exhibited poor sensing behavior due to the incorporation of a 

high amount of oxygen in the lattice, attributed to the high melt lifetime of molten carbon before 

solidification.  The LIRGO synthesized at 0.6 Jcm-2 with 1 pulse showed a good response towards 

H2O2 sensing due to the optimum amount of reduction and complete melting. However, after a 

single pulse at 0.6 Jcm-2 the reduction takes place through the solid-state route. The deoxygenation 

resulted in holey graphene structure with exposed edge planes. Here, the presence of dangling 

bonds due to reduction and at the edge defects improved the limit of detection by several orders of 

magnitude (µM to nM). The ability of laser irradiation to synthesize holey graphene structures 

with tunable hole size holds great potential for environmental applications, including the 

adsorption of toxic gases, environmental pollutants such as dyes, heavy metal ions [63,64].  

https://www.sciencedirect.com/science/article/pii/S0925400518302582?casa_token=Z7rOBTXwReEAAAAA:LVNfrRQaueHPNmdtbpKMX-39AjesuDJ0TiAFF93WejLU6ac6p7P2540FLp1q0Of2rakAOeBkCx0#tbl0005
https://www.sciencedirect.com/science/article/pii/S0925400518302582?casa_token=Z7rOBTXwReEAAAAA:LVNfrRQaueHPNmdtbpKMX-39AjesuDJ0TiAFF93WejLU6ac6p7P2540FLp1q0Of2rakAOeBkCx0#tbl0005
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13.7. Figures 

 

Figure 13.1 Schematic illustration showing the synthesis of graphene coated silicon working 

electrode for electrochemical hydrogen peroxide (H2O2) sensing synthesized by depositing and 

irradiating amorphous carbon (a-C) thin films using excimer laser inside a vacuum chamber (VC). 
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Figure 13.2 SEM micrograph of a-C film after laser annealing at (a) 0.4 Jcm-2, (b) 0.6 Jcm-2 with 

inset depicting the Kikuchi bands confirming the formation of crystalline graphene , (c) 0.6 Jcm-2  

at high magnification to highlight the presence of ripple formation; SEM micrograph of a-C film 

after laser annealing at 0.6 Jcm-2 with (d) 5 pulses, (e) 10 pulses, (f) 15 pulses with inset depicting 

the kikuchi bands from <111> Si substrate. 
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Figure 13.3 CV curves for LIRGO electrodes (a) E0.6, (b) E1.0, (c) E5 pulses, and (d) E10 pulses. Inset 

pictures to the figures a – d, represent the corresponding calibration plots Ip vs Conc (i – iv). 
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Figure 13.4 (a) CV curves at different scan rates for E10 pulse, and (b) Scan rate vs ip for E10 pulse. 
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Figure 13.5 (a, b) Raman spectrum of a-C and a-C after laser annealing at various energy densities, 

(c, d) Raman spectrum of a-C after laser annealing at 0.6 Jcm-2 with varying laser pulses. 
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Figure 13.6 (a) XRD before and after laser annealing of a-C at different energy densities, and (b) 

XPS spectrum of LIRGO synthesized at 0.6 Jcm-2 indicating minimum presence of oxygen in the 

structure after reduction. 
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Figure 13.7 (a) Resistivity and Mobility of a-C film as a function of laser annealing densities, (b) 

Carrier concentration as a function of  laser annealing densities, (a) Resistivity and Mobility of a-

C film as a function of # of pulses, (b) Carrier concentration as a function of  # of pulses. 
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Figure 13.8 (a) 2D AFM surface scan of LIRGO film irradiated at energy density of 0.6 Jcm-2- 

5pulses; (b) TEM micrograph of rGO flake obtained by drop cast method (0.6 Jcm-2- 3pulses) (c) 

HRTEM of LIRGO formed at 0.6 Jcm-2 (3 pulses) insets depicting the hexagonal network of atoms 

(green box) and nanoholes (orange box) , and (d) FFT of (c). 
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Table 13.1 Table summarizing the sensing properties of rGO as a function of energy density and 

number of shots 

Laser Energy density 

(Jcm-2) 

# of pulses LOD Sensitivity 

(µAmM-1cm-2) 

0.4 1 ~52.1mM  

0.6 1 25.4µM 0.1943 

0.6 5 1.2µM 0.2024 

0.6 10 7.15nM 0.2353 

1 1 1.7 mM 0.1534 

 

Table 13.2 Summary of information obtained from Raman spectra of rGO films. 

Energy density (Jcm-2) Id/Ig La (nm) # of defects (cm-2) LD (nm) 

0.4 1.04 36.82 1.5645E+11 14.12177 

0.6-1 pulse 2.5  15.32  3.76082E+11 9.108269 

0.6-10 pulses 3.12 12.27 4.7E11 8.153208 

0.8 2.1 NA   

1 1.8 NA   

 

Table 13.3 Table summarizing the electrical properties of rGO as a function of energy density and 

number of pulses. 

Laser Energy density (Jcm-2) # of shots Resistivity  

(𝛀 − 𝒄𝒎) 
Mobility (

𝒄𝒎𝟐

𝑽𝒔
) 

0.6 1 3.27E-4 

 

210 

 

5 3E-4 

 

148.2 

 

10 1.6E-4 98.16 
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Table 13.4 Comparison of PLA – rGO 2D films based electrochemical H2O2 sensor with other 

nanoscale sensors reported in the literature. 

Working electrode Reduction 

Potential 

(vs 

Ag/AgCl) 

V 

Sensitivity Concentration 

Range 

LOD Ref 

PLA-rGO film 

0.6 Jcm-2 (10 pulses) 

-0.09 0.235 μA/mM cm−2 

 

0.21 nM – 64 

mM 

 

7.15 nM 

 

This 

work 

 

PLA-rGO film 

0.6 Jcm-2 (1 pulse) 

-0.15 0.143 μA/mM cm−2 0.21 nM – 64 

mM 

25.4 μM This 

work 

4.9 nm 2D α-

MoO3 nano-films 

0.5 168.72μA/mM cm−2 0.4–57600 (μM) 0.076 μM [61] 

Rh@CVD graphene 0.3 4.77 nA/mM cm−2 0 to 5.0 mM 2.0 μM [62] 

MoS2/RGO FET 0.1 1 nA/pM cm−2 1 pM to 100 nM ~ 1pM [24] 

Pd-rGO-ITO -0.38 390.5 μA/mM cm−2 100 μM to 

12 mM 

0.24 μM, [25] 

Co3O4/N-rGO −0.26 – 0.2 to 17.5 mM 0.1 mM [20] 

3D graphene petals 0.8 3.32 μA/mM cm−2 1 mM - 1 M – [21] 

WS2/rGO – – – 82 nM [22] 

AMP-AgNPs-

rGO/GCE 

-1.5 – 0.1–5 mM 1.099 mM [23] 

Cu2O–rGOpa -0.3 19.5 μA/mM cm−2 0.03–12.8 mM 21.7mM [28] 

NRGO-MnO2 0.1 2081 μA/mM cm–2 0.4–121.2 μM 24 nM [30] 

CuS/RGO -0.4 – 5 to 1500 μM 0.27 μM [31] 

Fe3O4–rGO −0.53 0.028 μA/μM cm−2 100–6000 μM 3.2 μM [27] 

Nafion/Pt NPs/RGO −0.5 132.8 μA/μM cm−2 5–3000(μM) 0.4 μA [17] 
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Figure 13.S3 3D AFM scan of LIRGO thin film synthesized at energy density of (a) 0.4 Jcm-2, 

and (b) 0.6 Jcm-2. 
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Figure 13.S2 LIRGO thin film irradiated at energy density of 0.6 Jcm-2 with 10 pulses (a) HRSEM, 

(b) 2D AFM surface scan green arrows highlighting macropores. 
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Figure 13.S3 Low magnification SEM image of LIRGO thin film irradiated at energy density of 

1 Jcm-2 inset shows high magnification image. 
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Figure 13.S4 Cyclic voltammogram of 2D-rGO-film modified Si electrodes in a 5 mM 

[Fe(CN)6]
3−/4− solution with 0.1 M KCl with repeated scans at a constant scan rate of 0.03 Vs-1. 
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Figure 13.S5 (a – b) CV curves for LIRGO electrode E0.4. 
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Figure 13.S6. Plot of Ip vs scan rate for E5 pulses electrode. 
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Figure 13.S7 Id/Ig ratio as function of laser energy density and pulses. 
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14. Conclusions and future perspectives 

The work presented in this thesis focuses on the detailed structure-property correlation of 

Q-carbon, nanodiamond, and reduced graphene oxide (rGO) films by fabricated by laser annealing 

of diamond like carbon (DLC) also referred to as amorphous carbon (a-C). This work substantiates 

the melting of a-C thin film by ArF laser irradiation. In the case of a-C films, the sp2/sp3 ratio, 

thickness, and the presence of dopants control the extent of achievable undercooling and hence, 

the phase obtained after laser irradiation. The highest possible undercooling is also dictated by the 

thermal conductivity of the substrate. This hypothesis was confirmed by laser irradiating DLC thin 

films and/or Polytetrafluoroethylene (PTFE) tape on diverse substrates such as stainless steel, 

polyethylene, insulating sapphire, and conducting Si substrate. The carbon polymorphs 

synthesized using the non-equilibrium laser annealing technique demonstrate excellent properties 

for the biomedical implant and/or sensing applications. The issue of poor adhesion of diamond 

films on metallic stainless steel and sapphire substrates is solved by utilizing Q-carbon, and/or 

nanodiamond interlayer. The enhancement in adhesion of DLC thin films on thermally sensitive 

flexible plastic substrates by non-equilibrium fluorine, or oxygen plasma pre-treatment is 

demonstrated. This thesis also provides a road map for synthesis and structure modulation of holey 

graphene films on Si electrodes geared towards non-enzymatic biomedical sensing applications. 

The major outcomes from this thesis are further expounded below: 

1) The corrosion issue of stainless steel implants in the human body can be minimized by 

coating them with adherent microdiamond film in the presence of a Q-carbon interlayer. The Q-

carbon thin film is an effective seed layer to produce high-quality adherent large area 

microdiamond film on austenitic SS substrate. Microdiamonds fabricated on SS with Q-carbon 

interlayer exhibited an FWHM of 11.5 cm-1 as compared to 26.5 cm-1 without the Q-carbon 
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interlayer and 50% reduced graphitic content. Furthermore, the microdiamonds formed on Q-

carbon are ballas type possessing better toughness than faceted microdiamonds.  

2) The high adhesion of Q-carbon results from nano welding of Q-carbon to the substrate 

during its synthesis. After the laser irradiation of a-C films, the temperature of the film reaches as 

high as 4000K. The nano welding of Q-carbon to the substrate was confirmed using cross-sectional 

HRTEM imaging in conjunction with EELS. The presence of an amorphous Al4C3 monolayer at 

the Q-carbon/c-sapphire interface confirmed the nano welding hypothesis.  

3) The CVD microdiamond synthesized on bare austenitic SS 304/ 316 substrates showed 

the presence of Fe inclusions. The calculated number of Fe atoms are sufficient to induce a 

saturation magnetization of ~0.3 emu/g in the diamonds. The possibility for the formation of Fe3C 

inclusions at higher CVD processing temperature > 963o C opens up new prospects for imparting 

more robust ferromagnetism in diamonds.  These magnetic diamonds can be harvested for 

applications involving drug delivery to tumors, and Magnetic resonance imaging.  

4) The PTFE tape was mounted on the c-sapphire substrate and irradiated with multiple 

pulses using an ArF laser. The conversion of PTFE to <110> ND was confirmed with TEM, 

Raman, and XRD. Interestingly, XRD showed the presence of additional peaks at ~43.4◦ and 45.8◦ 

after laser annealing. These peaks arise due to the formation of different Al2O3 phases (α-Al2O3 

and γ-Al2O3) which evidenced that during the PLA process the film/substrate interface 

temperature is greater than 1000K. 

5) The adhesion of DLC and Si-DLC coatings on HDPE substrates deposited using PLD, 

and PECVD was assessed using nano scratch tests with the diamond indenter. The results indicate 

no signs of visible damage until ~32 MPa of contact stress. This value is well above the average 

theoretical contact stress that knee and hip joints undergo. Interestingly, Si-DLC coatings showed 
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higher failure load as compared to non-doped DLC coatings. Further improvement in tribological 

and electrical properties of Si-DLC coatings were obtained by laser irradiating the coatings at a 

low energy density of 0.3 Jcm-2. An interesting finding was the formation of the SiOx surface layer 

after laser annealing of 21 at% Si-DLC films. Laser annealing also increased the surface roughness 

of the film. The presence of a biocompatible SiOx layer and increased surface roughness should 

enhance the antimicrobial properties of these films. The preliminary results have indicated 

improvement in antimicrobial properties after laser annealing. The effect of other structural 

variables on antimicrobial properties of laser annealed Si-DLC films can be an interesting topic 

for future research.  

6) The rGO coating synthesized by laser irradiation of diamond-like carbon-coated plastic 

substrate exhibited a high electrical conductivity of ~200 Sm-1. The plastic substrate beneath the 

rGO coating was found to be intact due to the adiabatic condition that occurs during laser 

processing. This aspect may further enable deposition of Q-carbon, and diamond on thermally 

sensitive substrates by laser processing. The patterning of the LIRGO films was achieved using a 

shadow mask. The rGO coating on flexible electronic device substrates will enable thinner and 

faster flexible devices by acting as a thermal sink and an electrical conductor. In addition, it can 

be utilized for catalytic sensing via enzymatic and non–enzymatic mechanisms. 

7) The degree of reduction, microstructure, and defect density of the graphene films 

synthesized by PLA technique on conducting <111> silicon substrate can be tuned by varying the 

laser energy density, and the pulse number. The initial pulse at an energy greater than the threshold 

melting energy is sufficient for melting the a-C. The subsequent pulses at the same energy density 

cannot melt the conductive rGO film and the reduction occurs through the solid-state route. 

However, the Silicon below the carbon film can still melt resulting in increased surface wrinkles 
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and undulations which are incorporated into the graphene film. The deoxygenation process 

generates high pressure on the entire film resulting in punching along the weak spots. This structure 

referred popularly as ‘holey graphene’ is highly surface active. The preferential hole formation on 

ripples and wrinkles helped achieve a record detection limit of 7.15 nM for peroxide sensing.  

To conclude, the work performed in the thesis demonstrated the immense potential of 

carbon nanomaterials for advanced biomedical applications. Laser irradiation was utilized to 

increase the surface roughness of a-C films, and synthesize 1) Q-carbon with good adhesion, 2) 

phase pure nanodiamonds with controlled out of plane orientation, 3) graphene with tunable defect 

densities. The combination of non-equilibrium laser, plasma, and HFCVD techniques for carbon 

nanomaterial fabrication can help overcome the current hurdles faced in manufacturing of these 

nanomaterials for advanced biomedical applications. 

 


